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FROM THE PAST INTO THE FUTURE — DESIGN AND CONSTRUCTION
USING THE EXAMPLE OF AXIAL COMPRESSION SHELL BUCKLING
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Abstract: Modern steel construction is greatly influenced by the pursuit of building
material efficient and sustainable structures. The way from beginning of shell design,
starting with Lorenz and Timoshenko at the beginning of the 20th c.to the current
Eurocode took 100 years. A new development are ring-stiffened shells, built as a
combination of very thin plates with strong ring stiffeners. The plates are prone to failure
by axial buckling. However, the ring stiffeners greatly reduce the susceptibility to a loss
of stability by axial buckling failure. Nowadays, this combination has received limited
attention in research and practice. In this paper, small specimen experimental series are
carried out to calibrate numerical models. These shells are manufactured by welding of
two half-cylindrical shells and the ring stiffeners are spot welded to the cylindrical shell.
The measured 3D geometric imperfection information is directly imported into the
numerical model based on a mapping relationship and the buckling tests are recalculated
by means of geometrically and materially nonlinear analysis with imperfection. The
results indicate that the simulated buckling resistance is very close to that of the test.
Furthermore, influence of the ring-stiffener parameter, including imperfection amplitude,
radius over thickness ratio, geometry of ring stiffener on the buckling load and
knockdown factor is discussed.

Key words: Design of shells, stability, ring-stiffened shells, imperfections, silos, tanks

1. Introduction

A silo or tank structure is usually constructed in the form of a cylindrical shell made of
steel. It has the advantages of being lightweight, having a short construction period, and
possessing a large storage space. Steel silos and tanks have been widely used for bulk material
and liquid storage in the agricultural, mining, and chemical industries. By using a steel shell
structure, silos represent a very efficient support system. Because of the high material costs and
for economic reasons, the tank and silo builders motivate to achieve increased sustainability
and to further develop verification methods. Due to the very slim and thin-walled support
structure, problems arise with regard to stability as a result of geometrical imperfection. At the
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same time, the stiffened thin-walled shell structures are also usually used in industrial structures
[1], whose material efficiency is achieved by combining thin plates to resist the hydrostatic
pressure with ring stiffeners and to provide a sufficient resistance against buckling due to wind
and vacuum (Fig. 1). However, the load-increasing effect of ring stiffeners under axial
compression has received a limited attention until today. Considering the structural safety, the
ring-stiffened shell needs to be estimated on the conservative side in practice.

Figure 1. Welded silo from TIW STEEL PLATEWORK INC. [2]

As a classic problem in mechanics, the stability of cylindrical shells under axial
compression has been extensively investigated due to the thin-walled nature of these structures.
In the early 20th century, Researchers such as Lorenz [3] and Timoshenko [4], began to study
the buckling of cylindrical shells and obtained theoretical solutions. In the following 30 years,
based on a large number of experimental investigations, such researchers as Fliigge [5],
Ballerstedt and Wagner [6], and Kanemitsu and Nojima [7] found that the buckling load
obtained in the laboratory was clearly smaller than the elastic bifurcation load calculated by the
theoretical formulae. They also found that even with the same or similar materials and
geometric parameters, the buckling resistance of shells measured by tests showed considerable
scatter. The buckling resistance of practical cylindrical shells is difficult to accurately calculate
based on shell theory without geometric imperfections.

Subsequent research has shown that significant differences between theoretical and test
results are mainly due to initial geometric imperfections. Large progress was made by the
development of FEM, which allows a modelling of different types of imperfections. Rotter [8]
summarized the relationship between initial geometric imperfections and the manufacturing
process of cylindrical shells. He divided the shell into different production levels according to
the quality of the manufactured components. This approach was introduced to the Eurocode
[9,10].

In the year of 2018, Jager-Cafias [11] discussed in depth the load-bearing behaviour of
unstiffened and ring-stiffened circular cylinder shells under axial pressure and proposed a more
economical verification concept for a manual buckling verification. His research results clearly
showed that the ring stiffeners significantly increase the load-bearing capacity of the shells,
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namely ring-stiffened cylinders are superimposed on the unstiffened circular cylinder shells.
The enhancement of load-bearing capacity through tightly ring stiffeners is clearly shown in
Fig. 2. The buckling reduction factors were shown in the diagram for the related slenderness
levels. It can be seen that the load increases of the circular cylinders are several times higher
due to the ring-stiffeners. The higher load-bearing capacity of the ring-stiffened cylindrical
shells can be clearly seen distributed over the entire slenderness range, whereby the tests of the
ring-stiffened shells were carried out with a related slenderness of the samples up to approx. 2.5.
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Figure 2. Buckling reduction factor according to Eurocode as well as experimental results
according to Gettel and Barlag from [12]

In this paper, research results of the influence of ring-stiffeners for cylinders in steel
structures are presented. The manufacture of test specimens used welding techniques, which is
commonly used in practical engineering. Buckling tests are described firstly, including the
specimen geometry, specimen manufacturing process and test setup. The geometric and load
imperfections of the cylindrical specimen were measured by the three-dimensional (3D)
scanning technologies and checked before the test runs. For inputting geometric imperfections
into the numerical model, the scatter points method was employed and the numerical model
was modified based on the scanned initial geometric imperfection. Finally, the experiments by
means of geometrically and materially nonlinear analysis with imperfections included were
recalculated and compared with each other. The numerical results by the time-dependent
explicit dynamic method and the accompanying eigenvalue analysis are compared with test
outcomes and discussed its advantages and disadvantages. Besides, the imperfection sensitivity
analysis and parameter study were performed and it provides guidance for future design of thin-
walled silo and tank structures with ring-stiffeners.
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2. Tests of the buckling capacity of ring-stiffened cylindrical shells

2.1. Manufacture of the test specimen

Full-size specimens for silos tests in laboratory are hardly feasible for economic reasons.
In order to investigate the influence of the ring stiffener on the load-bearing capacity of the
stiffened cylindrical shells in steel construction, the scale-down test specimen was produced in
the laboratory using welding processes. Therefore, the cylindrical shell specimen with a
circumference length of 5 m and a radius of 796 mm was chosen. The height of the specimen
was designed and manufactured to be 620 mm. If the thickness of steel is less than 1.0 mm, the
specimen is difficult to manufacture due to its manufacture and process ability and can hardly
be realized with a laser beam welding process. For this reason, the steel plate made of a stainless
steel 1.4462 with the thickness t = 1 mm was selected to produce the specimen. To produce a
test specimen, two half-shells were joined together with the help of welds. A complete
cylindrical shell specimen was welded from two half cylindrical shells by cold metal transfer
welding (CMT), as shown in the Fig. 3.

To obtain the nearly perfect shape of the cylinder, two ring stiffeners with the square
profile made of steel with a profile 8 x 8 mm were welded circumferentially and selectively at
both ends of the specimen with a distance of 5 cm. A total of three different types of samples
were produced in the laboratory. Two types of specimen were reinforced by several identical
ring stiffeners with different spacing, namely one and two bucking wavelengths, the wavelength
being 3.46Nrt = 97.6 mm. Another unreinforced specimen was used as a reference test to
demonstrate the ring-stiffened effect on the load-bearing capacity of the cylindrical shells.

Figure 3. Manufacture of the test specimen with welding process [13]

2.2. Measurement of geometric imperfection

In order to precisely evaluate the load-bearing capacity of the cylindrical shells and to
compare the numerical results with the tests, it is necessary to determine the real geometric
dimensions of the test specimens. The "Peel 2" optical 3D scanner from Peel 3D® was used to
measure the geometric imperfection by means of laser scanning technology, as scanned as
shown in Fig. 4.
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Based on the scan results with the 3D measuring outcome, the point cloud data of the
cylindrical shells can be obtained. Before the measurement results are analysed and taken
directly into account in the numerical calculation, however, this data should be further
processed in order to reduce the measurement deviation. The scan results were first modified
in the Rhinoceros® software and the measurement coordinate system was aligned with the
standard coordinate system according to the principle of the invariance of the shell surface. The
new model was then output as a modified coordinate cloud. Comparing the modified model and
from the scan, it was found that the maximum errors result from local unevenness on the weld
seams and amount to up to 2 mm. Therefore, it can be assumed that the modified model and the
scan model are equivalent.

Figure 4. 3D Scanning process of cylindrical specimen [14]

21



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

0.16 1

200

Height of specimen
i

Frequency [-]

o
g
Empirical COF [

1000

500
| I Frequency of Imperfection values ||
| = CDF of Imperfection values

= 1000 X 0.04 |
o

¥ Coordinate

L 0
a 1 2 3 4 5 B
Geometric imperfection [mm]

a) b)
Figure 5. a) Morphology data, b) statistical results of measured geometric imperfections [15]

Fig. 5 a) shows the distribution of the imperfection values in 3D space and the statistical
results for the stiffened cylindrical shells. It can be seen that the maximum imperfection of the
specimen is about 5.5 mm and the maximum value is almost at the top and bottom of the
specimens, where they are welded to a stiffener that can maintain the shape of the cylindrical
shell specimen. This could be because these two stiffeners are imperfect and have
manufacturing defects. The frequency distribution and the empirical cumulative distribution
function of the imperfection value are displayed in Fig. 5 b).

Since the actual geometry of the cylinder normally seems to have a periodic shape along
the circumferential direction, the Fourier series method [16] is usually used to analyse the
geometric imperfections of the measured surface. Beside, more information can be distilled
from the point cloud based on Fourier analysis. Because the Fourier series sine and cosine
functions were used, the geometric imperfection is composed of a series of waves in the axial
and circumferential directions.

Fig. 6 graphically shows the radial deviation of the scan for specimen. The adapted surface
for the radial deviation with factor k = [ = 30 is shown with an acceptable error in Fig. 6 a). Fig.

6 b) shows the variation of the amplitude & & = /A%, + BZ, with different factor k and [ values.
It can be seen that the peaks of the amplitude occur when the circumferential wave number is [ €
[0,3] and the axial half-wave number is k € [0,1]. This indicates that the dominant shape of the
imperfections in these manufactured circular cylindrical shells is elliptical. This analysis of the
imperfection amplitude is important for the analysis of the imperfection of cylindrical shells. In
particular, it can be used as a wave filter to filter out weakly affected imperfection amplitudes
with high frequency, whereby the geometric imperfection can be simplified.
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Figure 6. a) Radial deviation of the test cylinder from a perfect cylinder,
b) non-dimensional amplitude of the imperfection with Fourier representation [13]
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2.3. Experimental investigation of the ring-stiffened cylindrical shells

In this study, a quasi-static load test was carried out with a displacement-controlled process.
The loading plan consists of two stages, namely the preload stage and the full load to the recessed
stage. The preload is used to adjust the measuring tool to ensure the operating conditions for the
trial run. Moreover, this preload can also reduce the influence of uneven contact between the load
plate and the cylindrical shell specimen. Then, the specimen is further loaded until the cylindrical
specimen completely failure due to circumferential buckling. All different cylindrical shell tests
were performed twice. The load-displacement curve is shown in Fig. 7.

2 Ringversteifen-Test 1

2 Ringversteifen-Test 2 /
5 Ringversteifen-Test 1 50 |4
— — — -5 Ringversteifen-Test 2
5 ) 0.z 0.3 04 0.5 0.6 0 (
Verschiebung [mm]

Figure 7. Load-displacement curves from axial compression buckling tests
with and without ring-stiffeners [13]

3. Nnumerical simulation of the buckling capacity of ring-stiffened shells

Nowadays, we usually use the FE Program to analyze the buckling bearing capacity of
cylindrical shells, because the shell buckling problem has a lot of nonlinear problems, such as
material and geometry nonlinear. Theoretically, there are two different approaches, I mean the
explicit dynamic method, and the normal standard Approach with static step. The dynamic
method has a high robustness, it can also calculate the buckling and post-buckling phase.
However, with this method need a very long calculation times. The static step is fast and just
need minimal computing resources, the calculation will be stopped, when the buckling
appeared. In addition, traditional static step, namely Newton-Raphson-method and arc-length
(or Riks-Wempner) approach, is very difficult to converge, until the buckling point. In many
cases, the calculation will pass over the point where the negative eigenvalue appears. From a
mechanical point of view, this calculation is wrong for cylindrical shells. Because we think that
when the eigenvalue is negative, the cylindrical shell has already destroyed and has buckling.
In this study, we use the so-called accompanying eigenvalue analysis to calculate the nonlinear
buckling load. Firstly, a general static calculation with material and geometric nonlinear
analysis is carried out. Then based on the nonlinear analysis, the linear eigenvalue calculation
will be solved for each increment. When the applied load and critical load is more or less equal
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to each other, we can see this load is nonlinear bearing capacity of the shell specimen. In this
study, Abaqus® with the “Restart” analysis was employed to get the critical load at each
increment. With Python-script in Abaqus®, a relative exact nonlinear buckling load can be
obtained. For the automatic implementation of this process, the Python script is embedded in
an Abaqus®, as shown in Fig. 8.

The element type S4R and the Beam element B31 are used for the cylindrical shells and
the ring stiffeners in Abaqus®. According to the convergence study, the element size of 10 mm
is used and the total number of FE models of the cylinder is approx. 30,000. The upper and
lower edge of the test sample are coupled to a central reference point by a fixed connection with
all degrees of freedom. The non-linear elasto-plastic material model is used and it is defined
according to the tensile test with a modulus of elasticity of 200 GPa and a yield stress of 600
MPa for the shell.

In addition, the analysis of the post-buckling behavior is carried out using an explicit
dynamic method in order to compare the experimental and numerical results with the
accompanying eigenvalue analysis as well as the buckling and collapse figure of the cylinder
with and without ring stiffening.

rt=[]

r i in
mdb .models

'fl_Jb:" -

)

].frames[1].description.

ReEigenWert. (EigenWertRe)

genWert), 1):
(ReEigenWert[i]))

Figure 8. Typical code of the Python script in Abaqus®

The load-displacement diagrams shown in Fig. 9 are based on the on the axial
compression tests carried out for the ring-stiffened cylindrical shells as well as the results from
the numerical simulation, taking into account the geometric imperfection. As additional
reference values, this diagram is supplemented by the determination of accompanying
eigenvalues analysis and the dynamic approach. It can be clearly seen that the differences
between experimental and simulated results for the 5-ring stiffened test specimen are limited.
The simulation results with different approaches agree well in the linear range, including the
stiffness of the entire test specimen and the load.

Based on the results of the nonlinear analysis, the eigenvalue problem is solved for the
corresponding stress state for each increment. The branch loads at the first singular point under
different stress states are shown in Fig. 9. Based on the results of the nonlinear analysis, the
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eigenvalue problem is solved for the corresponding stress state for each increment. The branch
loads at the first singular point under different stress states are shown in Figure 9. In the initial
linear phase of the analysis, the critical load is obviously greater than the load applied at the
current load step increment. However, as the applied load increases, the corresponding critical
load decreases due to increasing deformation. The two values gradually converge and are the
same at the calculated point of the non-linear buckling load.

The computing resources consumed using the static approach, namely the computing
time, are much less than the computation using the dynamic method. Nevertheless, the proposed
N-R method with accompanying eigenvalue analysis cannot exceed the maximum load capacity
up to the post-buckling phase. Accordingly, the post-buckling behavior can only be analyzed
with the help of a dynamic approach. The experimental and numerical results are more or less
the same after the buckling, but there is still some difference.

5505_‘ T T T T T T T

500 e

Buckling test

= = = Accompanying eigenvalue analysis
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0 01 0.2 0.3 04 0.5 0.6 0.7 0.8
End-shortening [mm]

Figure 9. Load displacement curves from FE analysis and buckling test [14]

Conclusion

This study showed the experimental investigation of a ring-stiffened and unstiffened
circular cylindrical shell under axial pressure. A test system as well as a measuring system for the
geometric imperfection and load imperfection were designed. Before test run, geometric
imperfections of the specimens were measured with a 3D laser scanner. The experimental results
show that the ring stiffeners made of steel 8x8 mm with a distance of twice the bulking
wavelength can increase the load-bearing capacity of the circular cylinder shells by approx. 1.5
times compared to the unstiffened shells. If tighter ring stiffeners are used, the load-bearing
capacity of the test specimen can be increased by more than 2.5 times. In addition, the geometric
imperfections including the components of the imperfection shapes and the corresponding
amplitude based on the Fourier series method are discussed. It turns out that the geometric
imperfections with low frequency components are dominant. Besides, the influence of ring
stiffeners on the load-bearing capacity of the cylindrical shells under axial pressure was analysed
by means of a numerical method using the commercial FE program Abaqus®. In order to improve
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the accuracy of the calculation and to avoid the use of resource-intensive dynamic methods, the
N-R method with accompanying eigenvalue analysis was used for buckling load analysis.

For more details about test and numerical simulation see [13, 14, 15, 17].
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THE VAULTED COVER OF RIVER SCHELDT AS PART OF THE
ZOLLIKOFER - DE VIGNE PLAN IN GHENT

Philippe Van Bogaert!

Civil Engineering Department, Ghent University, Belgium

Abstract: In 1880 the city council of Ghent (Belgium) and the Compagnie Immobiliere
de Belgique signed a contract that would allow to reshuffle the Southern part of the city,
by demolishing many smaller roads as well as unhealthy houses. The city would fund all
infrastructure, whereas the Compagnie would purchase all property and be able to
auction the new residences to be built. The plan intended to ease access from the city
centre to the southern railway station, which was demolished in 1930. The plan was
designed by the architect Edmond De Vigne and the Swiss engineer Edouard Zollikofer.
The general idea was to establish wide roads from the Belfrey and Cathedral place to the
station and to build 4 floor high residences. Neither the Compagnie nor the city council
cared much about new homes for the people being expelled. Part of the plan was to cover
river Scheldt, which is running through the city. This was inspired by the big cities of
Europe, creating more space and covering waterways as these were suspected to bring
the XIX century diseases cholera and typhoid along with the odour of the petrified water.
Hence, the Frangois Laurent place was created. It is supported by a double vaulted
brickwork structure of 2 8m spans. Some of the original drawings still exist, as well as a
photograph taken during the construction. As the city wanted to renew the tramway bed
across this cover, a detailed inspection of the structure was carried out. The latter
revealed several weaknesses in the vaults and local defects. Consequently, a more
detailed analysis was carried out, to determine the load carrying capacity of the structure.
In addition, some cracks were found at the extrados of the vaults near the abutments. The
analysis was based both on a multi-block body mechanism as well as on elastic behaviour.
Both processes have shown the structure, including its defects, shows sufficient safety to
correspond to resist presently required design loads. Nevertheless, the owner was invited
to proceed to some refurbishments in order to prevent further degradation of the
structure’s condition.

Key words: 19" century re-urbanization, covering of waterways, brickwork vault,

structural degradation, load-carrying capacity

1. Introduction — Housing and urban development in 19" century Ghent
Around 1850 the population of Ghent (Belgium) varied around 106000 inhabitants, which

corresponds to twice the number as at the beginning of that century. Apart from real estate and
factory owners, the majority of people worked in textile industry. The city was sometimes called
the Manchester of the continent [1]. More than 1500 small factories were established in the city

! Philippe Van Bogaert, Prof., PhD, Eng. Civil Engineering Department, Ghent University, Belgium;
e-mail: Philippe.VanBogaert@UGent.be
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and this number grew constantly. This industry was in need of appropriate locations, and people
were in need for housing. Every available building was used for this, including historic places
like the castle of counts and other medieval premises. Cellars and attics were used to install
weaving and dyeing machines. Up till 1860, the urbanization had to be restricted to the limited
area within the 16th century city walls. Even inside this area some locations were reserved for
agriculture and could not be used for building. Hence, expansion was impossible and building
was without any plan and improvised. Evidently sanitary conditions for people were poor and
the feared 19th century diseases typhoid and cholera flared up regularly.

Already in 1843 two doctors examined the health status of the city centre and filed a
report, exposing misery and a high degree of risk for disease and infections. Since the bacterial
causes for disease were yet unknown, it was believed that unhealthy air and open polluted water
were the causes for the frequent contaminations. This insight was shared among all major cities
of Europe and indeed other parts of the world.

The example was set by the city of Paris, where under the patronage of Napoleon III
Baron Georges-Eugeéne Hausmann modified the inner city by demolishing all medieval parts
and created the wide boulevards that are one of the attractions of Paris today. Inspired by this
example, the city council of Ghent intended to re-urbanize its old parts. Apart from these
sanitary concerns, a third reason for re-urbanization was the access from the centre to the
Southern railway station, shown in Fig. 1. The latter was built in 1837 and subsequently
replaced in 1848. From the mid of this century the freight activity had seriously increased and
the transport of goods from the many small factories to the railway station was hampered by all
the small and narrow streets.

These 3 facts resulted in the development of the Zollikofer — De Vigne plan and the
creation of the ‘Compagnie Immobiliere’.

Figure 1. The former Ghent South railway station

2. The Plan

As soon as the need for re-urbanization was agreed upon, various proposals were
elaborated. During a first phase, the worker character of the area was maintained. However, this
would never have been honoured by investors. After some 20 years of discussion, the architect
Edmond De Vigne and the Swiss engineer created a new company, named ‘Compagnie
Immobiliére’. On June 12 1880 they presented their plan to the city council. The official
intention of the plan was to establish an easy connection between the center and the station [2].
However, the plan also involved the demolition of all roads and buildings on an area of 4.5 ha,
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the creation of 2 large boulevards and of several crossing streets, as shown in Fig. 2. One of the
main objectives was to build luxurious estate along the boulevards for the upper class people.

As the new lanes crossed the river Scheldt near its confluent with river Lys, the idea was
to entirely cover the first waterway. This was possible, since shipping could use another
connection route, via the Caldron canal, thus avoiding the original confluent of both rivers. A
total of 950 workmen's houses were demolished, with the residents moving to new manures,
which were built south of the city.

The company received cheap loans from the city and was able to sell all the land. The
city council was able to make a good profit in the long run by avoiding the flight of its wealthy
citizens and various taxes on windows and doors. It is it is generally assumed that the workers
who have been forced to relocate fared the worst. Nevertheless sanitary conditions were
improved and the and the idea to improve communications was realized.

. Q%

Figure 2. Zollikofer De Vigne plan

3. The river Scheldt cover

The 160 m long covering of river Scheldt was built by a double brickwork vault in 1885.
Fig. 1 shows a picture taken during the actual building, and may be useful in determining the
quality of brickwork and the impact of these important works in the city at that time. The
construction required complete drying of the river bed, enabled by diverting the river flow
through its multiple other arms around the city.

In 1960 the remaining part of the river’s original bed was also covered completely, by
diverting the river through large tubes. A car park was established at this location. However,
recently these facilities are being demolished and river beds are being opened again. The
brickwork covering however will continue to exist and is part of an important local road, used
by public transport.
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Figure 3. Cover construction in 1885

Inspections of the double vault have shown that some areas of the intrados show
deterioration and may be pushed out. The masonry edge parts of the central pier and both
abutments also show some deterioration. In addition, after removing the road pavement, cracks
were found between the vault spring and at least one concrete abutment. These findings have
been worrying the owner of the bridge and the writer was asked to carry out assessment of the
load-carrying capacity and propose reinforcements.

In order to assess the load carrying capacity of the brickwork river covering, various
references have been used. Among these, Eurocodes EN 1991-2 [3] should be mentioned as
well as its Belgian National Annex [4], which is a very useful document. The latter allows
verification of existing infrastructure through the use of a realistic LM 5. This LM 5 may replace
LM 1 for existing structures, provided the bridge carries local traffic only, which applies to
bridges inside historic cities. LM 5 corresponds to one of the frequent lorries of FLM 2. It
requires the use of adapted factors such as a combination and an impact factor. If such a model
is used, it was felt that it should be supplemented by other loading schemes, such as actual loads
of trams and buses.

The verification of a large cable-stayed bridge in [5] required the use of various tram
vehicle loading schemes. An appropriate modern tram loading is shown in fig. 4a. As these
trams have a metric track width, the distance between wheels equals Im. In addition, the
covering is frequently crossed by public transport buses and touristic coaches. A realistic
loading scheme for buses, obtained from a fabricator is shown in fig. 4b. It may be noticed that
the knife load of 135 kN is quite high, this being derived from a comprehensive survey, made
in 4 EU-countries [6] and stating that official axle loads are frequently exceeded in real traffic.
However, this survey was unable to detect which vehicle axle is the heaviest.

2 z z 2 £ z £ Z 135kN 135 kN 135 kN 135 kN
S 3 303 S5 S 3 l l l l
— — — — — — — —

19m  7.64m _18m 7.94m _18m  7.64m _19m 5.79m 7.15m 6.45m

Figure 4. (left) Loading scheme for trams; (right) Loading buses
The load models are to be used with appropriate factors. These include dynamic factors

(), as well as combination (y)- and load factors (y). From the various references above, Table
1 shows the large variety.
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Table 1. Load factors

model b4 0] Y
LM 1 1 1 1.35
LM 5 0.8 1.3 1.25
Bus 1 1.3 1.35
Tram 1 1.2 1.45

Except for the structure’s frontal parts (see Fig. 5), the entire covering was built from
excellent full bricks, produced downward the river Scheldt valley. Accurate data of the
characteristic compressive strength of this type of brickwork can be found in codes [7] and from
extensive experimental research [8]. The values of f;x found vary from 7.2 to 7.8 MPa. These
data cannot be separated from the appropriate y-value. The latter has been found from Eurocode
6-1. Since the brickwork was built on appropriate scaffolding (fig. 1) including filling of vertical
joints, this structure must qualify in category 1 and execution class 1 for unreinforced brickwork
and consequently y = 2.3 applies, thus obtaining fz = 3.125.

Figure 5 : Covering front view

4. Inspection results

According to drawings from the owner’s archives, the double vault of the covering
consists of two 8 m spans, each having 3 brickwork layers of 0.2 m thickness, which is
consistent with the brick dimensions. The arch rise equals 1m, the ration of rise to span being
0.125. This low value explains why the arch thrust force must be large and for homogeneous
constant load it would be twice as large as the vertical load.

During close inspection of the structure, various parts of the intrados show delamination
of the lower brickwork layer. However, most of these areas are limited to 2m*2m and 0.20 m
depth. One of these is shown in fig. 6. In addition, areas where mortar filling of the brickwork
is lacking, have been detected. The number of such areas is limited and has been considered in
the analysis.

In addition, after clearing the rear side of the abutments, a horizontal crack of 0.20 m
depth was found, located some 0.10 m above the vault spring. This location of the crack is not
particularly critical. The crack showed no displacement of the upper and lower parts of the
abutment. The crack was limited to 4 m length on the southern abutment and did not appear at
any other location. This can be seen in fig. 7.

31



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

Some parts of the vaults intrados have been repaired by sprayed concrete. The inspections
have shown that this reinforcement is inactive, since cracks are appearing over large areas,
separating the concrete from the brickwork. Fortunately, these parts are not loaded by traffic.

S

Figure 6. Pushed out brickwork layer o ”Figure 7. Abutment crack

5. Load carrying capacity

Assessment of the load-carrying capacity of the structure was made, according to two
independent methods. Brickwork is a non-homogeneous material, the brick layers and contact
joints, as well as friction effects being important material characteristics. On the other hand, a
purely elastic approach may also prove to be useful in helping to understand the force transfer.
The first method complies to the material properties, whereas the second method enables to
gradually increase the load and remove tensile parts of the structure According to drawings
from the owner’s archives, the double vault of the covering.

The first approach is based on layered block analysis, taking into account contact and
friction conditions and the multiple-layered composition of brickwork. This was developed
already from 1995 in the software RING [9]. This tool allows determining failure situations,
either by excessive compression or by formation of mechanisms. The software proved its
accuracy in many refurbishment projects, as can be found in literature [8]. However, RING
mainly considers 2-dimensional models of arches and the introduction of soil pressure behind
abutments may be precarious. Nevertheless the tool does consider also lateral spreading of
concentrated loads. Hence, it is important to adequately choose the vault width. In the present
case the width was considered to be equal to traffic lanes, 3 m for road vehicle models and 2.5
m for tramways.

The structure is unable to resist a load combination involving LM 1, since the ratio of
resistance to load effect equals 0.351. This is not surprising, since this load model was derived
from heavy traffic observation on important international highways. In addition, the
concentrated loads are particularly high. At the time of the construction of the covering, traffic
loads were considerably lower and heavy lorries did not exist.

The aforementioned alternative loading schemes have been used and resulted in load
carrying factors, or ratio of resistance to load effect, mentioned in table 2. For most of the
models, failure occurs through the formation of the mechanism of three-hinged arch, one of the
arches being pushed upwards, as can be seen in fig. 8, corresponding to tramway loading.
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Figure 8. Failure Mechanism Figure 9. Dégradations to brickwérk

Subsequently, the degradations discussed above have been introduced in the model. Fig.
9 shows the defects on the original drawing, consisting of an area of 2*2m of 0.10 m deep loose
brickwork, the crack at the extrados near the arch spring of 0.20 m depth and the pushed-out
brickwork layer at the intrados near the spring.

Calculations have been resumed with these types of defects. Since the method does not
allow 3-D effects, the arcas of lower resistance will be effective for the whole structure.
Obviously, this is an unfavourable assumption.

Table 2. Load carrying factors rigid block analysis

model undegraded With degrading
LM 1 0.351 -

LM 5 247 1.95

Bus 2.85 1.98
Tramway 1.77 1.57

The results show that the load carrying capacity is reduced, in general to factors varying
from 1.95 to 1.57. This confirms that degradations have a certain effect on the load-carrying
capacity, but also that the structure continues keeping its function. The degradations appear at
those locations where the brickwork is decompressed.

As mentioned before, a second approach by volume-elements has been carried out. The
entire covering length of 160 m was reduced to 15 m, allowing the development of full 3-D
effects. The model consisted of approximately 234 000 volume elements. The method consists
of using linear elastic characteristics, detecting tension elements and subsequent suppression of
these elements.

The first question to solve concerns the boundary conditions. Various alternatives have
been tried out, starting with vertical fixing of the foundations. The use of soil pressure for
immobile retaining walls, combined with dead load and tramway loading, resulted in maximum
horizontal outward displacements of the abutment top of 0.041 mm. This value being very low,
the development of passive soil pressure becomes impossible. The horizontal equilibrium of a
single abutment was also verified, taking into account the large thrust force, simply derived
from the span to rise ratio. This confirmed that horizontal outward forces are somewhat in
excess by a factor of 1.04, which explains the low displacements. Hence, it seemed acceptable
to use horizontal fixation of the lower 60% of the abutment height. During further calculations
an extreme value of tensile stress of 0.043 MPa has been found in the abutments. This very low
tensile stress has been accepted without further detailing.

In fig. 10 the result of stresses perpendicular to the vault axis is being shown in the ULS
combination with tramway loading. These stresses are purely elastic and do not represent the
real situation, since the tensile areas cannot exist. Nevertheless, the results from this simulation
may be used in determining those areas where elements should be suppressed. For this purpose,
a series of envelope lines has been created at various cross-sections. Fig. 11 shows the lines
corresponding to a section below one rail.
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Figure 10. Brickwork stresses 1% stage
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Figure 11. Envelope lines brickwork stresses (MPa)

The lines show that tension appears in the central area of 4.7 m of the intrados, reaching
a maximum value of 0.6497 MPa. At 1.66 m from the arch springs, the brickwork is compressed
at maximum -1.5787 MPa. For the extrados, the tensile zones are limited to 0.83 m near the
springs and the compression reaches -1.191 MPa.

These data have enabled to suppress tension elements. This is a rather long process of
successive steps, converging slowly. It involves detection of tensile areas both on the remaining
surface which extends slower after each step, as well as finding the necessary depth of the
supressed volume. During the suppression of elements, those areas where the degradations are
appearing, are equally suppressed. The results should then be compared to those of the rigid
block method, including degradations.

Fig. 12 shows the suppressed areas at the vault intrados. Similar as in the rigid block
method, the loading of one of the arches leads to the most critical situation. The figure also
shows that a 3-D effect is developing. The forces are being deviated towards adjacent parts of
the vault, thus creating alternative load paths.
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Figure 12. Element suppression

Finally, failure will occur by excessive compression of the brickwork, which will
eventually lead to a mechanism. Obviously, this approach does not allow determining the
development of hinges and the existence of mechanisms. The load carrying capacity factor
equals 3.125 / 1.612 = 1.94. This value exceeds the load carrying capacity factor found from
rigid block analysis. This is easily understood, since the latter cannot account for any 3-D
redistribution of internal force. Table 3 summarizes the comparison of both methods, by the
respective load carrying factors.

Table 3. Load carrying factors compared
model Rigid block Elastic no-tension
Load factor 1.57 1.94

Figure 13. Bus traffic loading

The creation of an alternative load path is not evident in the case of bus traffic. Buses can
indeed cross the structure in a sense parallel to the arch axis. The model also enabled to detect
whether a redistribution can exist in case the traffic crosses the bridge in this sense. The first
iteration already showed that the length of the model was sufficient, since this traffic cannot
reach the coverings ends. In addition, since the total load is lower than tramway loading, the
tensile areas are smaller and the process of suppression of elements is swifter. Fig. 13 shows
lighter areas of the intrados where suppression was needed. The redistribution of the load path
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is of less magnitude than in the previous case, although its effect can be found in the numerical
results. A load carrying capacity factor of 2.68 was found, which is consistently higher than the
result of the rigid block analysis. This case is less critical than all previous types of loading.

Conclusion

The brickwork covering of the original bed of river Scheldt in Ghent, built in 1885 has
sufficient load-carrying capacity to support realistic loading by tramway, buses as well as a
loading scheme allowed by the national code. This has been verified, both separately by rigid
block analysis and by a process, using a FE-volume model. Rigid block analysis allowed
detecting whether the structure would fail by excessive compression or by forming a
mechanism of 4 hinges. In addition, this type of analysis allows taking into account
delamination between brick rolls, cracks and lack of joint filling.

The use of special material laws and contact conditions in FE-modelling is often
unsuccessful. Hence, an extensive numerical model of elastic material was used to verify the
load carrying capacity. The use of this model included an iterative process of suppressing the
elements with tensile stress. Convergence of this process is rather slow, although it increases
with its progress. This type of analysis almost automatically detects those areas where cracks
or degradation appears in the actual structure. It also showed that 3-D effects exist for the
diversion of concentrated loads and alternative load paths are being created. Finally, the ratio
of resistance to applied loading at ULS equals 1.57 from 2-D rigid block analysis and 1.94 from
FE-analysis, including 3-D effect. Taking into account the limitations of both, the difference of
23% inspires confidence.

The case of the 130 years old vaulted covering of river Scheldt, demonstrates that careful
analysis may enable to preserve historic structures for many years to come.
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ARCH BUCKLING CONDITIONS, DUE TO AXIAL ROTATION
WITH LIMITED TORSIONAL STIFFNESS AT THE SPRINGS

Philippe Van Bogaert!

Civil Engineering Department, Ghent University, Belgium

Abstract: Arch bridge springs can be connected to concrete abutments either by
prestressing bars or by connectors. In both options, the torsional stiffness is substantially
reduced, compared to the full arch cross sectional area. The influence of this lack of
torsional stiffness on arch buckling is being researched, both numerically and
experimentally. To reduce any residual stress during tests, wooden rods that simulate the
arch were submerged in water and subsequently bent to the desired shape. Imperfections
of the arch samples are measured. Two unequal concentrated loads are applied to the
samples, thus simulating the effect of movable loads across half of the arch span. During
loading, lateral deflections were measured until elastic buckling occurred. The
simulation of more flexible rotation of the springs required replacing the cross section by
thin equivalent side plates. Since all parameters have not been isolated, the results are
limited yet. However, comparing the failure load of similar conditions, the reduction of
torsion stiffness by 81.48% reduces the failure load by 26.3%. This indicates that total
prevention of axial rotation may not be imperative for arch bridges.

Key words: arch bridge, arch spring clamping, torsional stiffness

1. Introduction: arch spring clamping

The connection of springs to concrete abutments is of paramount importance for the load
carrying capacity of arch bridges. At this location the various reactions from the bridge
superstructure are transferred to the abutments. The most important reaction is the arch thrust
force, together with the vertical reactions. Whether bending moments are transferred to the
infrastructure at the arch springs, depends on the use of hinges or clamping. The fabrication of
hinges certainly is more complicated than complete clamping of arch springs. In most cases,
the concept of the arch spring connections corresponds to clamping and bending moment
transfer.

A particular reaction is the torsion moment. Since the torsional capacity and stiffness of
circular sections are rather high, large torsion clamping may be expected. However, experience
mentioned in [1] has shown this torsion stiffness may be rather low, depending on the type of
connection being used. Connections with prestressing bars may appear to be an excellent choice
to materialize the clamping condition, but failed for torsion in at least the application mentioned.
Therefore, the alternative of using connectors has been considered. In this case as well, the
torsion stiffness proved to be smaller than expected as demonstrated [2]. Because of this, a
small number of tests was carried out and has given better insight in the issue. Both strip and
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headed stud connectors were used. However, both alternatives have demonstrated that
excessive axial rotation of springs of arch bridges, connected to concrete abutments can hardly
be avoided. Strip connectors show large flexibility, whereas the stiffer stud connectors still
show 13-times less stiffness than the base tube. In addition, the connection with prestressing
bars was also unable to prevent the axial rotation, due to torsion. Clearly, a wider experimental
research may provide larger insight in the torsional clamping of steel tubes in concrete. In the
present state, it may be recommendable for design not to consider complete rotational fixity of
the arch bridge springs considered.

As a consequence, the objective of the present research was to determine to which extent
torsion clamping influences the arch stability. Obviously, the stabilizing action of heavy end
crossbeams or upper bracings is excluded and the most critical case of free standing arches has
been considered.

2. Free standing arch

The first approximation to obtain understanding of the importance of axial rotations
consists in determining the elastic buckling modes and factors of a free standing arch. As the
research was directed to test scaled models from balsa wood, a small structure was first verified.
A free standing arch is the elementary form and will evidently allow to address the effect of a
lack of torsion stiffness. With this simple model, there is no contribution to arch stability by an
upper bracing or any stabilizing effect of hangers or bars connecting the arch to the bridge deck.
This allows to eliminate all other effects and to concentrate on the single issue of the torsion
stiffness of the arch spring. The lowest factor directly determines the elastic critical load and
the arch reduced slenderness. Fig. 1 left shows the buckling modes for a 500 mm span and 90
mm rise clamped arch with rectangular cross-section of 8*8 mm, whereas the right figure shows
the result for the same arch, the axial rotation being completely free. The load consists of 2
knife forces applied at 4 and % of the span length. A single concentrated load would result in
alow buckling load and unprecise results. The critical section of the arch being at 4 span length,
two concentrated loads are used, the first being twice as large as the second, as shown in Fig. 1
left. This introduces unequal bending and is closer to the real situation.

Figure 1. Elastic buckling mode clamped and free arch

The elastic buckling load of the clamped arch exceeds the value for the free arch by 21.3%
only. Both mode shapes are similar and correspond to lateral torsional buckling, as seen from
above in Fig. 1 right. Hence, the influence of torsional stiffness on the buckling load is moderate
and the research should concentrate on lateral buckling.

Clearly, the above numerical model is inadequate to address the effect of imperfections,
of material nonlinearity and of residual stress, all important factors, influencing the arch
stability. Hence, in the following a 3-D continuous element has been used to simulate the arch
conduct. The material law takes into account elastic behaviour from ¢ =0 to ¢ = f, / E and a
short branch ending at the coordinates € = 0.01 ¢ = 1.1 fi, since according to EN 1995-1-1 [3]

38



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

wood has but a small post-yielding capacity. This is in accordance with data from suppliers.
The values of E in the test samples will be discussed later.

In addition, imperfections have been introduced in the numerical model, their shape
corresponding to the fundamental mode shapes from Fig. 1. It is believed that these correspond
to the half wave, with a slightly prevented lateral rotation at the springs.

3. Testing of scaled specimens

For the tests, rods of balsa wood, a commonly used model material, have been used. The
cross section of each rod was 4*4 mm. The rods were bent to obtain the curved arch shape.
Since this introduces large residual stress, up to breaking of the rod, an alternative process was
adopted. The rods were immersed in water for 45 minutes, bent by positioning them on a work

floor and maintained in this position during drying. This process was repeated twice for each rod. Fig.
2 shows the rods in the drying position.

Figure 3. Materialization of weaker axial rotation stiffness (left) parallel plates (right) cross

Since the E-modulus of the wood shows no constant value and is changing during the
wetting-drying process, for each rod the modulus has been measured. After drying the
modulus has increased from its original value and varied between 6900 MPa to 12611 MPa.
This means every test value had to be compared to numerical results, using the experimental
modulus.

The experimental simulation of arch springs to a fixed infrastructure for the torsion
fixed condition does not rise a particular issue. However, a free axial rotation is virtually
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impossible to build. Hence, various ways of ‘weakening’ the arch springs for torsion have
been considered. Torsion stiffness is reduced by replacing a plain section by open sections,
either 2 parallel plates of 10*1 mm or 4 crossing thin plates, both shown in Fig. 3.
Theoretically the parallel plate scheme has 0.185 torsion stiffness of the plain rod, whereas
the cross scheme has 0.37 — times this value.

Fig. 3 also shows the rod’s end. The arch span of these types of connections has been
slightly increased by the distance from the spring to halfway the weakened part. This would
correspond to the concrete encasing of the arch spring.

In total 7 specimens of fixed arches have been tested, supplemented by 8 specimens
with alternative spring cross sections, of which 5 of the plate type and 3 with cross sections.
The test setup is shown in Fig. 4, including the position of the eccentric loading via a small
plank on which the 0.1 kg mass loads are added. During loading the lateral displacements of
the arch crown are measured.

Figure 4. Test setup, loading and measurement of lateral displacement

The lateral displacements allow to assess whether or if buckling is occurring. However,
some of the specimens failed without previous displacement, due to failure of the wood. This
attributes to the low plastic capacity of the wood and its heterogynous nature. Nevertheless, the
curves of lateral displacement and applied load allow drawing of the Southwell-plot as
described in [3] allows to determine the experimental value of the buckling load.

4. Comparing results with simulations

Since the specimens showed 3 independent parameters: E-modulus, initial imperfection
and the type of arch spring, it became difficult to isolate one of these parameters and clearly
assess its influence on the arch failure load. In addition, the failure load itself needs to be
defined. Because of the nonlinearity and the initial imperfection, a small amount of load already
initiates lateral displacement. A clear bifurcation load does not exist. However, this was
overcome by identifying the critical load to the value found from the Southwell plot.

In Table 1 all tests are summarized, including the type of arch spring, E-modulus, initial
imperfection, final collapse load and critical load. The last column of this table also mentions
the failure load found from the nonlinear simulation with 3-D volume elements. The use of this
type of elements, allowing to simulate both geometric and material nonlinearity enables to
reproduce exactly the physical models, in particular the geometry of the arch springs.

Numerical simulation results in 2 types of data. The first is a diagram of load versus lateral
displacement, clearly showing the nonlinear character of calculations, as shown in Fig. 5. In
some cases, the lateral displacement changes sign while the load increases. The second results
are stresses at each load increment. Fig. 6 shows equivalent vonmises stresses of the arch for

40



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

the plate connected spring and with 1 mm initial imperfection, immediately before collapse.
Obviously, the largest stresses appear near the location of the largest of both loads and has
reached the failure value.

Table 1. Test results summarized.

Spring E (MPa) | Imperfection | Failureload | Southwell | Numerical load
shape (mm) ™) ™) ™)
Fixed 5554.42 0 12.83 13.49 18.07
Fixed 5554.42 1.75 14.09 14.37 18.07
Fixed 5554.42 5.5 8.20 7.25 18.12
Fixed 3123.78 0 7.22 747 10.16
Fixed 20243.64 0.5 9.18 9.53 65.85
Fixed 12611.39 3.25 7.22 7.73 41.07
Fixed 3123.78 0.5 4.28 5.26 10.16
Plates 5554.42 2.25 10.23 10.59 27.73
Plates 20243.64 3.25 9.93 - 101.10
Plates 20243.64 2.75 11.14 15.44 101.07
Plates 5554.42 1.5 8.20 11.77 27.72
Plates 3123.78 1.5 3.30 3.70 15.59
Cross 7681.42 0.25 12.12 13.41 39.72
Cross 7457.80 0 10.16 9.09 38.56
Cross 7837.27 2.25 8.20 14.55 40.54
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Figure 5. Load-displacement path numerical simulation.

The results have been categorized according to the parameters of large initial imperfection
and of E-modulus. Clearly, identical combinations are not available and should require a
considerably larger amounts of specimens and tests.

However, rows 2 and 11 of Table 1 are somehow similar, the E-modulus and the
imperfection being similar. The failure load of the weaker arch spring decreases the failure load
by 18.1 %. This is rather close to the 21.3% of the elastic beam prediction and applies to a
reasonable amplitude of the imperfection. The numerically determined values overestimate the
failure load, surely by adopting an excessive value of the unknown wood resistance and
showing a similar gap between both arch spring conditions.
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Stress tensor : Equivalent stress
Time step 63

Time 6.3000

Geometric scale

0.010

Numerical scale 77.710197
Value*1.E6

. 11.66
10.5

933

Figure 6. Equivalent stresses simulation immediately before failure.

This also applies to lines 2 and 8 of Table 1, with identical modulus and similar

imperfection, the difference between the fixed condition and the weakened spring being 26.3%.

Conclusions
From a series of 15 scaled tests on specimens the failure of free standing arches with

different torsional stiffness of the arch springs, has been determined. However, other
influencing parameters as the E-modulus and initial imperfection showed too many scatters to
closely substantiate the influence of the arch torsion stiffness. However, comparing the failure
load of similar conditions, the reduction of torsion stiffness by 81.48% reduces the failure load
by 26.3%. This indicates that total prevention of axial rotation may not be imperative for arch
bridges and encourages to continue this research, in future by using a material with more
constant characteristics.

2]

[3]
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TEMPERATURE CONDITIONED RESONANCE CLUSTERS
IN BRIDGES SUBJECTED TO MOVING LOADS

Alexander Tesar!, Jozef Melcer?

Slovak Chamber of Civil Engineers, University of Zilina, Slovakia

Abstract: The objective of this study is the analysis of temperature conditioned resonance
clusters appearing in scope of dynamic testing of bridges by moving loads. As example is
studied the assessment of actual bridge exposed to such forcing. Presented are the results
and final conclusions dealing with security and reliability of the structure.

Key words: bridges, durability, moving loads, resonance clusters, temperature variation.

1. Introduction

In recent years the dynamic testing of slender bridge structures in scope of their
maintenance, refurbishment and ageing has obtained increased importance worldwide.
Economic considerations and functional requirements have resulted in a drive for precise
structural assessments with utilization of all reserves in the load-bearing capacity of structures.
Actual safety is to be estimated on the basis of generalized analysis of motion taking into
account ultimate structural response. The ability to do such scientific analysis of a vastly
increased scope has significantly expanded the range of assessment.

The analysis of ultimate dynamic behavior is the focus of intense efforts because of
pressing problems of disaster prevention of slender bridge structures generally. Considerable
work has been directed towards improving computational efficiency, such as temporal
integration of equations of motion, solution of nonlinear differential equations, optimization of
available numerical techniques, etc. Material and geometric nonlinearities, ultimate time-
dependent response, post-critical behavior, dynamic and thermal loads, etc., are treated for an
essentially unlimited range of geometries, materials and forcing conditions appearing. The
premises in the past have been historically calibrated in a processing environment where the
design was made on a small group of structural members under consideration of safety factors,
with goal to specify ultimate structural behavior. Today, a few iterations can produce an
assessment where all structural members work at allowable level in each forcing situation
appearing. The structures are considered as physical systems, with goals, environments and
hierarchical constraints among components defined much more explicitly than in the past.
However, as the scope of structural engineering continues to expand and the interactions with
other scientific and engineering disciplines become tightly coupled, there is an increased need
for the models of new phenomena not considered until now.
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One of such problems is the appearance of temperature conditioned resonance clusters in
measuring of dynamic behavior and response of slender bridge structures subjected to moving
loads. Such clusters appear at various temperatures by dynamic load tests of bridges, specifying
combined main vibrations in bending, shear and torsion together with additional local vibrations
of diaphragms, stiffeners, elements of road plates as well as of moving vehicles. The result is a
lot of resonance peaks appearing in clusters and corresponding to all types of vibrations
appearing. And such resonance peaks are significantly depending on outer temperature in time
of measurement. The analysis of such problem is focused below.

2. Analysis

The response of slender bridge structures is influenced by material, structural and
environmental damping taking into account elastic and viscoelastic properties of structure and
materials, as well as damping due to interactions structure vs environment. Equivalent damping
represents the total energy dissipation and is given by several mechanisms which specify
relations between damping forces and strain velocities. Energy transformations due to material
damping are given by nonstationary thermic variations caused by friction and motion of atomic
groups in the material. The dissipative capacity depends on frequency, stress and thermal
effects. The interactions of these mechanisms are significant for the assessment of the problem
studied.

An incremental form of the governing equations of motion for such analysis is obtained
by considering equilibrium state at two configurations a time step Af apart. The increments of
external forcing balance the equilibrium in time ¢ + Az by

(1) Mtat + Ctvt + Ktut = Rt+At - (V{ + VtD + V?) y

with vectors of inertia forces V! = M,Aa,, damping forces V? = C,Av,, elastic forces V; =
K;Au, and corresponding accelerations, velocities and displacements a;, v: and u,, respectively.

The increments in displacements, velocities and accelerations are given by forcing
increments and known physical property matrices. If such matrices change in time step then
Eq. (1) is only approximately true. The vector of local approximation error is given by

() AViras = Reras = (Verad + Viea® + Vead)

and is a measure of how close to equilibrium the solution of Eq. (1) has been approached.
Governing incremental equation of motion is then given by

3) M.Aa; + C;Av; + P, Au; = AR, ,

with pseudo-force nonlinear vector approach

4) PAu;, = K Aug + NeAuy — AViypg s

where N;Au, is the vector of nonlinear terms (pseudo-forces) and in pseudo-force technique is

treated as pseudo-force vector. At each time step an estimate of N Au; is calculated and

iterations are performed until AV#a; becomes sufficiently small compared with tolerance norm

adopted. In the analysis the P-delta approach is used alternatively with large deformations
including elastic and inelastic material nonlinearities.
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For the analysis is applied the Fourier integral transformation ([4]). Assumed is the
forcing time function br(t) satisfying Dirichlet conditions together with condition

ffooo |bp(t)|dt being convergent. The following equations of Fourier integral transformation
are adopted

(5)  Hp(w) = [ bp(t).et dt,
(6) bf(t) = if_woo HF((D) etdw = %fooo Re[HF(w)] ei®tdw .

For the case of a constant force P, moving with constant speed c¢ the transform H y;(w) is
given by

(7) Hy(w) = Py/c f0°° 6p(z—u)e cdu=Py/c e~iwz/c
with Dirac delta function &, and with substitutionu = c.t .

For the case of harmonically variable force Py, moving on the structure with constant
speed ¢, the transform Hj, is given by

iwu

(8) Hy(w) = Py/c f0°° 6p(z—u) Sin(%u)e_Tdu = PTMSin (%) ze iwz/c ’

with Q as forcing frequency of moving force. When assuming the operator A =% , the

transforms of inertial forces —m(z)AZ(v(z, t)) for both above cases are given by

o) - (—m(z)Az(v(z, t))) el“tdt = m(2)w?v(z, ®) + iom(z)v(z,0) +
0 m(z)A(v(z,0)) ’

assuming A(v(z, t) being zero in the limit £ — co. The transform of inertial forces is then
given by

(10) fooo (—m(z)AZ(v(Z, t))) eitdt = m(z)w?v(z, w) .

Attention is now paid to the analysis of bridge structures subjected to the action of moving
loads G;, given by

1) G, =b6p(z—u) (ng —m A% (v(u, t))) ,
with transform

(12) Hy,(w) = %g fooo 8p(z — we % dy —m, /c fqoo 8p(z —
‘u)BZ(v(u’%))e'—iwu/cdu — %ge—iwz/c _ %DZ (v(z’ w))e"T _ my, (g _

D?(v(z, w))) e <,
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where B and D are operators B = d/0u and D = d/0dz, m is the mass of moving load, ¢ is
its speed and g is gravity acceleration. The second term of the last equation, determining the
inertial components of moving load, can be conveniently used in form of a difference formula
for each bridge length element Iy

Vi—2Vk_1+Vg—2
2 )
li

(13) D*(v(z, w)) =

which is implemented into calculation.

3. Application

Studied was the response of simple two span continuous bridge with four steel main
girders and interacting concrete upper roadway plate. The total length of the bridge is 2 x 30000
m = 60000 mm. The total width of the bridge is 10980 mm. The steel main girders are welded
I-profiles with height 1220 mm, with upper and lower flanges 380/50 mm and with web 1170/25
mm. Steel main girders are distanced 3050 mm in cross-sectional direction. The depth of
reinforced concrete roadway plate is 305 mm. The bridge is subjected to the action of standard
track vehicle of total weight 22 t, moving with constant speed 60 km/h along whole traffic
length. Studied were the relations of pseudo spectral accelerations vs frequencies together with
corresponding ultimate flexural displacements at various outer temperatures.

Studied were the same resonance clusters at temperatures 0°C, 25°C, 30°C and even 100°C
(for the case of brand), respectively, together with corresponding ultimate midspan flexural
vertical displacements.

Resonance clusters varied in reference to temperature assumed. For temperature 0°C the
dominant resonance peaks were located in scope 1-8 Hz (five peaks and maximal amplitude 7.2
mm), for temperature 25°C in scope 6-8 Hz (two peaks and maximal amplitude 12 mm), for
temperature 50°C in scope 0.3-14 Hz (four peaks and maximal amplitude 225 mm) and for
temperature 100°C also in scope 0.3-14 Hz (four peaks and maximal amplitude 450 mm).
Corresponding flexural vertical displacements in all nodes of bridge for temperature 0°C are 22
mm, for temperature 25°C they are 17 mm, for temperature 50°C they are 44 mm and for
temperature 100°C are 103 mm (see Fig. 1).

Such variability of results is explained by interaction of adjacent structural members having
various frequencies, temperature dilatations as well as damping and stiffness parameters. Such
structural members are steel main girders, concrete roadway plate with reinforcements, steel
bracings, path-ways with banisters, moving vehicles, etc. Their dilatations are functions of
temperature levels and change the resonance clusters as well as the response appearing. At high
temperatures and deformations there appear also the nonlinear effects in such members. And
into account is important to take also ageing and fatigue of the bridge studied. Some of such
problems were dealt with, for example, in Refs. [7], [8], [9] and [10].

The application of above results was made in scope of numerical and experimental dynamic
assessment of the pedestrian path The Blue Ribbon crossing The Small Danube in Bratislava,
as shown in Fig. 2 (see Ref. [11]). The structure was subjected to ultimate behaviour due to
marching mass of pedestrians and studied was its ultimate resonance response taking into
account various temperatures appearing.
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Conclusion

The results obtained are significant for correct assessment and evaluation of loading tests
made on actual bridge structures. There appear problems with correct identification of
resonance peaks corresponding with flexure, torsion and shear vibration of the structure as well
as with secondary vibration effects at various temperatures as mentioned above.
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Figure 1. Function temperature vs flexural dynamic displacements midspan of studied bridge
subjected to moving loads

Figure 2. The pedestrian path Blue Ribbon crossing the Small Danube in Bratislava
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ANALYSIS OF SPACE TRUSSES SUBJECT TO SEISMIC EFFECTS.
MANAGEMENT OF DYNAMIC RESPONSE

Anita Handruleva!, Simeon Atanasov?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: Dynamic parameters as natural frequencies and modes of vibration are
important indicators for the dynamic response of structures due to seismic excitations.
These parameters are a basis the amplitude values of displacements and internal forces
to be calculated. The modal analysis can be treated as a preliminary step for further
dynamic studies, such as: spectral analysis, harmonic or periodic analysis and analysis
due to arbitrarily loads (time history analysis). In this paper the dynamic responses of
space trusses are studied. As objects of study are selected four representatives. An
orthogonal structure of the grid on the upper and lower surfaces is accepted. The models
differ in the type of supporting. The analysis was conducted in two stages: modal and
spectral analysis. In the modal analysis is observed coefficient of effective modal mass
and type of natural forms of vibration. The seismic action is defined by three independent
components (two horizontal and one vertical) with 100% response spectrum. The purpose
of the study is to manage the dynamic response of the d space trusses.

Key words: space trusses, seismic effect

1. Description of the computational models and the purpose of the study
In this paper the dynamic responses of space trusses are studied. As objects of study are
selected four representatives. An orthogonal structure of the grid on the upper and lower
surfaces is accepted. The dimensions of the structural modules are 3/3m. The models differ in
the type of supports and are labeled with: C.1 - structural construction, supported on four
columns with reinforced zones (spatial trusses), and four console issue; C.2 - structural
construction supported again on four columns with reinforced zones, but in the form of
diagonals and four console issue; C.3 - structural construction supported along the contour of
the bottom surface; C.4 - structural construction supported along the contour of the upper plane.
Studied representatives of space trusses are shown in Fig. 1. For the constructive elements are
adopted cross-sections of pipe sections, namely:
e upper and lower surfaces - J95x4;
e diagonal elements of the grid structure - J73%3,5;
e reinforced lattice zones (model C.1) - @114x4,5; reinforced zones C.2 — HEB500;
e columns of models C.1 and C.2 - &560x10; columns of models C.3 and C.4 - (J219x5.
Profiles of steel S235JRH according to EN10219-2 with computational resistance of the
steel Ry =235MPa.
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2. Comparative analysis of the results

Dynamic study of selected computational models of double layer space structures was
conducted in two stages: modal and spectral analysis. First are obtained the natural forms of
vibration of the considered computational models and their corresponding periods. Also, for
each variant are considered as forms of vibration, so as to be satisfied with the coefficient of
effective modal mass. The results are presented in Tab. 1. Fig. 3 shows the first three forms of
vibration of the computational models. After modal analysis has been conducted spectral
analysis. For the spectral curve is used for the recommended soil group C. As a basic parameter
for comparison of computational results is used displacement to characteristic point. The
displacement of that point is an important indicator of the structural behaviour due to the applied
loads. The results are presented in Tab. 2. The purpose of this study is to manage the dynamic
response of double layer space structures subjected to seismic actions (earthquake). When the
geometry is defined, it comes down to choosing the type of grid structure and type of boundary
supports. To achieve the objective of the study, different variants are measured based on show
results and recommended variant that has a behavior corresponding to the desired actual one.

The study of the dynamic response of space structures is parametric and therefore on step

modal analysis must assess the resulting forms of vibration and undesirables to optimize or
replace, for less weight in the later spectral analysis.

Table 1. Period of vibration and modal participating mass ratios for computational models

Period Modal Participating Mass Period Modal Participating Mass
Mode Ne Ratios Mode Ne Ratios
[sec] [ zux | zuy | zuz [sec] [ zux [ zuy | zuz
Model C.1 Model C.2
1 0,460 0,817 0,168 0,000 1 0,649 0,029 0,971 0,000
2 0,460 0,985 0,985 0,000 2 0,649 1,000 1,000 0,000
3 0,419 0,985 0,985 0,000 3 0,497 1,000 1,000 0,000

30 0,058 0,999 | 0,999 | 0,923 66 0,038 1,000 | 1,000 | 0,932

Period Modal Participating Mass Period Modal Participating Mass

Mode N 1ol [Tux [ zuy | 20z % M ] [TUX | zUY | T Uz
Model C.3 Model C.4

1 1,792 0,998 0,002 0,000 1 2,695 0,000 1,000 0,000

2 1,792 1,000 1,000 0,000 2 2,695 1,000 1,000 0,000

3 0,967 1,000 1,000 0,000 3 1,980 1,000 1,000 0,000

36 0,052 | 1,000 | 1,000 | 0,943 15 0,094 | 1,000 | 1,000 | 0,924
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C1 Mode 1 C2 Mode 1

C1 Mode 2 . C2 Mode 2

C1 Mode 3 C2 Mode 3

Figure 3. Modes of vibration for computational models of variant C.1 and C.2

€3 Mode 1 C4 Mode 1

C3 Mode 2 C4 Mode 2

C3 Mode 3 . C4 Mode 3

Figure 4. Modes of vibration for computational models of variant C.3 and C.4
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Table 2. Displacement of characteristic point for computational models

Displacement to the characteristic point in the direction:
X [m] Y [m] Z [m]
C.1 0,0077 0,0077 0,0036
gl c2 0,0142 0,0142 0
S| C3 0,0387 0,0387 0
C4 0,0585 0,0585 0
Conclusions

From the comparison of the computational results the following conclusions can be
formulated:

1) The periods of vibrations are an indicator of the dynamic response of the system.
The structural configuration of the computational models in variant C.3 and C.4 is
sensitive to deformations, so we observe significant values of the first periods of
vibration, see Tab. 1.

2) The type of the modes of vibration (translational or rotational) has a significant
effect on the overall behaviour of the structure, but is also an indicator of successful
activation of the masses in the relevant direction, i.e. the coefficient of the effective
modal mass to be satisfy.

3) The coefficient of effective modal mass is strongly dependent on the number of
used modes of vibration. The type of supports affects the required number forms of
vibration to reach the coefficient of the effective modal mass.
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FRACTURE ANALYSIS OF CORNER JOINTS OF PVC WINDOW FRAMES
Zlatka Geshkoval, Veselin Iliev?, Radan Ivanov®*

University of Chemical Technology and Metallurgy, Sofia, Bulgaria
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Abstract: Under normal operating conditions, structures made of welded profiles, such
as PVC window frames, work together with the glazing and these two parts can be
considered as a composite planar structure. However, before installation the two parts
are transported separately, so it is necessary to secure them against static and dynamic
transport loads. One of the most vulnerable locations of the window frames is the corner
Jjoints of its profiles. While for the thermal characteristics of these products a number of
researches exist, research on their mechanical behavior is scarce. Detailed research of
the total structure-load system and the fracture behavior is possible with the help of
numerical modeling and computer simulation. The present article offers a methodology
for the establishment of a model for numerical simulation of fracture behavior of UPVC
window frames and identification of the parameters of the model related to the material
characteristics. The methodology is based on the Cohesive Zone Model with maximum
normal contact stress and contact gap at the completion of debonding as material
characteristics of the model. Numerical experiments have been performed following the
adopted methodology, varying the material characteristics, while the maximum stress at
the tip of the crack and the crack status are monitored. The results obtained can be used
in the identification of missing values of material characteristics and verification of
models with similar features.

Key words: Fracture Analysis, UPVC Frames, Numerical Simulation

1. Introduction

In the modern urban environment, facades made entirely or mostly of glass are
increasingly used. Often they are realized as wide-format double-glazing, installed in window
frames made of polymeric materials. Recently, Unplasticized Polyvinyl Chloride became the
most common material, used for this purpose [1]. Results from a number of researches of the
basic mechanical properties of the material exist, offered both by manufacturers [2], [3], [4]
and in the scientific literature [5], [6]. Under normal operating conditions, the constructions of
welded profiles, such as PVC window frames, work together with the glazing, and these two
parts can be considered as a composite planar structure. Here the double-glazing creates rigidity
in the plane of the structure, while the elements of the window frames bear the loads in the
transverse direction. Before installation, the two parts are transported separately, so it is

! Zlatka Geshkova, PhD Student, Applied Mechanics, UCTM, Bulevard "Sveti Kliment Ohridski" 8, 1756, Sofia,
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necessary to secure them against static and dynamic transport loads, with elements that replace
the relevant components of the composite structure. While for the double-glazing this is
absolutely necessary, for the window frames it may be economically advantageous that they be
designed to take the loads without additional reinforcement.

One of the most vulnerable locations of the window frame is the corner joints of its
profiles. Therefore, the research and the basic standards for mechanical testing are focused on
this area. BDS EN 514:2018 [7] regulates the experimental determination of the strength of
welded corners and T-joints of profiles of Unplasticized Polyvinyl Chloride (UPVC). A
thorough laboratory study of the processes of fracture a corner joint by loading at the place of
the joint is presented in [8]. In addition to the values of the fracture force at different
temperatures and melting times during welding, different types of cracks are presented in the
work - entirely along the welding line (type Z), entirely in the profile material (type P), mixed
type Z + P (when the crack is initiated at the welding location and propagates in the profile
material) and mixed type P + Z (when the crack is initiated in the profile material and propagates
along the welding location). However, during transport, the structure is loaded not only at the
corner welds and not only with static forces. Wider research of the total system structure-load
is possible with the help of numerical modeling and computer simulation. While for the thermal
characteristics of these products a number of researches exist [9], [10], [11], in terms of their
mechanical behavior researches are scarce. The present article offers a methodology for the
establishment of a model for numerical simulation of UPVC window frames, identification of
the parameters of the model related to the material characteristics, and validation of the results
with laboratory tests according to BDS EN 514: 2018.

The numerical simulation model is based on the Contact Debonding tool of the software
system for numerical simulation - ANSY'S Mechanical Workbench. This tool uses the Cohesive
Zone Model with the maximum normal contact stress and the contact gap at the completion of
debonding as features of the model. The derivation of the basic equations of the model is
performed based on a generalized scheme of the crack, such as the one shown in Fig. 1.

Figure 1. Generalized scheme Figure 2. Force/stress boundary conditions
of the boundary conditions

It is assumed that a body Q with external boundary 0Q is loaded by forces Fq (t) along
part of the boundary Or(Q2, as the current time t, varies from 0 to tr. The displacements uq (t) are
applied along part of the external boundary 6.Q. It is the surface of the initial crack; T - crack
surface at the current time t; Gr - crack surface area at the moment tz.

It is assumed that in the zones far enough from the crack, the description of the mechanical
behavior can be done by the equations of linear elasticity:

It is assumed that in the zones far enough from the crack, the description of the

mechanical behavior can be done by the equations of linear elasticity:
- Equilibrium equations:

(D) Vo, =0, i=x,yz,]=x)2%
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where o are the mechanical stresses at points in the body, V is the Nabla operator;

- Equations of geometry:
1

(2) g =5 (Vu; + (Vu)"),
where u are the displacements of points in the body, € are the strains;
- Hooke’s Law:

(3) O'l'j = C:Ei]',

where C is the fourth-order tensor of elastic constants.
In solving the problem, the following boundary conditions are applied:
- Force/stress boundary conditions (Fig. 1 and Fig.2):

4) F; = g;;n on O
- Displacement boundary conditions (Fig. 1):
(5) U; = uyz on OuQd.

In the crack zone, the mechanical behavior of the material is described by the approach
given in [12]. In this approach, the process of severing the bond between the atoms during crack
propagation occurs within a small area I't next the tip of the crack. Therefore, modelling the
propagation of cracks consists of artificially extending the crack in front of its tip, while
applying traction forces T on the surfaces thus created to maintain equilibrium (Fig. 3).

The traction T decreases with increasing irreversible opening 6 in the cohesion zone I’
according to the cohesive law:

©)  Ti=f(o,A),

where o is the material characteristic, determining the maximum traction between the particles
of the material, / is a damage parameter monitoring the traction. It varies from 0 when the crack
is still closed to 1 when the cohesion force drops to zero and the crack opening is complete:

8
where O is the material characteristic, determining the critical value of § at which the crack
opening is completed. A law of cohesion in the present work is adopted in which the cohesion
zone is created dynamically and expands during the simulation in the zones where the material
reaches the critical stress [13]. External cohesive laws are monotonically decreasing functions

that produce maximum stress when the displacement of the gap is zero (Fig. 4):

®) T(5) =0, (1 - 6—6)

Figure 4. External cohesive law
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To use this law, it is necessary to know the values of the material characteristics oc and
oc. They can be determined by laboratory testing using the double cantilever beam test (DCB),
to determine o and the normal cohesive strength test (NCS), to determine oc [14]. The
preparation of the specimens for these tests can be done according to the standard BDS EN 514:
2018. Two rectangular parts of the material are welded together by cutting to the desired angle
and placing between them a heating element (plate), which melts the surfaces where the
connection will be established. Then the heating element is removed and both parts are pressed
and cooled. The heating plates are designed to create a cohesive zone on the periphery of the
specimen for DCB and in the center of the specimen for NCS. In the DCB test, the specimens
are loaded according to the scheme in Fig. 5, and o is determined visually by a high-resolution
camera or another method for linear measurements.

?\'1.&]?“ mum o iIL‘ SIVC

traction Aokt

Figure 5. The load of specimen Figure 6. The area of the cohesion zone

In the NCS test, the maximum traction o between the particles of the material is
determined by the formula:
Pmax
©) o =
where Pmax 1s the maximum force at which the specimen is fractured, Ancs — the area of the
cohesion zone (Fig. 6).

The values obtained for these characteristics can be used to create a cohesive zone model
(CZM) for computer simulation. In the present work, values of 6, = (10 + 40)MPa and 6, =
(0.02 = 0,1)mm are used to create a model in the ANSYS Mechanical Workbench of the
fracture of a welded corner joint of UPVC profiles in conditions according to BDS EN 514:
2018. Numerical experiments have been performed on the model, the results of which can be
used in the identification of missing values of material characteristics and validation of models
with similar characteristics.

2. Experimental part

In the tests according to standard BDS EN 514: 2018, the corner joint of the profiles is
loaded to fracture as shown in Fig. 7, and the fracture force Pmax is recorded. For the present
research, a model whose boundary conditions reproduce those of the laboratory experiment,
has been created in ANSYS Mechanical Workbench. Due to the necessity to synchronize the
displacements along the Y-axis in the place of loading, the loading and support locations of the
numerical and physical model are reversed. (Fig. 8).

The two profiles are modeled as two separate bodies connected along the welding line
with contact elements, that obey equations 6 to 8.

Thus, concerning the material, we can distinguish three fields in the model. The first one
is the field of the base material, with material properties shown in Fig. 9. In the second field,
the material properties are changed as a result of the welding process (Fig. 10). The third field
is the contact between the two profiles, where the fracture process takes place.
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F Foree: 5000
Force 2: 5000 M

400

Figure 7. Test according to standard BDS ~ Figure 8. Boundary conditions in the model

EN 514: 2018
“ Isotropic Elasticity “ Isotropic Elasticity
Derive from Young's Modulus and Poisson's Rato Denve from Young's Modulus and Posson's Ratio
Young's Modubas 2800 MPa Young's Madulus 1300 MPa
Paoisson's Ratio 042 Pouson's Ratio 042
Bulk Modulus 38333 MPa Bulk Modulus 2708.3 MPa
Shear Modulus 98382 MPa Shear Modulus 451.75 MPa
lsetropsc Secant Coefficient of Thermel Expansion 000023 1/7°C kotrepic Secant Coefficient of Thermal Expansion 000023 1/°C
Compressive Ultimate Strength 0 MPa Compressive Ultimate Strength 0 MPs
Compressive Yield Strength 0 MPa Compressive Yield Strength 0 MPa
Tensile Ultimate Strength 50 MPa Tensile Ultimate Strength 43 MPa
Tensile Yield Strength 25 MPe Tensile Yield Strength 35 MPa
Figure 9. Material properties of base Figure 10. Material properties of the zone

material welding

The fracture process is modeled by the Contact Debonding method, as a cohesive zone
with characteristics shown in Fig. 11 defined on the contact surface.

W Separation-Distance based Debonding

Debending Interface Mode Mode |
Tangential Slip Under Normal Compression Ne
Maximum Normal Contact Stress 30 MPa
Contact Gap at the Completion of Debonding 0.1 mm
Maximum Equivalent Tangential Contact Stress MPa
Tangential Slip at the Completion of Debonding mm
Artificial Damping Coefficient 0.1s

Figure 11. Characteristics of the cohesive zone

Initially, numerical experiments were conducted to determine the potential locations of
crack initiation and propagation. In these experiments, a simplified model without a contact
area between the two profiles was used. Results are obtained for the stresses in the global
coordinate directions, the principle normal stress, and the equivalent von Mises stress. The
results are processed according to the method set out in [15].

The main part of the experiments was performed in the presence of a cohesion zone. The
main purpose of the experiments is to establish a relationship of the material characteristics
"Maximum Normal Contact Stress" o. and "Contact Gap at the Completion of Debonding" dc
with the value of the fracture force Pmax. To this end, forces P/2 are applied at the two supports,
usually through the support surfaces, and the fracture process is monitored for 1s. For the range
of values of o and d. specified above, experiments were performed by values of P ranging from
3 KN to 10 KN. The start of crack propagation is determined by the crack status graph (Fig.
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12). Propagation is considered to have started when the status at the tip of the crack changes
from full sticking (sticking status) to near (near status) contact.

0.23333

3. Sticking _ . - e
= .
2
= 12 Near
o
w .
0 Far S
0. 0.125 0.25 0.375 0.5

Time [s]

Figure 12. Start of crack propagation

3. Results and discussions
Some preliminary results on the stress state in the welding zone of the profiles are shown
in Fig. 13 and Fig. 14.

Il Tne: 1.
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Figure 13. Principal and Equivalent stresses in the frame profile
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Figure 14. Principal and Equivalent stresses in the sash profile

The points with maximum stresses have been established (points 1 and 2 in Fig. 13, 3
and 4 in Fig. 14), from which the crack propagation is expected to start. After the introduction
of a cohesive zone, when certain stress is reached, a change in the status of the contact begins
at these points and spreads in the welding zone. This process is shown in Fig. 15. In the element
mesh, the change of the contact status is observed as the formation and growth of the crack. Of
interest for the present study is the maximum stress at the moment of crack formation for
different values of the force P. The stress values are obtained from contour images such as that
in Fig. 16, obtained at the time of crack formation. At this moment, the maximum stress oy,
normal to the plane of separation (Fig. 17), is obtained and compared to the strength of the
material. If the stress oy is close to the strength of the material, the force at which it is obtained
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is considered to be the fracture force for the corner joint. If the stress oy is less than the strength
of the material, the fracture force is sought at higher values and vice versa.

[ Over Constrained [ Far [ Near [Jsiding [ Sticking
Figure 15. The status at the crack tip

Figure 16. The crack propagation process

62482 Max
52578
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-26.654 Min

Figure 17. Stress normal to the plane of separation

In the chosen model, the main material characteristics related to crack formation are the
Maximum Normal Contact Stress 6. and the Contact Gap at the Completion of Debonding o.
The results of performed numerical experiments, for different values of these material
characteristics and three values of the force P, within the operational load range of the window
frames are presented in Fig. 18. The graphs show that the influence of dc on the maximum stress
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at the crack tip is weakly expressed and linear. On the other hand, the influence of o. is stronger
and nonlinear, and the nonlinearity is greater at lower values of the force P.

Force 2KN Force 3 KN Force 4 KN
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Figure 18. The results of performed numerical experiments

Conclusion

For a detailed study of the mechanical behavior of window frames, laboratory tests have
to be supplemented with numerical simulation results. For the most sensitive part of the window
frames - the corner joints of the profiles, such a simulation can be performed using a numerical
model, based on the Contact Debonding tool of the software system for numerical simulation
ANSYS Mechanical Workbench. The diagrams obtained from the numerical simulation can be
used in assessing the load-bearing capacity of the window frames at non-standard loads during
transport and installation. With known material characteristics and strength of the material,
interpolation can be carried out between two of the three graphs to obtain the maximum force
P, which the connection can bear without fracture. The results can also be used to identify one
of the three applicable material characteristics. For example, at a known ., a laboratory
experiment according to BDS EN 514: 2018 can be performed to determine the maximum stress
at the crack tip, whereafter using the obtained results the maximum normal contact stress 6. can
be determined.
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N3CJIEJABAHE B KEHUETO HA TOUYKA
OTHOCHO APYT'A IBUKEIIA CE TOYKA

Acen Crosinos!, Teogop Toxopos?

Ynusepcumem no apxumexmypa, cmpoumencmeo u ceooesusi (YACI), Cogpus

STUDY OF THE MOTION OF A POINT
WITH RESPECT TO ANOTHER MOVING POINT

Asen Stoyanov!, Teodor Todorov?

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: An example problem of kinematics of a point is solved. The study is performed
with the MathCAD application. The problem considers the complex motion of a point
relative to another moving point. In the article the relative kinematic characteristics of
point “B” with respect to point “A”" are determined. The parameters are determined for
a given moment in time as well as for a time period.

Key words: MathCAD, relative kinematic characteristics, trajectory of the relative
motion

1. BnLBeaenue

[Ipu permaBane Ha 3a7a4M MO KMHEMATHKA € IMOAXOJAIIO BXOJHUTE JaHHU Aa Obaar
NpeCTaBIHU B MaTpu4Ha (popMa. MaTpuyHHUTE ONepali BbPXy KHHEMAaTHYHUTE MTapaMeTpH
OTIPENIETISIIN JIBIKEHUSTA Ha TOUKH, B komOuHanus ¢ MATLAB unu MathCAD [1], [2], [3],
[4] naBaT SICHM W TOYHHU pE3yJTaTH, KOUTO MoraT na ObaaT rpaduyHO OHarjeaeHH,. Yecto
rpa¢udHoTO pemenne (ocodbeno 3D) 6e3 HAKOE OT CIOMEHATHTE COPTYEpHU MPHIIOKEHUS €
CBBP3aHO C HEMPEOJOJIUMH TPYAHOCTH OT YEPTOKEH XapaKTep.

CTaTI/IHTa pasricixkaa CJIOXHOTO ABUIKCHHC TOYKA, U3BLPIHIBAIlA JABUKCHHUC CIIPSIMO
Jpyra JABUXKEIIa Ce TOUKa.
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2. IlocTanoBKa Ha 3a1a4aTa

v rF
X Y8 Toukwure ,,A” u ,,B” ce n1Buxar B mpoCTpaHCTBO
B Ha 1Io0ajHa HEMOABIKHA KOOpAMHATHA CHCTEMA
my Oxyz ¢ur.1.
lB/| “AB BxogHu ngaHHM 3a KOOpDAMHATHUTE Ha JBETE
Zz iag ZA rouku B Oxyz ca:
A . xA(t) =10.sin(2.cos(t));
ol T Y yA(t) = 10.sin(2.cos(t))%;
XA zA(t) =10.sin(2.cos(t))’;
X Va xB(t) =2.0(t) +4; yB(t) = 2.0(t)> +2.9(t) ;
A ZB(t) = 2.¢(t).cos((1);

o(t) = 2.sin(m.t); t;, =6;t, =0,5.t;, [1].

3ajayara e peuieHa B ciaeHara ocjaeq0BaTeIHOCT:

A. ChbCcTaBsiHE MaTpHUIlaTa HA OTHOCUTETHUTE KOOpAUHATH Ha T.B crnpsimo T.A
U TEXHUTE TpaQUuHU BU3yaTU3alMM B 3aBHUCUMOCT OT BpeMeTo ,t”° B
unrepBana [0, ti], a Taka CbBIIO U NPOCTPAHCTBEHATa OTHOCUTEIIHA
TpaekTopus Ha T.B 3a chius uHTEpBa OT Bpeme — BIK ¢urypu 3, 4F u 4G;

B. OnpenensHe MOyJIUTE HA OTHOCUTEIHATA CKOPOCT Ha T.B oTHOCHO T.A, a
CBILO TaKa U Ha HEHHWUTE TPAHCBEp3aJHA U pajuajHa KOMIIOHEHTH — BHUX
¢burypu 2A, 3 u 4 H;

C. OmnpenensiHe MOAYJIUTE Ha OTHOCUTEIHOTO YCKOPEHHUE Ha T.B 0THOCHO T.A,
KaKTO U HETOBUTE KOMIIOHEHTH — TAHT€HIIMATHO, HOPMAaJIHO, TPAHCBEP3aJIHO
U paJiMaiHo yCKOpeHue — Bk Gurypu 2B, 3 u 41,

Y ' VY

vy,
4 U,.
L#
i t"‘r'ud

®urypa 2.

D. OmnpenensiHe paanyca Ha KpUBMHA Ha OTHOCUTENHATA TpaeKTopus Ha T.B u
HErOBOTO M3MEHEHHUE BHB (YHKIIUS HA BPEMETO ,,t”°, n300pa3eHo rpaduaHo
B 3aTBOpeHMs uHTepBai [0, t1] — Bk ¢purypu 3 u 4J;

E. N3uucnsiBane CTOMHOCTUTE Ha TOPEYIIOMEHATUTE apaMeTPH 3a MOMEHTA OT
BpeMme t2 (s) — Bux ¢ur.3.;
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3. YncieHo peuieHue Ha 3a1a4ata
xA(t) := 10-sin(2 cos(t)) yA(t) := 10-sin(2 cos(t))2 zA(t) := 10-sin(2 cos(t))3 p(t) := 2-sin(m-t)

xB(t) = 2-¢(t) + 4 yB(t) = 2-Lp(t)2 + 2-(t) zB(t) i= 2-p(t)-cos(p(t)) tl:=6 t2:= .5l

rA(t) == (xA() YA®D) zA(t)) B(1) = (xB(t) yB(t) zB(t)) rBA(t):= rB(t) - rA()

BA() = IrBflk(t)l 1BA®t)  VBAX(f) = %rBA{t)O VBAY(H) = j—trBA(t)1 VBAZ(t) = j—trBA(t):
vBA(t) := (vBAx(t) vBAy(t) vBAZz(t) )T iVBA(t) := m'vBA(t)

vBArad(t) := iBA(t)-(VBA(t)-iBA(t)) VBAtr(t) := VBA(t) — vBArad(t) aBAx(t) := %thA(t) .

aBAy(1) = %vBA(t)l aBAZ(1) = j—vBA(t)z aBA(1) = (aBAx(t) aBAy(t) aBAz(t))'
t t

aBArad(t) := iBA(t)-(aBA(t)-IBA(t)) aBAT(t) := ivBA(t)-(aBA(t)-ivBA(t))

aBAn(t) ;= aBA(t) — aBAT(t) aBAtr(t) := aBA(t) — aBArad(t)

VBA()T = (<13.689 ~10.506 —15.402) WBA(12)" = (-0.592 ~0.454 —~0.666)
VBAt(12)! = (<4553 —16.343 ~10.047)vBArad(2)! = (-9.137 5.837 -5.355)
|[VBA(12)| = 23.13  |vBArad(€2)| = 12.093 |vBAtr(£2)| = 19.717

aBA(R) = (7.147 144548 18741)  aBArad(2) = (42368 27.069 —24.834)
aBAu(2)! = (49515 117.479 43.575) [aBAw(©)| = 134.729  |aBArad(2)| = 56.076
aBAN(R2)| = (=416 107.137 —36.105) aBAT(2)' = (48.747 37.411 54.846)
|aBA(12)| = 145.933  |aBAT(12)| = 82.365  |aBAn(12)| = 120.467

o(t) - VBA(t) -vBA(1)

" |aBAn(o)| p(t2) = 4.441

®urypa 3.
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4. I'padpnuno pemenue

3amauata Moxe aa Obae pemnieHa u rpadguuno. Ha durypa 4 ca nzo0pazeHn n3smMeHeHUsTa
Ha CBOTBCTHUTC MOAYJIM Ha MapaMCTPUTC HA OTHOCUTCIIHOTO ABHXKCHHC Ha T.B CIIpsIMO
BpEMETO ,,t”° B 3aTBOpeHust uaTepnai [0, ti].

N o
rBA(t)g+52°0
rBA(t)1+434
rBA(t),+20
— 20 L
X
0 2 4 6
t
(X.¥Y.2)
F G
150
[vBA ()] +89
|vBArad(t)| +57
|vBAt(n|-7 50
0
0 2 4 6
t
H
600
400
S — |aBAn(o)| +178
|aBArad(p]+120_ _—
—— 200 |aBAT(D] -12 200
[aBAtr(t)| -150 _—
— 0
0
0 2 4 6 0 2 4 6
t i
I
800
600
p(t)+|5400
200
R bR
0 2 4 6
t
J
®urypa 4.
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N3Boan

3a pemaBaHe Ha MMOCTaBEHATa 3aja4da € u3noi3BaH nakera MatCAD. Cobce chiuga ycnex
Ta3M 3ajaya Moxe Ja ObJe pelleHa ¢ APYrd MaTeMaTHueckH nmaketu, karo MatLb, MuPAD,
Mathematica u apyru, [5] [6]. B paborara e moka3aHO Kak c€ ONpEnessT OTHOCHTEIHATa
TPACKTOPHS HAa TOUYKA CIPSMO JIpyra MOJABIKHA TOYKA, a TaKa CHIO U HeliHaTa TpaHCcdep3aiHa
U pajvajHa KOMIIOHEHTa Ha CKOPOCT U ycKopeHue. CrneaBaiioTo U3CieBaHe 1€ € HACOYEHO
KbM IBIDKECHHE HAa TOYKA BLPXY IUIACTHHA, KOATO POTHPA OKOJIO HEIIOJABH)KHA TOYKA BBHPXY
HEMNoJIBW)KHA paBHUHA. HacTosara ctaTus 111e JerHe B OCHOBaTa 3a U3CJe/IBaHe JBUKEHUETO
Ha TOYKa MO MPbT, Kpaulllara Ha KOMTO ce ABMXKAT M0 3a7ajJeHa Tpaekropus. Pesynrature ot
U3CIIEIBAHETO MOraT Aa ObJaT U3MO0JI3BaHH 32 KHHEMAaTUYHUSI aHAJIM3 Ha PA3TMYHA MEXaHU3MHU.
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JAAHAMUNWYHO U3CJIEABAHE HA ITPABU I'PEJIN
C ITPOMEHJIMBO HAITPEYHO CEYEHHE 110 AbJIXDKUHATA UM

Jumutsp Jloaos!, Ceerana Jluaxosa-Mapkosa?

Yuusepcumem no apxumexmypa, cmpoumencmeo u ceooesusi (YACI), Cogus

DYNAMIC INVESTIGATION OF STRAIGHT BEAMS
WITH VARIABLE CROSS-SECTION OVER THE LENGTH

Dimitar Lolov!, Svetlana Lilkova-Markova?

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: The article presents a dynamic study of a cantilever beam with a rectangular
cross section, the width of which varies to the square function of the axial coordinate.
The differential equation for the function of transverse displacements is rewritten into a
first order matrix equation.

Key words: beam, natural vibration, circular frequency

1. BbBeaenne

JlnHaMHYHOTO U3CJe/IBaHE Ha MPaBU T'PEAM C HEMPEKbCHATO MPOMEHSIIO CE HAMPEUYHO
CEUYeHHE MO JIbDKMHATa MM IpEe/ICTaBlisABa MHTEpecHA 3adada. Penuua aBTopu mnpeziarat
pa3IMYHU METOAM MpH pellaBaHe Ha JU(EPEeHIIMATHOTO YpaBHEHUE OT YETBBPTH pel C
MIPOMEHJIMBY KOS(PUIIMECHTH, OMMCBAII0 HATPEUHUTE TPENTCHUS HA TpejaTa.

B [1] aBTopuTe mpunarat MeToia Ha xoMoTonusaTa u Mmetona Ha Lindstedt-Poincare nmpu
u3cieBaHe Ha TPENTEHHUATa Ha TPEAM C MPOMEHJIMBO HampeuyHo ceueHue. [lomydenu ca
AQHAJIMTUYHU U3Pa3H 32 KPIrOBUTE YECTOTH.

B [2] e pa3rienan ciy4aii, Ipy KOWTO IIMPUHATA HA HAIPEYHOTO CEYEHHE Ha TpefiaTa ce
U3MEHS M0 EKCIIOHEHIMalleH 3aKOH MO Ab/bkuHata H. [ludepeHununasHoTo ypaBHEHHE €
MPHUBEICHO 10 OOMKHOBEHO AU(EPEHIINATHO ypaBHEHUE.

B [3] ce uzcnensar tpentenusTa Ha Ounep-bepHysu rped ¢ MPOMEHIMBO HANPEYHO
CEYEHUE M0 IbJKUHATA UM. MI3BBPIIEHO € pelIeHne ¢ IPorpaMHus akeT Ansys ¥ ¢ METO/A Ha
Wentzel- Kramers-Brillouin.

B [4] aBTOpUTE MOMyUYaBaT KPHrOBUTE YECTOTH HA CBOOOMHUTE TpenTeHus Ha Oumep-
bepnynu rpenu ¢ popma Ha konyc. [IpunoxeH e METOIbT Ha KJIEThUHATA IUCKPETU3ALINA.

B [5] e mpencTaBeH moaxox, mpu KOMTO 1upepeHIMaTHOTO YpaBHEHHE OT YETBBPTU PEl
€ MPUBEJIECHO 10 TAaKOBa OT II'BPBU pPe.

! Mumutsp Jlonos, nouent, nokrop, Codus, Gyi. ,,Xpucro Cmupnenckn® Nel; e-mail: dlolov@yahoo.com
2 Crernana Jlnnkosa-Mapkoga, ipodecop, gokrop, Codus, 6y. ,,Xpucto CmupHencku* Nel;
e-mail: lilkovasvetlana@gmail.com
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B Ta3du cCcTaTuss CE€ HU3CJIeABaAT CBO60,Z[HI/IT€ TpeHTeHI/ISI Ha rpez[a C HpOMeHJII/IBO 110
TBJDKMHATA CH MPABOBI'BIHO HAMpedyHo cedeHrne. OCHOBHHAT MpoOJjieM NMpU JTUHAMHUYHHUTE
U3CTIC/IBAaHMSI HA TaKaBa Tpelia € CBbP3aH C PEIICHUETO Ha AU(EPEeHIIUATHOTO YpaBHEHHUE C
MIPOMEHJIMBH KOC(PHUITMEHTH, OMUCBAII0 HAIPEYHUTE TPENTeHUs Ha ocTa M. [lomydaBaHeTo Ha
TOYHO pEIIeHHE € BB3MOXKHO CaMO 32 HSAKOM AM(EepeHLHaTHU ypaBHEHHS C MPOMEHJIHBH
koedurrenTr. B moBeveTo ciydyan mpu pelIeHHeTo ce mpuiiaraT apoKCUMAIlMOHHNA METOIH.
B nacrosimara pabora ce npuiara OMUCAHUAT B [5] METOJ 3a pelieHne Ha AUQEePEeHITUATHOTO
ypaBHeHuEe. MeToabT, mocodyeH B [5], IaBa omle €AHa Bb3MOXKHOCT 3a HM3CIIEIBaHE Ha
CO6CTB€HI/ITG TpeHTeHI/ISI Ha rpez[a C HpOMeH.HI/IBO Hanpequ CCUCHUC. MCTO,Z[T:T C yCHGX MOXE
Jla Ce M3I0JI3Ba U 3a PEIICHUETO Ha MO-CI0KHHU MTPOOIeMHU.

2. Onucanye HA METOAMKATA
WzcnenBana e mokazanata Ha ¢ur.l rpena ¢ AbDKMHA / M MPAaBOBI'BIHO HAIPEYHO
CCUCHUC. HO ABbJIDKUHATA Ha rpe;[aTa HCroBaTa BUCOUHHA h =const e IIOCTOsAHHA, a IJ_II/IpI/IHaTa
2
X
My ce MeHH 110 3aKoHa b(x)= 1-—=-1b.

®urypa 1. Cratuyecka cxema Ha U3ciie[jBaHaTa rpeja

Tyk x e ocoBara KOopMHaTa, a b € MHUPUHATA HA IPABOBI'BIIHOTO HANPEUHO CEYCHUE B
JeBus Kpaii Ha rpenata. [Inonira 1 ”HEPUUOHHUST MOMEHT Ha ITPOU3BOJIHO HAIIPEYHO CEUEHUE
Ha rpejiata ce omnpeaessT no Gpopmynure:

2 2
(1)  Alx)=bh 1—’;—2 = 4, 1—)1‘—2 — Ay =A4(0)
2 2
2) I(x):ébiﬁ 1—’;—2 =1, 1—’;—2 — 1,=1(0)

JudepeHnanHOTO ypaBHEHHE 3a (YHKIMATA w Ha HaNpeuyHUTE INPEeMeCcTBaHUS,
OIKCBAIII0 CBOOOAHUTE TPENTEHUS HA IpejlaTa, MMa BUJIA:

02 o%w 0w
El(x) +pA(x)=—=0.
ox> ( T x> ( )81‘2

3)

E e monynsT Ha FOHT, a p - IBTHOCTTA Ha MaTepuaia Ha rpeaara.
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q)yHKI_II/UITa w Ha HAIIPpEYHHUTC NPCMECTBAHUA CC MPCACTABA KAaTO MPOU3BCACHHUC Ha

1ol
dynxmmaTa z(x) u ¢yskiuara e'“’ Ha BpemeTo f, KaTo @ e KpbroBara 4ecTroTa Ha
TPETITECHHSITA!

4) w(x,1) = z(x)e'"!

Crnen 3amectBane Ha (4) B (3) ce mosy4aBa CIeAHOTO NU(PEPEHIIMAIHO ypaBHEHHUE 3a
byHKUIUMATA Z :

dx’?

©)  EI(x)z" +2E1 (x)"™ + EI" (x)" - pe* 4(x)z=0

-1 -1
2 2
(7) Z]V—“liz[l—x—j z’”—i(l—’;—zj o0t =0

2 2
s 2 {E[(x)zxj } — pa” A(x)z=0.

12
KBIETO:

A
8) Q'=pa* L
) p El,

OO6musaT Bua Ha qudepeHnnanTHoTo ypaBHerue (7) e:
9) 2V ay(x)2™ + ay(x)2" + ay(x)z" +a(x)z=0

B nero ¢pynkuuure q; (x), i =1,....4 umat BHaa:

A2 12

(10) I\

X X X

a4(x) = —41—2(1 - I_ZJ —41—2a(x)
KBJIETO:
-1

2

(11) a(x)z[l—’;—zJ

Oynkuusra (11) ce pa3suBa B pen Ha Telrbp U ce noJy4ana:

5

<1

T

-1 0 2n ©
0 do)-(1-5] - 33] - She
n=0

12 n=0
2
X
5
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VYpaBuenue (9) Moxe na ce 3amuine B MaTpuyHa (opma, KaTo ce BbBEIAT CIICAHUTE
bynkmm [5]:

© Lo
)

4\ X

—~
=

~—
I
N

d@ﬁ—i%&h@)

Cnen mpeoOpa3oBaHHs ce TIONy4aBa CleJHATa CHCTEMa YpaBHEHHS, 3allMcaHa B
MaTpUUCH BU:

(14)  Z'(x)=B(x)Z(x)

Tyxk ca B cuia 3aBUCHMOCTHTE:

19 2=l 26) 26 =l =Xk 2 2wl =277

['pannuHMTE yCIOBHS 3a rpesiaTa ce JaBaT ChC CIEIHOTO ypaBHEHUE:!

(16)  Z(0)=2,

0 1 0 0
17 Bl)= 0 0 1 0
10 0 0 1

_al(x) —az(x) —as(x) —04(x

3a ypaBuenue (2.7), (2.17) nobusa Bua:

0 1 0 0
0 O 1 0 o n
(18) B()=|¢g o o 1 :Z()Bn;
4 2 X n= ’
Q"0 7z (x) 41—2a(x
KbACTO
0 1 0 0 00 O 0
qe) |0 0 1 0] g 00 0 o
oo 0o 1 "o 0o o0
Q* 0 —dz0 440 0 0 —a3 —ay,
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n!
20) —as, _2, n=024,. b=

200 7
! n=135,..—b,=0
A n=024,.-b =0
_ [ |
@D maa=7b > 9, 35y =1

ln
Pemenuero Ha (9) Moke 1a ce mpeIcTaBu BbB BUIA!

o0 o0 n

Q) z(x)=Yz,=3(¥,2))"

|
n=0 n=0 n:

Ksnero, W) =7, xpnero / e enunuvHata matpuna, a V¥, ce mpecmsra o cieaHute GopMyIn:

(22) W, =By; ¥, =B +B; W3 =B} +2ByB, +3B,By+3B,B; +3B} +3B,;
W, = By + By B, +2ByB,B, + ByB, + 3B B +3Bf +3B,B, + B,

3. YUncaenu u3cjaeaBanus

3a nudepeHIuarTHOTO ypaBHEHHE, OMMCBAIIO TPENTEHHATa HAa TpeJa ¢ MPOMEHIUBO
HaIPEYHO CEYCHHE, € IPHIIOKEH METO/T 3a MPUBEXKIAHETO MYy KbM TU(EPEHIINATHO YpaBHEHNE
OT IIbpBH pex [S].

N3cneaBanara rpena cbC CTaTMYECKa cxema mpejacTtaBeHa Ha Our.l u e cbe clieHUTE
XapaKTEPUCTUKHU:

[=3m; h=15cm; b=15cm
I'penara e cromanena. O6eMHOTO Teryio Ha MaTepuaia Ha rpenata e p = 7850 kg / m’,a

MOJIyJIBT Ha JIWHEHHA enacTuyHoCcT € F = 2. 10* kN / em? .
Cren mpuitosKeHUE Ha OIMMCaHaTa [O-rope METOIMKA Ca MOJyYEHH IbPBUTE IBE KPBIOBU

4ecTOTH 3a rpenata - o =121,9 st u @, =497,42 s

N3Boan

[IpennoxeHusar B [5] MeToA, KOMTO € MPUJIOKEH 3a TMHAMUYEH aHAJIU3 Ha rpeaaTta oT
¢ur.l, ce oxazBa H3KIIOYUTETHO YAOOEH 3a pellaBaHe Ha NOJOOCH THIT 3a/ayH.
JudepeHnnamHOTO YpaBHEHHE 32 HAIPEUHUTE TPETITCHHS Ha TpeiaTa ce peaynupa BbB popMma,
KOSITO € MOAXOJAIA 3a PEeUIeHHe ¢ KOMIOThP. EAMHCTBEHOTO ycnoBue € QyHKIMHUTE a; B

nudepeHraiHo ypaBHeHnue (9) ga morar fa ce pa3BuAT B pea Ha Telnbp.

JIUTEPATYPA

[1] Ahmadiani M., M. Mojahedi, H. Moeenfard, Free Vibration Analysis of a Nonlinear
Beam Using Homotopy and Modified Lindstedt-Poincare Methods, Journal of Solid
Mechanics, 1, 2009, 29-36.

[2] Mehmet Cem Ece, Aydogdu M., Taskin V., Vibration of a variable cross-section beam,
Mechanics Research Communications 34, 2007, 78-84.

[3] B. Hugo Aya, Ricardo Cano M., Zhevandrov V., Non-uniform Euler Bernoulli beams
natural frequencies, Ing. Investig., 31(1), 2011.

72



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

[4] De Rosa M., M. Lippiello, Natural vibration frequencies of tapered beams, Engineering
transactions, Polish Academy of Sciences, 57(1), 2009, 45-66.

[5] Zamorska I., Solution of differential equation for the Euler-Bernoulli beam, Journal of
Applied Mathematics and Computational Mechanics, 13(4), 2014, 157-162.

73



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

AAHAMHWYHO PEAI'HPAHE HA KOH30JIHA CTOMAHOBETOHHA I'PEJIA,
INOAJIOKEHA HA XAPMOHHWYHO Bb3JIEUCTBUE

Winana Croiinosa'
Bucwe cmpoumenno yuunuwe ,,Jlrooen Kapasenos*, Cogus

DYNAMIC RESPONSE OF A REINFORCED CONCRETE CANTILEVER BEAM
SUBJECT TO HARMONIC LOADS

Iliana Stoynova'

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: The mechanical vibrations on the structural elements can be of different origin -
caused by machines, caused by impact, by the action of engines and others. This article
discusses the behavior of a cantilever reinforced concrete beam under the action of
harmonic influence. The differences between the static and dynamic analysis of a reinforced
concrete beam with a static cantilever scheme are presented. A numerical model with a
software product based on the finite element method has been developed. Time history
analysis was used to study the behavior of the beam. The dynamic impact is applied at the
free end of the cantilever beam and the load seal is 25/25 cm.

Key words: Dynamic analysis, harmonic analysis,cantilever R/C beam

1. BLBeaenue

YpaBHEHHETO 32 paBHOBECHE, OMUCBAIIO MPUHYICHUTE TPENITEHUS HA CUCTEMa C KpacH
Opoii cTermeHn Ha cBOOOA MPH OTYUTAHE HA CHIPOTUBHUTEIHHUTE CHIIM, ©Ma Buja (1) u 6e3
OTUYUTAHE HA ChIPOTUBUTENHUTE cuiu (2): [1]

(D) [m]u} + [cl{u} + [k]{u} = {(F(O},
2 [ml{u} + [k]{u} = {(F(©O}.

XapMOHHYHOTO CMYIIEHHE ce onucaa ¢ (3):

{F(t)} = {F}.sin(0t + @y)

© {u} = —0*{u}

! Unuana CroiinoBa, o1, 1-p, unk., BCY , Jlio6en Kapagenos®, Ctpoutenen (axyrer, Karenpa ,,Mexanuka u
maremaruka“, 1373 Codus, yi. ,,Cyxononcka“Nel75; e-mail: stoynova@vsu.bg

Iliana Stoynova, Assoc. Prof., PhD, Eng. USEA (VSU) “Lyuben Karavelov”, Faculty of Construction, Department
“Mechanics and Mathematics”, 1373 Sofia, 175 Suhodolska str.; e-mail: stoynova@vsu.bg
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Torasa (2) ce 3anucBa BbB Buja (4):
4) [[k] — 62[m]]{u} = {F}.sin(6t + @y).
BekrTopsT {u} ce Tepcu BB BHuaa (5):

() {u} = {uo}.sin(6t + ¢p).

x()

Xo

®urypa 1. [IpyHy1eHM XapMOHUYHM 3aTHUXBAIIH TPENTEHUS.

Karo BekTopbT {uo} chAbpKa aMIUIMTYJHUTE CTOMHOCTH Ha NPEMECTBAHUATA MO
HalpaBJIeHUE Ha CTENIEHUTE Ha CBOOOA.

OOwI0TO pelieHne 3a BEKTOpa Ha MPEeMECTBAaHUATA, KOraTO CUCTeMaTa € B PeXUM Ha
CBOOOJHY U IPUHYICHU TPENTEHMUS €:

© =+ {u = {U}sin(0t + @) + {u}?,

KBJETO:

{u}€ e BekTOp Ha MpeMecTBaHUsATA BCICACTBUE HA CBOOOIHUTE TPEITCHHUS;

{u}P e Bekrop Ha mnpeMecTBaHWATA BCICACTBUC HA BBHIIHOTO XaPMOHHYHO
BB3JIEHICTBHE;

{U} e BekTOp, CHABPIKALL AMIUTYIHATE CTOMHOCTH HAa 00OOICHUTE MPEMECTBAHUS 110
HaIpaBJIeHUE Ha CTEIICHUTE Ha CBOOO1a BCIICACTBUE HA CBOOOTHUTE TPEITCHHUS.

AKO BBHIITHOTO BB3/ICHCTBHUE ce OnucBa ¢ QyHKIH oT Buza (7), Torasa:

{u} = {u}¢ + {u}? = {U}.sin(0t + @) +§1 —1712 .

sin(6t + @),

=
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B [3] e moka3ana enHa japyra rjeaHa TOYKa KbM JWHAMHKATa, KOHCTPYKIUATA M
MaTepHaIIUTE.

2. PearnpaHe Ha cTOMaHO0ETOHHA rpe/ia CbC CTATHYECKA CXeMA KOH30J1A.

2.1. M3yucianrenen moaes

MarepuanHuTe XapakKTepUCTUKH Ha O€TOHA U apMUPOBKaTa ca IPUETU B CbOTBETCTBHE C
EBpokon 2 u Tabmuum 1 u 2.

Tadauua 1. XapakTepucTUKH Ha O€TOHA — JIMHEWHO €JIACTUYEH MaTepHAICH MOJIET
Marepuanen mozen 3a 6erona C20/25

JInHeWHO U30TpOIIEH

Moy Ha enactuunocT Ec=3x107 kN/ m2

Koedunuent na [Toacon v=0,2

Tabauna 2. XapakTepUCTUKH HA apMUPOBKaTa — JIMHEHHO €JaCTHYEH MaTepUalIeH MOJIEN
Moaen na apmupoBbyHa cromana B500

JIuHenHo u3oTponeH

Monyn Ha enactuunoct E=2x10% kN/ m2
Koeduuuent na Iloacon v=0,3

®urypa 3. PaznonoxeHnue U TUaMeThP HA apMUPOBBYHUTE NMPHTU
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Hampeuynoro ceuenue Ha kon3onHara rpeaa e: b=0,25 m, h=0,40 m, gpDKUHATA U €
L=1,00 m.

2.2. CraTnyeH aHaau3. JIuHeiiHoO-eJJacTHYEH MO/1e]1 HA 0eTOHA U apMUPOBBYHATA
CTOMAaHA.

N3rpanen e u3uuciauTesleH MOJE Ha KOH30JIHA rpeaa ¢ nporpameH mpoaykt ANSYS
(®urypa 2). OnopHuTe ycnoBHs Ha KOH30JHATA rpeia ca AepUHUpaHy Ype3 OrpaHUYaBaHe Ha
MPEMECTBAHUATA M 3aBBbPTAHUATA 110 OCH X, Y M Z IPU 3allbBaHeTO. TOBApHUSAT meyaT € C
pasmepu 0,25/0,25 m. Cratuuno e mpuioxkeH Tosap q= 370 kN/m?. BeToHbT e MOfeIUpaH ¢
kpaeH enemeHT SOLID 65 (CONCRET 65) u matepualHUTEe XapaKTEPUCTHKH, NAICHU B
tabmuma 1. ApMUpOBBUHUTE MNPBTH ca MoJenupaHu ¢ KpaeH enemeHT BEAMIS8 u
MaTepUaTHUTE XapaKTePUCTHKH, TaJleHH B Tabuuua 2.

2.3. CratnueHn anaau3. HeluHeliHO IUIacTHYeH MaTepHuaJieH Mo/iesl Ha 0eTOHA 1
Ou-JIMHeeH Moj1eJl HA ApMUPOBBHYHATA CTOMAHA.

[IpmiioxeHo € CTBIKOBO HATOBapBaHE BbpPXY TOBAapHMs IedaT Karo 3amousa oT 160
kN/m? u e cbe crerka ot 160 kN/m?. BeToHBT € MoaenupaH ¢ kpaeH enemeHT SOLID 65
(CONCRET 65) karo mHenuHeiHo iactudeH Matepuali. Koncrantute ot Mmojena Ha Willam u
Warnke’s [10] ca nagenn B Tabnua 3.

Tabauua 3. HenuneliHo miiacTuueH MaTepHaJIeH MOJIENT Ha O€TOHA B OITbHHATA 30HA

1. Koedurment Ha mpeHacsiHe Ha CpsI3BaHE 0.2
1pu OTBapsiHE Ha MyKHaTHHA (Bt) ’

2. KoedurmeHnTt Ha mpeHacsiHE Ha CpsI3BaHE 0.9
Ipu 3aTBapsHE Ha nykHatuHa (Bc) ’

3. OcoBO OITBHHO HaIpeKeHUe Npu HammykBaHe (fr) 2800 kN/m?
4. OcoBo HarnpexeHue npu pazpymiaBane (fc) -1

bu-nuHelHUAT MaTepraieH MOJIe] Ha apMUPOBKaTa € Bb3IpUET ChIIacHO EBpokon 2. [4]
[ToBeue nHpopMaIys 3a U3YUCISBAHE U peAM3UpPaHE Ha 3aKOTBSHETO HA apMUPOBBUHUTE
MPBTU MOXKE JIa C€ HaMepH B [7].

2.4. lmHaMHUYeH aHAJIu3. XapMOHMYHO Bb3/IeiicTBHE.
N3cneaBaHo € MOBEIEHUETO HA CTOMAaHOOETOHHA Tpe/ia ChC CTaTUYeCKa CXeMa KOH30J1a
OT AMHAMHMYHO BB3/IEHCTBUE U3MEHSIIIO CE IO XapMOHHMYEH 3aKOH. 3a [[eIUTe Ha U3CIeABAHETO
BbPXY U3UUCIUTEIHUS MOJIEN Ca PUIIOKEHU CMYLIEHUS, OMMUCAHU ChC CIECIHUTE 3aBUCUMOCTH:
q(t) = q.sin(6;.t), =370 kN/m?
3a CTOMaHOOETOHHATA rpejia ChC CTaTUYECKa CXeMa KOH3071a!
0; = 2.m.f,, karo £,=10,20,43,52,65, 80, 100 1 200 5™
KoedunuenT Ha 3atuxsane Ha ammutygara y = 0,005 u 0,05

[ToBeue mHpOpMaIUs 3a AMHAMUYHUS aHAIM3 B CTPOMTETHATa MEXaHHWKAa MOXE Jia ce
Hamepu B [1], [5], [6] u [8].

3. Uncnenu pesynraTu
3.1. CraTuueH aHAJIN3
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Ha ¢urypa 4 ca mokazanu nmpeMecTBaHUATA Uy, a Ha pUTypa 5 HOPMAITHUTE HAMIPEIKECHUS
ox Tpu HatoBapBaHe oT 370 kN/m’, mpuiokeHo BBpXYy TOBAapHHMS Teuar. Pesynratute oT
CTaTHYHUS aHAIK3 32 BB3es Ne 596 ca nagenu B Tabnuna 4.

3.1.1. JInHelHO — eJIJaCTHYHN MATePHAJIHH MO/Je/IH Ha 0eTOHA M APMHUPOBBYHATA
cTOMaHa

®urypa 4. [IpemecTBanus uy B KOH30JHA ®durypa S. PasnpeneneHre Ha HOPMAJIHUTE
rpena HaTpeskeHus ox npu q=370 kN/m?

3.1.2. HesqinHelHO NJIacTHYEH MaTepUaJieH MojieJl HA 0eTOHAa U O — JIMHEeeH MojeJl
HAa apMHUPOBBYHATA CTOMAHA.

dmrypa 6. OOpa3yBaHe Ha MyKHATUHH MTPU q=37 kN/m?
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®urypa 7. HapactBane u pa3npocTpaHEeHHUE Ha MyKHATHHUTE.

Tabaunna 4. Pe3ynraTu oT CTaTUYHUSA aHAJIU3 BB BB3JIU
NeNe 596 u 227, =370 kN/m?

[TapameTsp JIuneitHo-enacTuyeH Henuneitno
MarepuaieH MoJIen IJIACTUYECH
MaTepuajIeH MoJel
luy| - BB3en 596 0,000161757 m 0,00102674 m
ox — Bb3en 227 2911,42 kN/m? 2517,98 kN/m?

®durypa 8. 3aBUCHUMOCTTa TPEMECTBAHUS — HATOBapBaHE BBB Bb3eN 596 OT HENMMHECH
CTaTUYEH aHAJIN3.

Bt

®durypa 9. 3aBUCHMOCTTa HOPMAJTHU HAIIPEKEHUS Ox — HATOBapBaHEe BHB Bh3ea Ne227 oT
HEJIMHEEH CTaTUYEH aHaIn3.

Ha ¢urypa 6 ca nokazanu oOpa3zyBaHUTE MYKHATHHU B OITbHHATA 30HA Ha rpejara — B
30HaTa Ha 3aI’bBAHETO, @ CAMOTO HapacTBaHE U pa3NpoCTpaHEeHUE Ha 00pa3yBaHUTE MyKHATHHU

B OITbHHATA 30HA Ha pa3ryIC)KJaHaTa KOH30JIHA I'pceaa € IIOKA3aHO Ha (bnrypa 7.

3.1.3. lnnaMnyeH aHaIu3. XapMOHUYHA Bb3/elicTBHE.

79



XXI MEXXAYHAPOIHA HAYYHA KOH®EPEHLIUA MO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

Ha ¢urypun 10 no 15 ca uzobOpasenu ,,ipemecTBaHe-BpeMe” BbB Bb3ed Ne 596 ot
KOH30JIHaTa Tpela OT XapMOHWYHHU Bb3nencTBus q(t)=q.sin(0i.t), y=0,005 npu paznmuunu
cToWHOCTH Ha f}, a 0; = 2m.f,

U

®urypa 10. IIpemectBannsa BbB Bb3ea Ne596 0T AMHAMUYHO - XapMOHUYHO BB3/ICHCTBHE
q(t)=q.sin(0i.t), y=0,005 , =20 5.

JHAHIIHE
At

®uypa 11. [IpemectBanus BbB Bb3es Ne596 0T TMHaAMUYHO - XapMOHUYHO Bb3ACHCTBUE
q(t)=q.sin(0i.t), y=0,005, f;=43 s™'.

®urypa 12. [IpemecTBanus BbB Bb3ea Ne596 0T AMHAMMYHO - XapMOHUYHO Bb3/I€HICTBHE
q(t)=q.sin(0:.t), y=0,005 , =52 s°'.

80



XXI MEXXAYHAPOIHA HAYYHA KOH®EPEHLIUA MO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

®@urypa 13. [IpemecTBanus BbB Bb3ea Ne596 0T TMHAMUYHO - XapPMOHUYHO Bb3/ICUCTBUE
q(t)=q.sin(0i.t), y=0,005, f;=65 s™'.

®urypa 14. [IpemectBanust BbB Bb3ea Ne596 0T TMHAMUYHO - XApPMOHUYHO Bb3/IEUCTBUE
q(t)=q.sin(0i.t), y=0,005, £;=80 s'.

®urypa 15. IIpemectBanus BbB Bb3ea Ne596 0T AMHAMUYHO - XaPMOHMYHO Bb3CHCTBUE
q(t)=q.sin(0:.t), y=0,005, f=400 s
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Ha ¢urypa 16 e nzo0Opazena 3aBucumMocTTa ,,q(t)- Uy“0OT JEMCTBUETO HAa XapMOHUYEH
ToBap q(t)=q.sin(0i.t), y=0,005 , fi=20 s°!, mpunosxen B cBOGOAHMS Kpail HA CTOMaHOOETOHATA

KOH30J/IHa rpez[a
q(t)

u,*107%, m

®urypa 16. 3aBucumocTra ,,q(t)- uy*“ OT XapMOHUYHO Bb3/IEHCTBHE
q(t)=q.sin(0:.t), y=0,005 .fi=20 s™'.

Taouauna S. Pe3ynraTtv oT AMHaAMUYEH aHAJIU3 — XapMOHUYHU Bb3JCHCTBUSA
q(t)=q.sin(0i.t) — npemecTBaHusi BB Bb3ed No 596

. Uy, M
Brn3nelictBue 40,005
CraTtudeH aHaau3 0,000161757

JlnHaMUUeH XapMOHUYEH aHATN3
q(t)=370.sin(2.7.10.t) 0,000232224
q(t)=370.sin(2.7.43.t) 0.000454658
q(t)=370.sin(2.7.52.t) 0,000849798
q(t)=370.sin(2.7.65.t) 0,013860
q(t)=370.sin(2.7.80.t) 0,00062684
q(t)=370.sin(2.7.100.t) 0,000265771
q(t)=370.sin(2.1.200.t) 0,0000595143

uatdm |

134,

181757

¥ 200 8

H +

o : ‘
w0 . 8 = o, rad

£5 23 3 g (hea/o)

by @
[ = 5 X E o

0,18)

0,80}
w

(.00

o ~= o

22
D85 TTTTTTT
2me52

i

®urypa 17. Pearupane Ha CTOMaHOOETOHHA KOH30JIHA I'Pe/ia HA XapMOHUYHU Bb3CHCTBUS.
3aBucuUMOCTTa “ Uy- 1M~ - BB Bb3ed Ne 596.
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H3BoaM

Ot pe3ynrarure gajaeHu B Tadnuna 4 u durypu 8 u 9 ce BkIa psI3KO HaMaJsiBaHE Ha
HOPMAJTHATE HANPEKCHUS BCICACTBHE OOpa3yBaHETO Ha MyKHATHHU U HACTBIIHIOTO
npepas3npeiesiecHne Ha HalpeXEHUsATa el MyKHaThHOooOpaszyBaHeTo. [Ipu cratuunms aHanm3
HATOBAPBAHUSATA Ca MIOCTOSIHHY 110 TOJIEMHHA U MECTOIIOJIOKEHHE U C€ TIpUiiarat 0aBHO BEPXY
KOHCTPYKIUSTA. Y CKOPEHHMSITA U WHEPUUOHHHUTE CHUJIM, KOMTO CE€ pPa3BUBAT MO BpEeMe Ha
nedopMarss ¥ TPUYUHSIBAT JOMBIHUTEIIHO HATOBapBaHE, ca MHOTO Malkh. B moBedero
CJIy4yau HaTOBAPBAHUATA BbPXY KOHCTPYKIIMUTE U €JIEMEHTUTE UMAT TIMHAMUYEH Xapakrep. Te
NpUUYMHSABAT JedOopMallid B EIACTUYHUTE CHUCTEMH C TOJEMH YCKOpPEHHUs, Taka ue
JTOTBJIHUTEITHOTO MHEPIIMOHHO HaTOBAapBaHEe HE MOXKe Jla Ob/ie mpeHeOpernato. JluHaMuaHuAT
aHAJIM3 WU3SICHSBA KOJIMYECTBEHO M KAYECTBEHO JCUCTBUTEIHHUTE SIBICHUS, CBBP3aHU C
HampekeHus: W jaepopManuy, NPUYMHEHH OT JIWHAMUYHH HaToBapBaHusA. [lpu wmanku
CTOWHOCTH Ha CHOTHOIICHHETO 1), T.e. KOTaTO CWJIaTa ce MpoMeHsi 0aBHO, aMITUTyJaTa Ha
BEPTUKATHUTE NTPEMECTBAHMS € OJIM3Ka 0 MPEMECTBAHUSTA NPY CTATUYHOTO HATOBapBaHE.

Koraro croiinoctuTe Ha 1) ca mo-Mainku ot 0,6 u mo-rosiemu ot 1,2 CbIPOTUBIICHUSATA HE
OKa3BaT CHILECTBEHO BJIMSHUE BHPXY pearupaHero Ha cuctemara. [Ipu croiiHocTH Ha 1) ca
omm3ku 0 1,00, T.e. B 30HaTa HA pe30HaHCA, Koe(pHUIIMEeHTa HA TUHAMUYHOCT 3HAYUTEIIHO CE
MOBJIMSIBA OT U3BMEHEHHETO Ha ChIIPOTUBIICHUSITA.

[Ipn XxapMOHWYHHU BUOpAIMKM C HapacTBallla Y€CTOTa, KOUTO BEPOSATHO III€ JOCTHTHAT
4eCcTOTH, OJMU3KH 10 pe3oHaHnca - durypa 17, BEepTUKAIHUTE MPEMECTBAHUS CE YBEIMYaBar,
JIOCTUTAWKNU CTOMHOCTH OT 2 10 HaJ 85 MbTH MO-TOJIEMU OT CTOMHOCTUTE, MOJYYEHU MpHU
cTatnueH aHanu3. HeoOXoammo e na ce mpeanasu KOHCTPYKIHSITa OT YECTOTH, OJIM3KU JI0
pe30HaHCHaTa.

baarogapHocTu
To3u moxman e monkpeneH ¢uHancoro ot BCY ,,JI. Kapasenos*, mpoekt cura. Ne 08/2019
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N3CJIEJIBAHE HA HAIIPETHATOTO U JIE®OPMHUPAHO CbCTOSAHHUE
HA JTUCKPETHU COEPUYHMU KYII0JIU, IIOJJTOKEHU
HA HECUMETPUYHO BEPTUKAJIHO HATOBAPBAHE

Anuta XanapyJaesa!, CumeoH ATanacos?

Bucwe cmpoumenno yuunuwe ,,Jlrooen Kapasenos*, Cogus

ANALYSIS OF THE STRESS AND STRAIN OF DISCRETE SPHERICAL
DOME SUBJECTED TO ASYMMETRIC VERTICAL LOAD

Anita Handruleva!, Simeon Atanasov?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: This article has studied stress and strain state of discrete spherical dome
subjected to unsymmetrical vertical loading. As objects of study are discussed twenty-
four models of discrete domes to generate are used frame finite elements. Computational
models differ in the type of structural grid. It has been compared with smooth and
continuous domes, and for this purpose are constructed three additional models. These
domes are generated by shell finite elements with different dimensions of discrete grid.
Compliance is a condition of uniformity of the removal of the applied point force,
compared with the discrete models. The vertical load is concentrated force applied at
different nodes in the radial farms. As a main parameter for comparison of calculation
models are selected ba se reactions. Results are presented in graphical and tabular form.

Key words: discrete spherical dome, asymmetric load

1. Onucanue HA U30PaAHUTE U3YUCITUTETHU MOIETH
Karo o0exktu 3a wu3cnenBaHe Ha MPOCTPAHCTBEHUM KOHCTPYKIMH Ca pasriieaHu

YeTUPUAECeT MPEACTaBUTENIM Ha Kynomu. Kymonure ca yclnoBHO O3HAa4€HH CBHOTBETHO C
K.1-K.40, noka3zanu Ha ¢wur. 1.
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3a u3bpaHuTe MOJENM HA MPHTOBU M TJIAJIKA KYIOJU Ca MPUETH CIECAHUTE (PUKCHUpaHU
rapamMeTpH:
e  JMaMeThp Ha ocHoBata D=30m;
e  BUCOYMHA Ha KymoJsa h=7m.
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®durypa la. 36panu auckperau kynomnu (K. 1 — K.12)
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®urypa 16. 136panu auckperau (K. 13+K.24; K.28+K.34 ) u tnanku (K.25+K.27) kynoiu

IIpu renepupaHeTo Ha U3YUCIUTEIIHUTE MOJEIIH € IIPUETO:

e ['paHUYHU ONOPHU YCIIOBUSA: OIIOPEH NIPBCTEH BHPXY PAAUAIHO IIOABUKHU OIIOPH;

e Kopara Bpb3Ka Ha €IEMEHTHUTE C ONIOPHHUS IPHCTEH;

e KopaBa Bpb3ka Mexay €lIeMEHTUTE OT pedpara U BBHTPEUIHUTE MNPBCTEHH OT
peuierkara (3a kynonu K.2+K.24);,

e CraBHa Bpb3Ka MEXIYy €JIEMEHTUTEC OT pedpara W BBTPEIIHUTE NPHCTEHH OT
pemetkara (3a kyrnon K. 1);

e Bw3iioBo HaTOBapBaHe (KOHIICHTPHpaHa cujia) ¢ UHTeH3UBHOCT 1000kN.

3a KOHCTPYKTUBHUTE €JIEMEHTUTE Ca IPUETH HAMIPEUHHU CEUeHUs OT TpbOHU npoduiu. 3a
€JIEMEHTUTE OT JBAJECET U CEAEMTE KyMojia MO0 MEpPUIUAHUTE U MPHCTCHHUTE Ca MPUETH
€IHaKBU T€OMETPUYHH XapaKTEPUCTUKU HA HAIPEUHUTE CEUCHUSI.

3a u3rpaxaaHe Ha M3YUCIUTEIHUTE MOJETU Ha TUCKPETHUTE CEpUUYHH KyHOJIU
(K. I+-K.24; K.28+K.34) ca u3non3BaHu TPEIOBH KpailHU €JIEMEHTH C 6 CTeleHu Ha cBOOOAa,
TUI frame. VI3cnenBaneTo € nmapaMeTpuyHoO ¢ U3MEHEHHE Ha BHJIa HA CTPYKTypHaTa peleTka
(K. I+K.24) v npunoxHaTa To4YKa Ha KOHUeHTpupaHarta cuia (K.28+K.34).

Kynomn K.25+K.27 u K.35+K.40 ca renepupanu upe3 shell kpaitau enementu. Tpure
uzuuciurenHu mozaena (K.25+K.27) ce paznu4aBar mo pa3MepHOCT Ha JUCKPETH3AIMOHHATA
mpexka. CpOirofaBaHO € YCIOBHETO 3a €JHAKBOCT Ha BEPTUKAIHOTO IPEMECTBaHE Ha
IIPUJIO’KHATA TOYKA Ha CUJIaTa, OTYETEHO oT Moaen K.24.

Kynonute K.28+K.34 ca TUCKpEeTHH U C €IHAaKBa 110 BUJ CTPYKTypHa perieTka (¢ur. 1.6).
IIpu TsAX ce Bapupa ¢ NPWIOKHATA TOYKA HA KOHLIEHTpUpaHaTa cuia (MO BUCOYMHA Ha
panuanHaTa depma).

Kynomure K.35+K.40 ca rnaaku HEONpEeKbCHATH U C JUCKPETU3AallMOHHA MpeXka
uaeHTHYHA ¢ Ta3u Ha Kynost K.27 (¢wur. 1.6). [Ipu Tx ce Bapupa OTHOBO C MPUJIOKHATA TOYKA
Ha KOHIIEHTpUpaHaTa CUJIa.

2. CpaBHHTeJICH AHAJH3 HA MOJIYy4YeHUTe pe3yaTaTH

KaTo ocHOBeH mapameTsp 3a ChIIOCTAaBKA HA M3YUCINUTEITHUTE MOJECIH Ca M3IOJI3BaHH
onopHuTte peakuuu (Bu3nu 1+30, ¢pur.2). B tabnumm ot Tabn. 1 1o Tabi. 4 mocienoBaTeaHo ca
JIaJICHN OMIOPHUTE PEAKILUH, TIOTYUYCHH IPH Pa3InYHUTE MOAETH Ha N3CIICABAHUTE KYTIOIH.
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®@urypa 2. [Torneg orrope Ha uzuncauteneH moaen K.24
B tabn. 1 ca nmpencraBeHu pe3ynrarure 3a u3uucauteanu moaenu ot K.1 no K.6.

Tadauua 1. Onopau peakiuu B kynonu K. I+K.6

BUJ U3CJIEABAH KVYIIOJI BU U3CJIEABAH KYIIOJI
K1l ] K2 | K3 | K4 | K5 | K6 K1 | K2 | K3 | K4 | K5 | K6
1.1 | 3,835] 4,251 4,106 | 4,061 | 3,689 | 3,446 1.16 | 872,9| 734,71 710,2 | 342,5| 343,8 | 347,8
1.2 | 3,841 14,259 4,113 ] 4,064 3,697 | 3,45 T1.17 | 5,24 | 52,21 63,47 | 182,8 | 184,4] 204,9
1.3 | 3,982]14,303 4,163 | 4,093 ] 3,696 | 3,494 T.18 | 5,043 16,22 17,74 | 75,36 | 72,64 | 57,54
T4 | 401114349 4,21 | 4,131] 3,72 | 3,503 T.19 | 4,867 | 8,822 9,23 | 24,86 | 24,28 | 15,27
§ 1.5 | 4,052]14,416| 4,281 | 4,184 ] 3,753 | 3,538 § 1.20 | 4,71 | 6,468 6,614 | 6,74 | 7,714 ] 6,362
E T.6 | 4,105] 4,499 4,372 | 4,215 3,805 | 3,636 E T.21 | 4,571] 5,571 | 5,601 | 2,415 3,713 ] 5,203
é 1.7 | 4,171 ] 4,603 | 4,487 | 4,161 | 3,856 | 3,829 ;3 T.22 | 4,449 5,151 | 5,117 ] 2,491 | 3,405 | 4,967
: 1.8 | 4,249 4,733 4,635 3,907 | 3,851 | 4,151 : T.23 | 4,342 4,904 | 4,831 ] 3,324 | 3,695 ] 4,576
E 1.9 | 4,34214,904| 4,831 3,324 3,695 | 4,576 E T.24 | 4,249 4,733 | 4,635 3,907 | 3,851 | 4,151
g 1.10 | 4,449 | 5,151 | 5,117 | 2,491 | 3,405 | 4,967 g T.25 | 4,171 4,603 | 4,487 | 4,161 | 3,856 ] 3,829
O | n11 | 4,571] 5,571 | 5,601 | 2,415 3,713 | 5,203 O | 1.26 | 4,105] 4,499 | 4,372 | 4,215 3,805 | 3,636
1.12 | 4,71 | 6,468 6,614 | 6,74 | 7,714 | 6,362 T.27 | 4,052 4,416 | 4,281 | 4,184 | 3,753 ] 3,538
T.13 | 4,867 | 8,822 | 9,23 | 24,86 | 24,28 | 15,27 T.28 | 4,011]4,349| 4,21 | 4,131 3,72 | 3,503
T.14 | 5,043 | 16,22 | 17,74 | 75,36 | 72,64 | 57,54 T.29 | 3,982 4,303 | 4,163 | 4,093 | 3,696 | 3,494
T.15 | 5,24 | 52,21 | 63,47 | 182,8 | 184,4  204,9 1.30 | 3,841 4,259 | 4,113 4,064 ] 3,697 | 3,45

Ha ¢wur. 3 u ¢ur. 4 ca nokazanu B rpaduyeH BHUI MOJyUYCHUTE Pe3yJTaTH 3a KYIOJIU
K.I-K.6.
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®urypa 3. CpaBHenue Ha kynon K.I u K.2
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®urypa 4. Cpasaenue Ha kynom K.2, K.3, K.4, K.5, K.6

Taouauna 2. Onopuu peakuuu B kynonu K. 7K. 14
BU U3CJIEABAH KVYTIOJI

K7 K.8 K.9 K.10 K.11 K.12 K.13 K.14
w1 | 9635 | 9,577 | 9231 | 9215 | 9,057 | 7,005 | 6,682 | 6,409
T.2 9,653 9,592 9,244 9,2 9,038 7,026 6,72 6,442
3 | 9753 | 9,695 | 9363 | 9226 | 9,018 | 7014 | 6738 | 6,53
T.4 9,86 9,795 9,47 9,193 8,945 7,096 6,885 6,683
.5 | 10,013 | 9,945 | 9,637 | 9,145 | 8,842 | 7208 | 7,073 | 6,926
T.6 10,205 10,136 9,854 9,061 8,711 7,386 7,337 7,314
T.7 10,444 10,379 10,132 8,989 8,636 7,718 7,751 7,941
.8 | 10,742 | 10,694 | 10498 | 9,115 | 8,884 | 8452 [ 8522 | 9,006
T.9 11,133 11,132 11,007 9,908 10,104 10,196 10,192 10,955
.10 | 11,694 | 11,816 | 11,794 | 12,328 | 13,615 | 14,245 | 13,965 | 14,707
T.11 12,649 13,078 13,217 18,095 | 21,685 | 22,901 22,067 21,92
112 | 14,681 | 15,863 | 16272 | 29,922 | 37,348 | 39,237 | 37,746 | 35,135
T.13 19,987 | 22,957 | 23,856 | 51,398 | 62,801 65,287 | 63,926 57,55
T.14 36,1 43,084 | 44,992 | 85,899 | 95494 | 97,824 | 99,114 | 92,674
115 | 94,505 | 107,99 | 111,861 | 133,088 | 124,092 | 127,498 | 130,39 | 135,465
T.16 447,528 | 398,112 | 388,376 | 181,649 | 136,515 | 134,817 | 136,468 | 155,098
117 | 94,505 | 107,99 | 111,861 | 133,088 | 124,092 | 127,498 | 130,39 | 135,465
T.18 36,1 43,084 | 44,992 | 85,899 | 95494 | 97,824 | 99,114 | 92,674
1.19 | 19,987 | 22,957 | 23,856 | 51,398 | 62,801 | 65287 | 63,926 | 57,55
120 | 14,681 | 15,863 | 16272 | 29,922 | 37,348 | 39,237 | 37,746 | 35,135
T.21 12,649 13,078 13,217 18,095 | 21,685 | 22,901 22,067 21,92
122 | 11,694 | 11,816 | 11,794 | 12,328 | 13,615 | 14,245 | 13,965 | 14,707
T.23 11,133 11,132 11,007 9,908 10,104 10,196 10,192 10,955
124 | 10,742 | 10,694 | 10498 | 9,115 | 8,884 | 8452 | 8522 | 9,006
T.25 10,444 10,379 10,132 8,989 8,636 7,718 7,751 7,941
T.26 10,205 10,136 9,854 9,061 8,711 7,386 7,337 7,314
127 | 10013 | 9,945 | 9,637 | 9,145 | 8842 | 7208 | 7073 | 6,926
T.28 9,86 9,795 9,47 9,193 8,945 7,096 6,885 6,683
129 | 9753 | 9,695 | 9363 | 9226 | 9,018 | 7,014 | 6738 | 6,53
1.30 9,653 9,592 9,244 9,2 9,038 7,026 6,72 6,442

OIIOPHA PEAKIIUA

Ha ¢ur. 5 ca nokasanu B rpaguueH BUJ MOITy4YEeHUTE pe3yiaTaru 3a kynomu K. 7+K. 14.
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®urypa 5. Cpasuenue Ha kynonu K.7, K.8, K.9, K.10, K. 11, K.12, K. 13, K.14

Tabauua 3. Onopuu peakiuu B kynonu K. 15+K.24
B/ U3CJIEABAH KYTIOJ

K15 | K16 | K17 | K18 | k19 | k20 | k21 | k22 | K23 | K24
1 | 15398 | 15459 | 15226 | 14,847 | 14,853 | 14,731 | 14,599 | 13,116 | 11,089 | 10,883
1.2 | 15421 | 15478 | 15243 | 14,862 | 14,851 | 14,735 | 14,614 | 13,152 | 11,13 | 10,93
.3 | 15563 | 15,615 | 1539 | 15,034 | 14,973 | 14,859 | 14,717 | 13242 | 11,226 | 11,027
14 | 15709 | 15753 | 1553 | 15,18 | 15,089 | 14999 | 14,866 | 13,481 | 11,514 | 11,326
.5 | 15918 | 15,963 | 15,749 | 15419 | 15,346 | 15306 | 15,176 | 13,906 | 12,01 | 11,823
.6 | 16,178 | 16233 | 16,04 | 1574 | 1579 | 15861 | 15,765 | 14,645 | 12,841 | 12,642
1.7 | 16,498 | 16,584 | 16428 | 16,171 | 16,549 | 16,842 | 16,858 | 15923 | 14258 | 14,028
.8 169 | 17,059 | 16,968 | 16,771 | 17,854 | 18,558 | 18,845 | 18,128 | 16,688 | 16,396
.9 | 17424 | 17,751 | 17,778 | 17,667 | 20,087 | 21,512 | 22,34 | 21,862 | 20,794 | 20,389
.10 | 18,173 | 18,874 | 19117 | 19,13 | 23,825 | 26,421 | 28,142 | 27,914 | 27,448 | 26,876
11 | 1943 | 20,929 | 21,569 | 21,762 | 29,877 | 34,11 | 36972 | 37,012 | 37.483 | 36,758
112 | 22,052 | 25,123 | 26,485 | 26,945 | 39,24 | 45115 | 48,819 | 49,204 | 51,027 | 50,415
113 | 28,732 | 34,422 | 37,001 | 37,837 | 52,855 | 58,849 | 61,956 | 62,926 | 66,395 | 66,586
1.4 | 48,004 | 56,036 | 60,138 | 61322 | 70,95 | 72,559 | 72,328 | 74,381 | 79,289 | 80,637
1.15 | 104,079 | 105,342 | 107,897 | 108,239 | 91,516 | 81,358 | 75,18 | 79,382 | 82,323 [ 83,87
1.16 | 24444 | 202,215 182,106 | 180,994 | 107,542 | 83,008 | 72,244 | 76,569 | 80,059 | 81,712
117 | 104,079 | 105,342 | 107,897 | 108,239 | 91,516 | 81,358 | 75,18 | 79,382 | 82,323 [ 83,87
1.18 | 48,004 | 56,036 | 60,138 | 61322 | 70,95 | 72,559 | 72,328 | 74,381 | 79,289 | 80,637
119 | 28,732 | 34,422 | 37,001 | 37,837 | 52,855 | 58,849 | 61,956 | 62,926 | 66,395 | 66,586
120 | 22,052 | 25,123 | 26,485 | 26,945 | 39,24 | 45115 | 48,819 | 49,204 | 51,027 | 50,415
121 | 1943 | 20,929 | 21,569 | 21,762 | 29,877 | 34,11 | 36,972 | 37,012 | 37.483 | 36,758
122 | 18,173 | 18,874 | 19117 | 19,13 | 23,825 | 26,421 | 28,142 | 27,914 | 27,448 | 26,876
123 | 17424 | 17,751 | 17,778 | 17,667 | 20,087 | 21,512 | 22,34 | 21,862 | 20,794 | 20,389
1.24 169 | 17,059 | 16,968 | 16,771 | 17,854 | 18,558 | 18,845 | 18,128 | 16,688 | 16,396
125 | 16498 | 16,584 | 16428 | 16,171 | 16,549 | 16,842 | 16,858 | 15,923 | 14,258 | 14,028
126 | 16,178 | 16,233 | 16,04 | 1574 | 1579 | 15861 | 15,765 | 14,645 | 12,841 | 12,642
127 | 15918 | 15,963 | 15,749 | 15419 | 15,346 | 15306 | 15,176 | 13,906 | 12,01 | 11,823
128 | 15709 | 15,753 | 15,53 | 15,18 | 15,089 | 14,999 | 14,866 | 13,481 | 11,514 | 11,326
129 | 15563 | 15615 | 1539 | 15034 | 14,973 | 14,859 | 14,717 | 13,242 | 11,226 | 11,027
1.30 | 15421 | 15478 | 15243 | 14,862 | 14,851 | 14735 | 14,614 | 13,152 | 11,13 | 10,93

OINIOPHA PEAKIIUA

Ha ¢wur. 6 ca mokazanu B rpadudeH Buja moiaydeHuTe pesynraru 3a kynoau K. 15+K.24.
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Pasrnexxmana Todka

®urypa 6. Onopuu peakuuu 3a kynonu K. 15+K.24

Tadauua 4. Onopau peakiuu B kynonu K.25+K.27

BUJ KYIIOJI B KYIIOJI
K.25 K.26 K.27 K.25 K.26 K.27

1.1 15,807 | 21,349 | 22,998 T.16 93,831 81,338 84,645

1.2 15,881 | 21,027 | 23,044 T.17 79,875 65,977 63,312

.3 16,11 21,27 | 23,171 T.18 64,906 49,128 47,616

1.4 16,517 21,373 | 23,445 T.19 51,136 40,826] 39,785

X .5 17,144 22,502 23,54 X T.20 40,592 36,127 35,1
§ T.6 18,056 | 23,893 | 24,494 § 121 32,966 33,319 32,37
E 1.7 19,358 | 25,472 | 25,098 E T.22 27,595 30,926 29,951
A~ 1.8 21,207 | 27,386 | 27,114 A~ T.23 23,838 29,049 28,82
;::: T.9 23,838 | 29,314 [ 28,541 ;::: T.24 21,207 27,219 27,286
% .10 27,595 | 31,519 [ 29,92 % .25 19,358 25,6191 25,696
5 T.11 32,966 | 34,083 | 31,534 5 T.26 18,056 24274 24,484
T.12 40,592 | 37,184 | 34,955 T.27 17,144 22,842 24,021

T.13 51,136 | 41,204 | 39,231 T.28 16,517 21,687| 23,635

T.14 64,906 | 49,746 | 46,995 T.29 16,11 21,155 23,292

T.15 79,875 | 62,337 | 62,812 1.30 15,881 20,855 23,094

Ha ¢wur. 7 u ¢ur. 8 ca nokazanu B rpaduyeH

K.25-K.27.
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®urypa 7. Onopuu peakuuu 3a kynonu K.25+K.27
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Pasrnexngana Touka

®urypa 8. OnopHu peakiuu BbB Bb31u 14+18 3a kynonu K.25+K.27

Tab6auna S. Onopuu peakuuu B kynosu K.28+K.34

BUJ U3CJIEABAH KVIIOJI

K.28 K.29 K.30 K.31 K.32 K.33 K.34

1.1 3,665 7,155 11,834 19,42 | 30,318 | 32,742 | 33,319

T.2 3,676 7,193 11,902 19,53 | 30,366 | 32,755 | 33,316

1.3 3,711 7,309 12,111 | 19,875 | 30,511 | 32,792 | 33,323

T.4 3,772 7,509 12,477 | 20,493 | 30,752 | 32,851 | 33,324

1.5 3,868 7,805 13,039 | 21,453 | 31,093 | 32,932 | 33,328

T.6 4,017 8,223 13,879 | 22,854 | 31,532 | 33,03 | 33,334

1.7 4,253 8,826 15,168 | 24,818 | 32,068 | 33,143 | 33,337

1.8 4,635 9,78 17,237 | 27,473 | 32,692 | 33,264 | 33,338

T.9 5,242 11,496 | 20,664 | 30,917 | 33,389 | 33,39 | 33,339

T.10 6,197 14,922 | 26,323 | 35,158 | 34,133 | 33,515 | 33,339

T.11 7,848 | 21,993 | 35,256 | 40,055 | 34,886 | 33,633 | 33,339

= T.12 11,724 | 36,034 | 48,152 | 45,26 | 35,605 | 33,74 | 33,339
Ef T.13 23,932 | 61,176 | 64,186 | 50,121 | 36,223 | 33,831 | 33,339
ﬁ T.14 63,944 | 98,416 | 79,087 | 53,381 | 36,643 | 33,894 | 33,339
E T.15 177,7 | 132,358 | 83,93 | 53,553 | 36,659 | 33,916 | 33,338
< 1.16 | 347,297 | 126,764 | 81,341 | 50,698 | 36,574 | 33,886 | 33,338
% T.17 177,7 | 132,358 | 83,93 | 53,553 | 36,659 | 33,916 | 33,338
g T.18 63,944 | 98,416 | 79,087 | 53,381 | 36,643 | 33,894 | 33,339
T.19 23,932 | 61,176 | 64,186 | 50,121 | 36,223 | 33,831 | 33,339

T.20 11,724 | 36,034 | 48,152 | 45,26 | 35,605 | 33,74 | 33,339

T.21 7,848 | 21,993 | 35,256 | 40,055 | 34,886 | 33,633 | 33,339

T.22 6,197 14,922 | 26,323 | 35,158 | 34,133 | 33,515 | 33,339

T.23 5,242 11,496 | 20,664 | 30,917 | 33,389 | 33,39 | 33,339

T.24 4,635 9,78 17,237 | 27,473 | 32,692 | 33,264 | 33,338

T.25 4,253 8,826 15,168 | 24,818 | 32,068 | 33,143 | 33,337

T.26 4,017 8,223 13,879 | 22,854 | 31,532 | 33,03 | 33,334

T.27 3,868 7,805 13,039 | 21,453 | 31,093 | 32,932 | 33,328

T.28 3,772 7,509 12,477 | 20,493 | 30,752 | 32,851 | 33,324

T.29 3,711 7,309 12,111 | 19,875 | 30,511 | 32,792 | 33,323

T.30 3,676 7,193 11,902 19,53 | 30,366 | 32,755 | 33,316

Ha ¢wur. 9 ca mokazanu B rpadudeH Buja moaydeHurTe pesynraru 3a kynoau K.28+K.34.
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®urypa 9. Onopuu peakuuu 3a kynonu K.28+K.34
Tabauua 6. Onopau peakiuu B kynonu K.26, K.35+K.40
BUJ] U3CJIEABAH KVYIIOJI BUJ U3CJIEABAH KVIIOJI
K35 | K36 | K26 | K37 | K38 | K39 | K40 K35 | K36 | K26 | K37 | K38 | K.39 | K40
T.1 16,906 | 19,509 | 21,349 | 26,229 | 28,363 | 39,349 | 33,292 T.16 | 266,59 | 145,74 | 81,338 | 55,122 | 38,284 | 48,033 | 32,271
T.2 16,7171 19,199 | 21,027 | 25,8 | 27,973 | 38,256 | 32,686 T.17 | 104,06 | 85,695 | 65,977 | 51,208 | 38,005 | 46,611 | 32,566
T.3 16,8831 19,325 | 21,27 | 25,974 | 28,369 | 36,985 | 32,634 T.18 | 36,447 | 48,152 | 49,128 | 43,531 | 36,537 | 41,085 | 32,547
T.4 16,816 ] 19,248 | 21,373 | 25,925 | 28,632 | 34,737 | 32,251 T.19 | 23,015 | 36,022 | 40,826 | 38,015 | 35,094 | 34,528 | 32,197
§ T.5 17,431 ] 20,001 | 22,502 | 26,961 | 30,106 | 32,944 | 32,924 § 1.20 | 18,146 | 29,691 | 36,127 | 35,076 | 35,031 | 29,323 | 32,888
E T.6 18,104 ] 20,895 | 23,893 | 28,164 | 31,734 | 30,843 | 33,667 E T.21 | 17,069 | 26,705 | 33,319 | 33,574 | 35,316 | 25,963 | 33,642
é 1.7 18,764 | 21,868 | 25,472 | 29,365 | 33,209 | 28,441 | 34,194 é 1.22 | 16,799 | 24,731 | 30,926 | 32,44 | 35,376 | 24,455 | 34,175
: T.8 19,523 | 23,072 | 27,386 | 30,703 | 34,607 | 26,399 | 34,706 : 1.23 | 16,896 | 23,519 | 29,049 | 31,651 | 35,311 | 24,86 | 34,69
E T.9 20,182 | 24,296 | 29,314 | 31,78 | 35,392 | 24,903 | 34,741 E 1.24 | 16,927 | 22,487 | 27,219 | 30,65 | 34,599 | 26,424 | 34,728
g T.10 | 21,055] 25,898 | 31,519 | 32,892 | 35,807 | 24,762 | 34,57 g T.25 16,91 | 21,646 | 25,619 | 29,637 | 33,547 | 28,771 | 34,562
o T.11 | 22,451 ] 28,158 | 34,083 | 34,208 | 35,963 | 26,461 | 34,267 o 1.26 | 16,856 | 20,956 | 24,274 | 28,671 | 32,308 | 31,392 | 34,264
T.12 | 25,323 | 31,75 | 37,184 | 35,839 | 35,707 | 29,923 | 33,504 1.27 | 16,548 | 20,1 | 22,842 27,422 30,634 | 33,533 | 33,51
1.13 | 30,634 | 37,256 | 41,204 | 38,346 | 35,532 | 34,778 | 32,655 T.28 | 16,2421 19,379 | 21,687 | 26,32 | 29,071 | 35,127 | 32,687
T.14 | 45,837 | 50,47 | 49,746 | 43,651 | 36,459 | 41,067 | 32,42 1.29 | 16,269 | 19,129 | 21,155 | 25,869 | 28,267 | 36,904 | 32,545
T.15 | 78,279 | 76,111 | 62,337 | 49,39 | 37,032 | 45,288 | 31,845 1.30 | 16,318 | 18,993 | 20,855 | 25,586 | 27,737 | 37,853 | 32,37

Ha ¢wur. 10 u ¢ur. 11 ca nokazanu B rpadyueH BUJl TOJYICHUTE PE3YJITATH 32 KYIIOIH
K.35+K.40.
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®@urypa 10. Onopuu peakuuu 3a kynonu K.26, K.35+K.40
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®urypa 11. Onopuu peaknuu 3a kymnoua K.39

3akJjaro4yeHue ¥ U3BOAU

OT chIOCTaBsIHE HA U3UMCITUTEITHUTE PE3YNITaTH, MOTAT J]a C€ HAIIPABST CISAHUTE TIO-
CHILIECTBEHU U3BOJM:

- KopaBara Bpb3ka MEXIy BB3IHTE OT pagdarHATe (QEepMH U BBTPEIIHUTE
pasnpeneauTeNTHN NpbCcTeHU, BWX ¢ur.la —1), 2), Boagum A0 CHIIECTBEHO HaMajsiBaHE Ha
OTIOpHATAa PEaKIlys Ha HaTOBapeHara ¢epMa U yBeIrndaBaHe Ha Te3H Ha ChCEJHUTE, BIXK Ta0. 1
—K.1, K.2 v pur.3. [Ip0KM ce Ha HATUIUETO Ha OT'bBAIA MOMEHTH W HAIPEeYHa CUJIa B IPBTHUTE
OT CIIOMEHATUTE MPBCTEHU. T031 e(heKT e MO-3aCUIICH MIPH JBOCH BHTPEIIEH pasNpeaeTuTeNIeH
npbCTeH, Taou. 1, kynon K. 3. [lomoOHu n3BOAM MOTAT /1a C€ HAMPABAT U IIPU HATOBAPBAHE B 110-
TOpPHUTE BB3JIU OT epMmara, BIK Taba.2 u tabmn.3.

- JlobGaBsiHETO Ha YKpemBallyd BPb3KU B MPHCTEHOBUAHO HAIIPaBJICHUE IO JOJIEH IOSIC
MeXIy paauanHute ¢pepmu, Bux ¢ur.la — 3), 8), 9) u ¢ur.16 - 16), 17), 18), e Bonu 10
chiiecTBeH edekT, Bk 1adn.1 — K.3, tadn.2 — K.8, K.9 u tabn.3 — K.16, K.17, K.18.

- Hanuumero Ha BepTUKAHU AWATOHAIHU BPB3KHU, T.€. BPH3KH CBBP3BAIU BBH3IU OT
TOPEH | JIOJICH TOSIC Ha JIBE ChCeHU paauanHu depmu, Bk ¢ur.la —4), 10), 11) n ¢pur.16 —
19), 20), 21), cuitHO TIpepasIpe e yCHIUsATa BbB JepMHUTE U BOAU 10 YYBCTBUTEIHO (JIBOWHO)
HaMalliBaHE Ha BEpPTHKAJHAaTa OINOpHA peakiusi B HaToBapeHaTra (epMa M CHIIECTBEHO
yBEJIMUYaBaHE HA TE3W HA ChCceAHUTE, BIXK Ta0Om.1 — K.4, tabn.2 — K.10, K.11 v Tabn.3 — K. 19,
K.20, K.21. HaGnrogaBaHOTO CHJTHO TIpEpas3npeiesieHre € BCJICCTBUE HAa 0COBaTa KOpaBHWHA Ha
muaroHanute. CXOIHU, HO KAaKTO MOXKE Jla Ce MPEION0XKH, OIlle MO-U3pa3eHH, ca eheKTHTe U
P CUJIa, PUJIOKEHA B TIO-TOPHU (PEepMOBH BB3IH, BIK (ur.la — 10), 11), dur.16 — 19), 20),
21), tabn.2 - K.10, K.11 v tabn.3 — K. 19, K.20, K.21.

- JloGaBssHETO Ha XOPU3OHTAIHM YKpENBalll BPB3KH IO TOPEH TOSC, T.e. BPB3KHU
CBBP3BAIllM BH3JIM OT TOPEH MOSIC Ha JBE ChbCEIHM paguandu ¢epmu, Bux ¢ur.la —5), 12) u
¢ur.16 — 13), 14), 22), 23), 24), Boau CHIIO 0 CHIIECTBEHO HAMAIsIBaHE Ha BEpTHUKAIIHATA
OTIOpHA PeaKIvs B HaTOBapeHaTa pepma u mpepasnpenesieHue B CbCeHUTE, BIK Ta0. 1 — K. 5,
1abn.2 — K.12, K.13, K.14 n ta6n.3 — K.22, K.23, K.24.

- XOpU30HTAHUTE YKPETBAIY BPB3KHU 10 JOJIEH MOAC MEXKAY paauamHuTe GepMu, BUXK
¢ur.la — 6) u ¢ur.16 — 14), umMaT MO-MaIBK MPUHOC 3a MPEPA3NpEACICHUE HAa PEaKIMHUTE
Mexay onopute, Bk Tadm. 1 — K.6 u ta6n.2 — K.14.

- JlombaaUTENHUTE TPBTOBU KOHpuryparuu Ha Kynonu K. 12w K. 13 B cpaBuenue c K. 11,
Bk ¢ur.la — 11), 12) u ¢ur.16 — 13), He BOIAT 10 ChIECTBEH eekT, Bk Taom.2 — K. 11,
K.12, K13. HaGnronaBa ce €IUHCTBEHO HAMAJIGHU 10 CTOWHOCT PEaKIMH B TMO-OTJAICUCHUTE
OTIOpH 32 CMETKA Ha MO-0JIU3KUTE;

- [Tpu xynomu ot K.21 no K.24, suwx ¢ur.16 — 21, 24) e Hanuie 1 U3BECTHO 3aCBO/ISIBAHE
B CWJIOBHUS MOTOK, BX Ta01.3 — K.21, K.24. JIonbJIHUTETHO U3SICHIBAHE HA TO3U €PEKT MOXKE
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Jla ce HampaBH Bb3 OCHOBA Ha (Gur.9, onarnenssamia pesyararute 3a Kymnonu ot K.28 1o K.34.
3acBoasiBaHETO € Hal-3acuiieHo mpu K.29, T.e. mpu cuia, MPUiIoKeHa B TpETHst GepMOB BH3eII.
Moxe f1a ce 00sICHH ¢ MECTOIIOIOKEHUETO MY, T.€. Hall-0J1M3Ko 710 cpepara Ha (epMaTa;

- mpbroBara KoHburypanus Ha K.24 wMa ONMOpHHM peakiuu OJU3KKM 10 TEe3W Ha
HEIMPEKbCHAT KYIOJ C €eKBUBAJIEHTHA BEpPTUKAIHA KOPAaBHHA B IIPUJIOKHATA TOYKA HA CUJIATa.
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CEU3MHNYEH ,,TIME HISTORY“ AHAJIN3
HA 3ACHUITAH ABI'OBUJEH CTOMATOBETOHOB ITbTEH MOCT

Koncrantun Kazaxos!, Jlena Muxosa®", Jlonuo IlapTos’

Bucwe cmpoumenno yuunuwe ,,Jlrooen Kapasenos*, Cogus
*
Yuusepcumem no apxumexmypa, cmpoumencmao u ceooesus (YACI), Cogus

SEISMIC TIME HISTORY ANALYSIS
OF BURIED ARCH REINFORCED BRIDGE

Konstantin Kazakov', Lena Mihova®", Doncho Partov?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia
* University of Architecture, Civil Engineering and Geodesy, Sofia

Abstract: Seismic response of the bridge’s structure is studied. Three representative
strong earthquakes for the Balkan Peninsula are considered — Vrancea 1976, Kalamata
1986, Pernik 2012. Dynamic analysis is performed using time history of acceleration for
the input motion. FE model by the Plaxis 2D sofiware is created of the soil-structure
interaction. Dashpots are applied as supports of the soil body for simulation of the infinite
soil space in the numerical analysis. The Hardening-Soil-Small (HSS) constitutive model is
used for the soil. This constitutive model is a new scientific achievement which works with more
than ten material parameters and can describe the mechanical behavior of the soil with a high
accuracy. The most important feature of the HSS model is the determination of the soil stiffness
degradation during the earthquake. Additional Rayleigh’s viscose damping of 5% is applied to
the soil. Seismic time history analysis of the bridge structure is compared with the pseudostatic
analysis involved in the Eurocode §.

Key words: FEM, constitutive model HSsmall, earthquake, time history analysis, PGA,
acceleration, G-modulus of the soil

1. BnLBeaenue

MexaHNYHOTO MOBEJEHUE Ha 3aCUTIAHMS TBTEH MOCT ,, I pu Boauuu‘, ¢ mmpouyuHa 15,29
m U BUcOYMHA 8,67 m, € u3ciaeaBaH ¢ nmomomTa Ha yuciaeHu monaenu no MKE B peauna
nyonukaruu [1]-[5]. B wHacrosmara myOnukamusi € HalpaBeH CpPaBHHUTEIICH aHAIA3 Ha
peakiusiTa Ha MOCTOBaTa KOHCTPYKUHUS OT TpPU 3HAKOBM 3a bajgkaHCKUs TMOJIyOCTPOB

! Konstantin Kazakov, Prof., DSc. Eng., 175 Suhodolska street, Sofia, Department of Mechanics&Mathematics,
Univ. Str. Eng. and Arch.; e-mail: kazakov@abv.bg

2 Lena Mihova, Prof., PhD, 1 Hr. Smirnenski Blvd., Sofia, Department of Geotechnics, UACEG;

e-mail: 1_mihova@yahoo.com

3 Doncho Partov, Prof., PhD, 175 Suhodolska Str., Sofia, Department of Mechanics&Mathematics, Univ. Str.
Eng. and Arch.; e-mail: partov@vsu.bg
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3emerpecenus - Bpanua (1976r.), Kanamara (1986r.) u Ilepuuk (2012r.), Ha 6a3aTa Ha MOl
no MKE [5], pa3paboren cwec codryepa Plaxis. Pemenusita ca mpoBeneHu karo ,,time history*
aQHAJIM3M CbC 3EMETPHCHO HATOBapBaHE BHB BHUJ Ha aKCeleporpaMd MU C H3MOJI3BaHE Ha
aBaHTapIHMS KOHCTUTYTHUBEH Moen 3a mouBr HSS (Hardening Soil-Small). To3u tun ananmus3u
aJIeKBaTHO MOJIEJIUPAT TOBEACHUETO HA KOHCTPYKIHUATa W HEHWHOTO B3aUMOJICHCTBHUE C
OKOJTHUS TIOYBEH MACHUB, ThU KaTo, BbBEXKIAKH (akTopa ,,BpeMe™, Te 1aBaT BH3MOKHOCT Ja
Oblle oTYeTEeHa JerpajanusTa Ha KOpaBMHATA HA MMOYBATa MPU 3€METPHCHOTO HATOBapBaHE.
Jlerpananusara Ha KOpaBMHATa Ha MOYBaTa MpPU JAMHAMUYHO HATOBApBaHE € YCTAHOBEHA OT
peauna aBropu. OOMKHOBEHO TsI Cc€ MPEACTaBs BbB BUJ Ha rpapuyHa WM aHAIUTUYHA
3aBUCUMOCT Ha G-MOJlyJia Ha TMOYBaTa OT Pa3BUTUETO Ha JAedopmanuuTe Ha cps3BaHe ) B
noyBaTa B Ipolieca Ha HaToBapBaHeTo [6]-[12]. AHaJIOrMYHM U3CIIeIBAHKS HAa TOBEACHUETO Ha
TPAHCIIOPTHU INOYBEHU CHOPBKEHUS INpH AEMCTBUE Ha 3eMeTpeceHuss Bpanua (1976r.) n
Kanamara (1986r.), ca npoBeaenu B Tpyna [13]. B nombiaHeHue, B HACTOsIIATa MyOIUKAIINAS
MaKCHUMaJIHaTa peakiysi Ha MOCTOBaTa KOHCTPYKIMS OT TMHAMUYHUTE PEIICHUs € CpaBHEHA C
Ta3M OT MICEBIOCTAaTUYHUS 3€METPBCEH aHau3, MPOBEJIEH B [S] B choTBeTCTBUE C EBpOoKon 8 [14].

2. Moaea no MKE

Ha ¢ur. 1 e mokazan mogensT no MKE, kato aeraiinuTe 3a HEro ca ONyMcaHu B U3TOYHUKA
[5]. B Tabn. 1 ca mpencraBeHr MaTEPHATHATE TTApaMETPH 3a TOYBEHUTE BUIOBE B ChOTBETCTBUE
C M3I0JI3BaHMSI B HACTOSIIIETO M3CIeBaHe KOHCTUTYyTHBEH Mojiea Hardening Soil-Small (HSS)
[15]. XapakTepuCTUKUTE Ha 3EMETPECEHUsTa 3a MpoBelAeHUTe “‘time history” anammsm ca
npezcTaBeHu Ha ¢ur. 2-7 u Tadun. 2.
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(abcmuca — BpeMe, sec; OpAMHATa — YCKOPEHHe, m/s?)

Tadoauuna 1. IlouBeHu napaMeTpu B ChOTBETCTBUE C KOHCTUTYTUBHUSA Mozen HSS

Tapamersp OsHa- | [lumen- | 3emHa ocHoBa | OOpaTHa 3acHIKa
YyeHue CUS (I'munect mschK) (TIschk, yakbm)
EcTecTBeHO 00eMHO TerIo Vn kN/m? 18 18
OGeMHO TerJIo Ha BOJIOHACHTEHA MI0YBa Vr kN/m? 20 -
PedepentHo HanpexeHue Dref kPa 100 100
OeoMeTpUIeH MOYII TIPH Prer Eoed rer kPa 20 000 50 000
Monyn ipu 50% OT SIKOCTTa TPHU Pref Eso,rer kPa 20 000 50 000
Moyt Ipy pa3TOBAPBAHE HPH Pref Eurrer kPa 60 000 150 000
Hauanen Moyt Ha Cpsi3BaHe TIPH Pyer Go.rer kPa 120 000 30 000
Koepuuuenr na Poisson V' - 0,3 0,3
Koed. na Poisson nipu pasroBapBaHe Var - 0,2 0,2
Cpsi3Bamu nedopmarun mpu 30%
PEIYKIIUS Ha MOJIyJIa Ha Cpsi3BaHe Yo7 % 0,05 0,003
[MapameTrsp n n - 0,6 0,5
ITapameTsp m m - 0,6 0,5
ITapameTsp Ry Ry - 0,9 0,9
‘brba Ha BBTPELIHO TPUEHE 1) ° 29 38
Koxesus c kPa 10 5
‘bren Ha gunaranus 4 © 0 8
KoeduimeHT Ha HATUCK B MIOKOH ko - 0,515 0,380
ES ]
Ch
5.5
5]
4.5 ]
41
351
]
251
2]
1.5
]
0.3 Hz 1Hz 3Hz 10 Hz

®urypa 3. 3emerpecenue Bpanua,1976r.: yectoTeH cbcTaB
(abcumca — yectora, Hz; opaunaTa — yckopenue, m/s>.1072)
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®urypa 4. 3emerpecenue Kanamara,1986r.: akceneporpamu 1o HamnpaBji€HUE X,y,Z
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(abcmuca — BpeMe, sec; OpAMHATa — YCKOPEHHe, m/s?)

0.3 Hz 1 Hz 3Hz 10Hz
®durypa 5. 3emerpecenue Kanamara,1986r.: yectoTeH chcTaB
(abcuuca — uecrora, Hz; opauHaTa — yckopenue, m/s>.107%)
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®durypa 6. 3emerpecenue [lepuuk, 2012r.: akceneporpama o HarpaBJICHUE X
(abcmuca — BpeMe, sec; OpAHHATa — YCKOPEHHe, m/s?)
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®urypa 7. 3emerpecenue [lepauk, 2012r.: 4eCTOTEH ChCTaB-CHIEKTHP HA YCKOPEHHUETO 11O
Fourier (a6cruca — yectoTa, Hz; opnuHaTa — yckopenue, m/s?)
Tab6uamnna 2. [Tokazarenu Ha 3eMeTpeceHusITa

3emetrpecenne | PGA, g | IIpeobnanaBama yecrora, f, (Hz)
Bpanua, 1976 1. 0,19 0,8
Kamamara, 1986. | 0,21 3
ITepuuk, 2012 1. 0,23 2

Bucko3nure cBoiicTBa Ha MO4YBaTa, TPUEHETO MEXAYy YacTULIMTE U Pa3BUTHETO Ha
IUTACTUYHY AeopMaIiy MPEIU3BUKBAT 3aTUXBAHE HA CUJIaTa HAa 3eMETPBCHOTO BBH3/ICHCTBUE
B ouBeHust MacuB. KonctutytuBHuat moaen HSS yactnyHo oTunTa Ta3u 0COOEHOCT U 3aTOBA
ce BBBEXJIa JIOMBIHUTEIHO 3aTUXBaHE MO TeopusTa Ha Rayleigh [16], koeto ce nedunupa c
Koe(HuIMeHT!H Ha BUCKO3HO nemiidupane a u . CTOWHOCTUTE HAa KOCHUIIUCHTUTE o U [ ca
oTpesieNieHu upe3 Moaxo/a, mpenioxeH B [17] u [18], Ha 6a3aTa HA JBE IEJIEBH YECTOTH — T€3U
Ha 3eMHaTa ocHoBa fi (Hz) u Ha 3emeTrpbcHOTO BB3aelcTBUE f, (HZ). UecToTara Ha 3emHara
OCHOBa € orpezeseHa rno gopmynara [19]

(1) A=V (4H),

KBJETO: Vs € CKOpOCTTa Ha pa3mpoCTpPaHECHHWE Ha CPSA3BAIUMTE BBIHU; H — MOIIHOCT Ha
TIOYBCHHSI MACHB.

3a ycpenHeHHUTe CTOMHOCTH Ha 3eMHaTa ocHoBa H = 50 m u ¥y = 200 m/s® e nosnyuena
croitHocTTa f1 =1 Hz.

B choTBeTCTBHE C MPENOPHKHUTE B JIMTEPATYPHHUTE M3TOYHHUIIM, 32 TOYBATA € MPHETO
BUCKO3HO Jemndupane ot 5% mno Rayleigh. Ilomyuenu ca crnemHuTe cTOHMHOCTH Ha
KOCQUIUEHTHTE o U f:

e 3emerpecenue Bpanua,1976r. - a =0,4712, f=3,979 . 1073;
e 3emerpecenue Kamamara, 1986r. - o =0,4712, f=3,979. 1073;
e 3emerpecenue [lepuuk, 2012r. - a = 0,3141, f = 7,958 . 1073,

3. Pe3yararu ot ,,time history* ananusurte

3.1. 3emerpecenue Bpanua, 1976r.

®urypa 8. 3emerpecenue Bpanua,1976r.:
a) XopusoHTtaiHo npemectBane Uy (cm); 6) Beptukanno nmpemectsane U, (cm)

101



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

oy

— ode A

| Displacement|(cm)
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Dynamic timels)

®durypa 9. 3emerpecenne Bpanua, 1976 r.:
[TpemectBane/Bpeme Ha Touku A, B, C u D ot ¢ur. 1

1J|_.“ ! ¥ 3 4 1 X X 3
o 2 4 & ]

®durypa 10. 3emerpecenne Bpanual976 r. O6GBUBHU Auarpamu Ha:
a) OreBamu MmomeHTH M (kNm); 6) Hopmanuu ycunmus N (kKN)

Frsscirererres

3.2. 3emerpecenune Kanamara, 1986r.

10

6)

®durypa 11. 3emerpecenne Kanamara, 1986 1.:
a) XopusonranHo npemectBane Uy (cm); 6) Beprukanno npemectBane U, (cm)
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" - D:.rnamir.rt'imetsr
®urypa 12. 3emerpecenne Kanamara, 1986r.:

,IIpemecTBane/Bpeme‘ Ha Touku A, B, C u D ot ¢wur. 1

7

®durypa 13. 3emerpecenne Kanamara, 1986 r. OOBUBHU Auarpamu Ha:
a) OreBamu MmomeHTu M (kNm); 6) Hopmanuu ycumus N (kN)

3.3. 3emeTrpecenue Ilepuuk

T

®urypa 14. 3emerpecenne [lepuuk, 2012 r.:
a) XopusonranHo npemectBane Uy (cm); 6) Beprukanno npemectBane U, (cm)
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®urypa 15. 3emerpecenue [lepuuk, 2012 r.:
,IIpeMecTBane/Bpeme Ha Touku A, B, C u D ot ¢wur. 1

®durypa 16. 3emerpecenne [lepuuk, 2012 r. OOBUBHU JUarpaMu Ha:
a) OreBamu MmomeHTH M (kNm); 6) Hopmanuu ycumus N (kKN)

3.4. AHaju3 Ha pe3yJTaTUTE

Taoauna 3. MakcumaaHu CTOMHOCTH Ha peaklusITa Ha KOHCTPYKIUATA

3 UX, max U y,max M max N max
eMeTpeceHue (em) | (em) | (kNm) | (kN)
Bpanua, 1976 12,0 | 15,0 359 | 864
Kanamara, 1986 3.3 10,0 336 | 845
[Tepnuk, 2012 1,6 7,0 268 787
IlceBmoctaTtnuen ananmms [5] | 1,4 5,3 179 658

e 3emerpecenuero BpaHua e chCc cTOWHOCT Ha mpeobnamaBama decrora 0,8 Hz,
OyM3Ka O CTOMHOCTTa Ha COOCTBEHAaTa YeCTOTa HAa 3eMHAaTa OCHOBA, KOATO,
oIpeziesieHa C yCPEeAHEHH MOYBEHU XapakTtepucTtuky, € 1 Hz. ETo 3amo, Bbnpeky,
ye npu 3emeTpeceHuero Bpanua croitHocTTa Ha PGA € Hail-HuCKa, ToKa3aTeInuTe
Ha peaKklusiATa Ha KOHCTPYKIUATA — IMPEMCCTBAHUA U YCUJIMA — UMAT Hal-BUCOKU
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CTOMHOCTH, KaTo pa3jIuKUTE Cca MO-U3pa3uTEIHU TNpPU [PEMECTBAHUSITA.
MakcuMaIHOTO XOpU30HTAITHO npemMecTBaHe Uk max IPU 3€METpeceHneTo Bpanua
€ CbOTBETHO 3,6 1 7,5 IbTH NO-TOJISIMO OT TOBA IpH 3eMeTpeceHue Kanamara u npu
3emeTpeceHneTo IlepHuk. MakCcuMaaHOTO BEPTUKAIHO mpemecTBaHe Uy, max TPHU
3emeTpecenreTo Bpanua e choTBETHO 1,5 ¥ 0KO0JIO 2 MBTH MO-TOJISIMO OT TOBA IIPHU
3emerpecenneto Kamamata m npu 3emerpecenunero IlepHuk. MakcuMaaHUST
OrbBalll MOMEHT Mpuax € CBOTBETHO ¢bC 7% U c¢ 25% mo-roisiM OT ToBa IpH
3emeTrpeceHnero Kamamara u mpu 3emerpecenueTo IIepHHK, a MakCHMaHOTO
HOPMAJIHO YCUIHUE Npax € ¢hoTBETHO € 2% u ¢ 10% mno-roiasiMo OT TOBa mpu
3emeTpecenneTo Kanamara u nmpu 3emerpecenuero [lepauk.

e Hail-HuCKM CTOMHOCTM Ha peakuuiTa Ha KOHCTPYKIUATA C€ MOJIy4aBaT MpH
3emeTrpecenneTo [lepHUK, BBIPEKU, Y€ TO MUMa Hail-BUCOka cToitHOCT Ha PGA.
[IpuyrHaTa € B JIOKaJIHO M3pa3eHaTta cTorHOCT Ha PGA Ha (oHa Ha 3HAYUTEITHO
MO-HUCKU aMILTUTYIU HAa 36METPBCHO YCKOPEHHUE.

e [lceBmocTaTMUHMAT aHaIM3, MNPOBEACH B [5], JaBa 3HAUMUTETHO NO-HUCKU
pe3yaTaTH 3a peakuusTa Ha KOHCTPYKIMATa B CpaBHEHHE C ,time history
aHanusute. Hanpumep, B cpaBHEHUE ¢ pELIEHUETO C akceleporpama Bpanua, npu
IICEBIOCTATUYHMS aHAJIU3 MAaKCUMAJIHOTO XOPU30HTAIHO MpPEMECTBaHE € 8,5 MbTH
MO-MaJIKO, a BEPTUKATHOTO — 2,8 mbTH. [10 OTHOIIEHNE HA MAKCUMATHUTE YCUITUS
pa3IMKHUTE ca CIEOHUTE: 3 MHTU MO-MAIBK OrbBal] MOMEHT W 1,3 mo-majiko
HOPMAJIHO yCUJIUE.
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OTHOCHO PA3PABOTBAHETO HA EKBUBAJIEHTEH PAMKOB MOJIEJ
3A HEJTMHEEH CEM3MWYEH AHAJIN3 HA 3UJIAHUM CTPAIA
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ABOUT DEVELOPMENT OF AN EQUIVALENT FRAME MODEL

FOR THE NONLINEAR SEISMIC ANALYSIS OF MASONRY BUILDINGS
AND ITS APPLICATION IN BULGARIAN DESIGN PRACTICE

PART I (THEORETICAL TREATMENT)
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Abstract: For design of new masonry buildings and assessment and retrofitting of existing
ones, in last time effective tools for seismic analysis of such types of buildings requires
reliable nonlinear models. Performance based assessment is in last decades is mainly
oriented now to the use of nonlinear analysis methods, thus their capability to simulate
the nonlinear response, in particular in case of masonry buildings, is crucial. Among the
different modelling strategies proposed in literature, the equivalent frame approach
seems particularly attractive, since it allows the analysis of complete 3D buildings with
a reasonable computational effort, suitable also for practice engineering aims. Moreover,
it is also expressly recommended in several national and international codes. Within this
context, the paper presents the solutions adopted for the implementation of the equivalent
frame model in the TREMURI program for the nonlinear seismic analysis of masonry
buildings in Italy and its application in one study case in Bulgaria.

Key words: masonry buildings, equivalent frame, nonlinear analysis methods
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1. BbBeenne

B koHTekcra Ha 3arjaBMeTO, CTAaTHUsITa MpeACTaBs, OOSACHSABA W IpErnopbyBa Ha
ObNTapcKkaTa WHXKEHEPHA ayAWTOPHs, PEUICHUSATa MPHETH 3a MpWIaraHe Ha €KBHBAJIICHTEH
pamkoB mozen B mporpamata TREMURI 3a HenvHeeH cen3MuYeH aHajau3 Ha 3UJIaH CrpajH,
pa3paboTeH OT TAIMAaHCKH eKuI B iepuoza Ha 1999 - 2019 roa. u nyOnrMKyBaHH B CIIMCAHUETO:
Engineering Structures 56, 2013,(ctp.1787-1799), na penomupanoro uzaarencto Elsevier, ¢
aBTopu: S. Lagomarsino, A. Penna, A. Galasco, S. Cattari,, moq HaumeHoBanueto: ,,[REMURI
program: An equivalent frame model for the nonlinear seismic analysis of masonry buildings”.

HNHuTepechT KbM TO3U COPTBEP € 00YCIOBEH OT royisiMaTa HATMYHOCT HA CHIECTBYBAIIN
UCTOPUYECKH, 3UIaHU CIPAIH 110 LENUS CBST, BKIIIOUUTEIHO U Y HAC, M TSIXHATA NOTEHIIUATHO
BHCOKa YSI3BHUMOCT OT 3€METPECEHHEe, KOeTO M3MCKBA MOBHINABAHE HA 3HAHUATA 33 TSIXHOTO
CEM3MUYHO TOBEJIEHHUE, Ype3 Cbh3/1aBaHE HA AaHAJUTHYHU M YHUCICHH MOJEIH 3a TIXHaTa
KOHCTPYKTHBHA OIleHKa MpHU 3eMeTphc. CEeM3MHUYHUST aHalu3 Ha 3WJAaHU CTPaad H3UCKBa
HAJEKIHU HEJIMHEHHU MOJIENH KaTo e()eKTHUBEH MHCTPYMEHT, KaKTO 3a MPOEKTUPAHE Ha HOBU
CTpajiv, TaKa ¥ 3a OIICHKA U YCHJIBaHE Ha ChIIECTBYBAIMU TakuBa. Cpejl pa3InuHUTE CTPATETUU
3a MOJIelMpaHe, MPeAoKeH! B JTUTepaTypaTa, eKBUBAICHTHUSAT MOAXO0] Ype3 PAMKOB MOJIEN
U3TJIekKIa 0COOCHO MpUBIIEKATENICH, Thil KaTO TO3BOJIsIBAa aHANHM3 Ha IsuiocTHU 3D crpamu ¢
pa3yMHHU M3YMCIUTENHU YCUJIMS, MOAXOIALIN 3a MPAKTUYECKH HHXKEHEpHU Ienu. B To3u
MaTepuai, ChbIJIacHO ChABPKAHUETO HA MPOTPaMHUS MPOAYKT, BHUMAHHETO € (POKyCcUpaHo
€MHCTBEHO U CaMO BHPXY INI00ATHOTO pearupaHe Ha 3uJaHUTEe Crpajau, KOeTO MpeArosara, ye
MPAaBUJIHUTE BPB3KH MPEAOTBPATSIBAT AKTUBHPAHETO HA JIOKATHU PEKMMU Ha TMOBpEIa,
CBBbpP3aHM IJ1aBHO C PeaklMsITa HAa CTEHUTE U3BbH paBHMHATA. B paMKuTe Ha TO3M KOHTEKCT,
riobamHaTa CEeM3MHUYHA PEAaKIUs € CTPOro CBBp3aHa KaKTO C KalaluTeTa Ha CTEHUTE B
paBHUHATa, Taka U C ePEeKTUTe Ha BPb3KaTa U MPEXBBPISHETO HA TOBAp, AbJDKAILM CE HA
nuadparMeHOTO MOBEACHNE Ha KOHCTPYKIIMTH Ha 1moja U nmokpusa. [1{o ce oTHacs 10 meToauTe
3a aHalIM3 Ha CEUM3MHUYHATa OIEHKa, Mpe3 IMOCIEAHUTE [ECeTHSIETHUS KOHIENIUUTE 3a
3eMeTpeceHHe, JOBEI0Xa JI0 BCE MO-IIMPOKO M3IMOJI3BAHE HA HEIIMHEHHM CTATUYHH aHAIHM3H
(pushover). Kakto e moOpe mM3BeCTHO, T€3W ONPOCTCHH MPOIEAYpH, OasupaHu Ha pushover
analysis [1, 2], BogaT 1o cpaBHeHHME MeXOy crocoOHocTTa 3a (displacement capacity-
KANAUMTHBHO NMpeMecTBAHe) Ha KOHCTPYKUUATA (MACHTHU(PHUIMpPAHA 32 Pa3IMuHU TPaHUYHU
ChCTOSIHUS HA €KCIUIOATAllMOHHUTE XapaKTEpUCTUKN) U ThpceHeTo Ha (displacement demand
—CIOCOOHOCT 32 MpeMecTBaHe) Ha KOHCTPYKIHUATA, KOETO 3aBUCH KAaKTO OT Crpajara, Taka u
OT XapaKTepUCTHKUTE Ha 3eMmerpeceHnero. OmnpenensHeTo Ha  KamaimuTeTa Ha
npemecTBaneTo(displacement capacity) 3a rpaHUYHN TIPENETHU ChCTOSHUS U3MCKBA aHAIN3
U OIeHKa Ha kpuBara: (‘‘pushover’ curve= cuja-nmpemecTBaHe), CIIOCOOHA J1a OIHIIE
IJI0OCTHATA HEeNacTHYHA peakiusi Ha KOHCTPYKUHMATA MNPH XOPU3OHTAIHHU CEU3MHYHU
HATOBApBaHWs M Jia TMPEIOCTaBHM OCHOBHAa HH(pOpMamus 3a HIeaM3WpaHe HAa HEHHOTO
MOBE/ICHWE 10 OTHOIIEHHE Ha KOpaBWHA, Io0ajiHa 3[ApaBHHA W TPAaHUYEH KamaluTeT Ha
npemectBane. Ta3u KpuBa ce MoJy4YaBa 4Ype3 HeJIHHeeH HHKPEMEHTAJIEH CTATHYeH
(pushover) ananau3s, T.e. ype3 MojyiaraHe Ha KOHCTPYKIIUATA, UACATU3UpaHa Ype3 aJeKBaTeH
CTaTHYECKH MOJEJN, Ha CTaTHYECKO MO XapakTep IMOCTOSIHHO HapacTBAIll0 HATOBapBaHE
(cuMynupamo Ceu3MUYHUTE HWHEPLUUOHHM CHJIM), KaTo MO TO3W HA4YMH MOJy4yaBame
yBeIU4eHHUE Ha 00I11aTa XOPU30HTAIIHA CHJIA U/WIIM IPEMECTBAHUSI, C Bb3MOXKHO a0ieiTBaHe Ha
pa3npeaeneHueTo Ha CHlaTa, KOeTo Kato npoiec Hapuuame: (adaptive pushover=agantuBen
pushover). Cpen Bb3MOXHUTE CTPATETHH 33 MOJEIHMpaHe, MPEJIOKCHU B JHTEpaTypara u
CHOTBETHUTE MTPABUJIHULIY 32 IPOEKTUPAHE, Ta3H paboTa e PoKycupaHa BbpXy €KBUBaJICHTHATA
cTparerus 3a paMkoBo Mojenupane [3, 4]. CbriaacHO TO3M MOJXOJ BCSAKA YCTONYMBA 3Uj1aHA
CTEHAa € To/Ipa3/ielieHa Ha Habop om dedhopmupyemu 3u0anu nareau(@ppacmernmu), B KOUTO ca
KOHIIEHTpUpaHu jAedopmanusaTa ¥ HEIMHEWHATa PEeaKIus, KaKTO U KOpasu yYdacmu, KOUmo
cevpzeam Oegopmupyemume. To3U MOAXOMA, KOWTO CHILO C€ Mpeajara B HAKOU CEU3MHYHU
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MPABWIIHUIM [5, 6], N3UCKBa OrpaHUYCH OpOil CTETNIeHH Ha CBOOOA, C Pa3yMHH H3YHCIUTEIIHU
YCWJIMS, TO3BOJISBAIM AHAIM3 HA CIOXHM TpunmsdMepHu moxaenun Ha URM koHcTpykuumm,
NOJIyYeHU 4pe3 Crio0siBaHEe HAa CTEHH W IMOJ0BE, aHAIM3UPAHU TJIABHO OT IJIEJHA TOYKa Ha
TAXHATa KOCT U KOpaBUHA B paBHUHATa UM. OCBEH TOBA UACAIU3UPAHETO KATO EKBUBAJICHTHA
pamKa, JIECHO I03BOJISIBA J]a Ce BbBEIAT U JPYTU CTPYKTYPHH €JIEMEHTH, KaTO CTOMaHOOETOHHHU
rpeau Wi KojoHu. [lo To3u HaumH, H3riexna 0ocoOEHO I'bBKAaBO Ja C€ MOEIUpPAT ChIIO0
CMECEHM CTE€HU U MOJ0BE, IVIABHO 10 OTHOLIEHHWE HAa TEXHUS IPUHOC B CHJIaTa M KOpAaBUHATa B
paBHMHaTa. Pa3BuTHeTro Ha mpouenypara, NpUeTa 3a BHEAPSIBAHE B €KBUBAJICHTHHS PaMKOB
Mozaen Ha kommtorbpHara nporpama TREMURI, cnensa cnegnara xponosnorus: TREMURI
I'bPBOHAYANIHO € pa3pabdOTeH M IOCTENEHHO YCHhBBbPUICHCTBAH B YHHUBepcutera B ['eHya,
3anouBaiiku ot 2001 1. [7, 8], a BOCIEACTBHE CHILO € BHEAPEH B THProBekus copryep 3Muri
[9]. TTo oTHOIMIEHNE HA (HOPMYIMPOBKUTE HA KOHCTPYKTUBHUTE €JIEMEHTH (KaKTO 3U/IaHU, TaKa U
CTOMaHOOETOHHH ) BHUMAHHUETO € HACOUCHO ETMHCTBEHO KbM HEJIMHEEH MPBTOB MOZIEI, B paMKaTa
Ha KOHCTPYKIMATA, MACATU3MPAH ¢ KOHIEHTPHPAHA IVIACTHYHOCT B I0OBEICHUETO MY.

2. EKBHBaJIeHTHA paMKa 3a MoJieJIHPaHe HA CTeH! B HEAPMHUPAHM 3UIAHN KOHCTPYKIIUH

Crpateruute 3a MOJeIMpaHe Ha KOHCTPYKTHUBHHUTE €IEMEHTH OOMKHOBEHO ce 0a3upar Ha
UJICHTU(PUIIMPAHETO HA MAKPOCKOITUYHU CTPYKTYPHH €JIEMEHTH, Ac(UHUPAHN OT TeOMETpUYHA
¥ KMHEMaTH4YHA TJIEJIHA TOYKa 4pe3 KpailHu eneMeHTH (KOpaBo TsUIO, YepyIKa WA paMKa) U
OTMCAHU OT CTaTHYeCcKa TJIeJHA TOYKA Ype3 TEXHUTE BbTPENTHU 0000meHn crin. B obmactra
HA MOJICJIUTE HA KOHCTPYKTHBHHUTE €JIEMEHTH, T.H. ,,eKBHBAJICHTHA paMKa‘“ € Hal-ITUPOKO
pasnpoctpaHeHa. Tsi  pasriexnaa CTEHHTE KAaro HICAIM3MpaHa paMKa, B  KOSTO
nedopMuUpyeMuTe eleMeHTH (KBAETO € KOHIIGHTpHpaHa HETWHEWHATa peakius), CBbpP3BaT
KOpaBHd BB3IM (YacTH OT CTEHATa, KOMUTO OOMKHOBEHO HE ca TOJIOKEHH Ha TOBPENIa).
@Dokycupaiiku ce BBPXYy peaklusITa B PaBHHHATA HA CJIOXKHU 3HMJAHU CTCHH C OTBOpPH, ca
UJICHTU(QUIIMPAHA JBa OCHOBHHM CTPYKTYPHH KOMIIOHEHTA: CTBHJIOOBE(BEpTHKATHA TyXJICHA
UBUIA MEXKAY OTBOPUTE 32 MPO30PLHK) U OPIOCTYHTH(XOPU30HTATHA TYXJICHA MEXIyeTaxxHa
UBUIA MEXIY MPO30PIHUTE OT Pa3lIMYHU eTaxkn). Ta3u ujeanusanus ce U3BBPIIBA B MpoIeca
Ha 36METPECEHHETO, KOETO MOKa3Ba, 4¢ OOMKHOBEHO NMYKHATHHU M PEKMMHU Ha TIOBpeda ca
KOHIICHTpUPAHU B TakuBa eieMeHTH (ur. 1).

P T e p——

| z n!‘- i

a)

®@urypa 1. [Ipumepu 3a MOJIeTTM HA paBHUHHK Pa3pyIICHUS B Crpajia ¢ KOHIIEHTpaIKs Ha
MOBpE/IM B KOJIOHU U OprocTyHru(cnanapenu), (mpumepu ot L’Aquila 2009 - BisiBo u B
LIEHTBpA - U 3eMeTpecenust B Emunus 2012 - BasicHO

KoJionnTe mpeacTaBisiBaT OCHOBHUTE BEPTUKAIHH, CHIIPOTUBIISABAIIN CE€ HA BHHIIHUTE
BB3/ICUCTBUSL €JIEMEHTH, HOCEIIM KAKTO BEPTUKAIHHM, TaKa M XOPU3OHTAIHU TOBAPH;
OPIOCTYHI'MTE ca MpeAHA3HAUYCHU Ja ObaT OHE3W YacTH OT CTEHU MEXJy JIBa BEPTHUKAIHO
MOJPAaBHEHU OTBOPA, U MPEJCTABISABAT BTOPUYHH XOPU30HTAJIHH €JIeMEHTH (JJOKOJIKOTO Ce
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OTHAcCs 0 BEPTUKATHUTE TOBapH), KOUTO MMOEMAT peaklusTa B Cydail Ha CTpaHUYHU TOBapH,
MEXIy CbCcemHUTE CThIOOBe. TpsOBa nma ce kaxke, 4e Makap W ‘‘BTOPUYHH CIIEMEHTH ,
OpIOCTYHTHTE OKa3BaT 3HAYUTEIIHO BIUSHUE BBHPXY TPAHUYHHUTE YCIOBUSI(ITOBEACHHME) Ha
CTBJIOOBETE (KaTO MO3BOJISBAT UM OTPaHMYaBaT KPaHUTE POTALIMN) ChC 3HAYUTEIHO BIUSHUE
BbPXY CTpPaHUYHHS KamaluTeT Ha creHata. Dur. 2 mokas3Ba cxema, Lelidlla Ja MpelIcTaBu
U7eau3upaHeTo Ha CTEHAa C OTBOPH KaTo cOOp OT KOHCTPYKTUBHU eneMeHTH. [1o-koHkpeTHo,
U7caTu3UPaHETO HA MOJIENA ,,CUITHH Tpeau-ciadu komonu (SSWP Ha ¢wur. 2) ce ocHOBaBa Ha
MPEOJIOKEHNUETO, Ye CThJA00BETe MbPBO Ce MYKAT, KaTo 110 TO3U HAUHH Ce MPEA0TBPaTIBAT
noBpeJaTa Ha OPIOCTYHTHTE, KOUTO CJIEJ] TOBA MOTAaT Jla ce Mmpuemar 3a 0e3KpailHO KOpaBU
YacTH, TapaHTUPALIN Mep(HEKTHO ChbETUHEHUETO MEXTY CThIOOBETE.

SIMPLIFIED MODELS

SSWP WSSP

I uj
[T T« -

a) (] Rigidpotions  [[]] Pier B spandrel 6)

EQUIVALENT
FRAME MODEL
|

—

®urypa 2. Uneanusauus Ha creHata Ha URM
CIIOpEZ OIPOCTCHU U EKBUBAJIEHTHU MOJIEIH HA PAMKH

ToBa kopecnoHIupa ¢ MPUEMaHETO Ha TPAHUYHO YCJIOBHE 3a (PMKCUPAHO 3aBbPTAHE B B
JIBaTa Kpast Ha CTHJIOOBETE U € U3BECTHO B Ta3u (PUI0CO(Hs, OIIIe KATO ,,eTa’KeH MeXaHU3bM*
[10]. B cyuyaii Ha ,,cniabu rpeau(OprocTyHTH) - cuimHu KosioHu ™ (WSSP nHa ¢wur. 2), xunore3ara
KaKTO 32 HyJIeBa SIKOCT, TaKa U 3a HyJieBa KOpaBUHA Ha OPIOCTYHTHUTE ce IpueMa, ciiesl KOEeTOo
ce Mpuema, 4e KOJOHUTE ca HECBbpP3aHU (TOBa ChOTBETCTBA Ha KOH30JIHATA WJCAJIU3AIIMS).
CrpyBa cu obaue na ce oTOenexH, 4e B MOBEYETO CIy4yau € MPABHIIHO Ja ce Tpueme, de
XOPU30HTAJIHUTE MPEMECTBAHUS HA BEPTUKAIHUTE KOHCTPYKTHBHHU €JIEMEHTU Ca CBBP3aHU
[IOHE Ha HUBATa Ha 0J1a OT HAIMYMETO Ha XOpU30HTANHU auadpparmu. 1 nata mogena SSWP
n WSSP ca npennoxxenu B npenopbkutre Ha FEMA [11,12], a monensT SSWP e B choTBETCTBHE
¢ merona POR [13], koiiTo no ronsima creneH e npuer B Wranus ciieq 3eMeTpeceHuero B
Npnunus npe3 1980 r. [14]. B utanuanckus crpoutesneH koaeke [6] xunore3ata Ha WSSP ce
nprema 3a Hal-pocTaTa TeXHUKA 3a MoierpaHe (KOH30IHU MOJIENN ), JOKAaTO XUITOTe3aTa Ha
SSWP (eraxkeH MexaHH3bM) BeU€ HE € pa3pericHa 3a OlleHKa Ha MHOTOETaXHU 3UaHU CTPaJIH.

Crnen kato upeanusupa 3HMJaHaTa CTEHA KaTO CBhBKYHNHOCT OT CTPYKTYpHHU EJIEMEHTH,
HAJEXKIHOTO MPOTHO3UPAHE Ha IJIOCTHOTO W IMOBEJEHUE 3aBHCH IJIaBHO OT IPABUIHOTO
IPEJICTaBsHE HA XapaKTEPUCTUKUTE HA BCEKU OTAENIEH KOHCTPYKTUBEH €J1eMeHT. B To3u Mmozern,
BHUMAaHHUETO € ChbCPEOTOUYEHO CAMO BbPXY HEJIMHEMHUSA IPHTOB MOJIEIT U HI€aIU3alusaTa My C
KOHIIGHTpUpaHa B Kpauliata My IJIaCTUYHOCT. B TO3M KOHTEKCT B JIUTEparypaTa MOrar ja ce
HaMepAT HIKOJIKO mpuioxeHus. Hsikoum oT Tax ce ¢dokycupaT BbpXy (QOpMyIUpaHETO Ha
HEJIMHEWHU NPBTOBU €IEMEHTH - Tpeau [16] wim nmporpamu, criendaaHO OPUEHTHPAHU KbM
aHanm3a Ha 3ugaHu crpagu [17, 18]. JIpyru ce ocHOBaBaT Ha W3MOJ3BAaHETO Ha COMTyepHHU
nmakeTu ¢ o010 npeaHazHauenue [19-22].

[To-HaTaThbKk BHUMaHUETO HU € (POKYCHUPAHO BHPXY pEUICHHsTA, MPUETH B Iporpamara
TREMURI, pa3paborena B YHuBepcutera B ['eHya [7], kaTo ce 3amo4yre oT GopMyIUpPaAHETO
Ha MO-yChBBPIICHCTBAH HEJIMHEEH MOJIEN Ha MakpoelneMeHTH [23-26]. Crnen ToBa € BbBeAEHA
M0-OTIPOCTEHA HeNMHEeiHa (GopMyTupoBKa, MOJ00HA Ha Ta3M, mpepiokeHa B [17], HacoueHa
[JIaBHO KbM LIEJIUTE HAa MH)KEHEpHAaTa MpaKkTHUKa U 3a U3BbpIIBaHe Ha pushover ananus (ToBa ce
npusara 1 B TbproBCKOTO M3/1aHKMe Ha rporpamarta, 3Muri [9]).
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3. Uneanu3anus HA 3M/1aHATA CTEHA B eKBUBAJIEHTEH MO/Ie]1 HA paMKa

[TbpBaTa CTBIKAa 3a MOJENUpaHE Ha 3WJAaHATAa CTEHa KaTo CKBHBAJCHTHA paMKa €
UICHTU(PHUIUPAHETO HA OCHOBHHUTE CTPYKTYPHU KOMIIOHEHTH, IIPEABAPUTEITHO BbBEICHU KaTO
CTBJIOOBE U OPIOCTYHTH. 32 UICHTU(PHUITUPAHE HA TEOMETPHUATA Ha EIEMEHTUTE Ha CTHJIOOBETE
U OPIOCTYHTHTE B JIUTEpATypaTa 4ecTo ce MprueMaT KOHBEHIIMOHAIHU KPUTEPUH, MTOJAKPETICHU
OT TIPOYYBAaHETO Ha TOBPEAUTE CJEJ 3EMETPECEHUS W CKCIIEPUMEHTAIHU IPOTPaMHu.
HesaBucumo OT Tope HM3I0KEHOTO JOTYK, 3a Ja C€ OMpeNeisaT MO - CTPOTU KPUTEPHH,
CHCTEMaTHUYeH: IIU(PPOB WIH €KCIIEPUMEHAJICH TECT, JOCera HUKOTa He € M3BbPIIBaH. Brpekn
TOBa, WACHTU(UIIUPAHETO HA 3UJAHU CTHIOOBE W OPIOCTYHTHM MOXXE Ja JIOBEAE O J0CTa
TPUBHAJIHA W JICCHO 3a aBTOMATHU3MpaHE CIy4ad, HampuMmep: Ha rneppopHpaHH CTEHU C
PETYILIPHO pa3lpencieHd OTBOPHU; U IO-TPYAHO M HESICHO, IIPU HEPEryISAPHO IMOAPENECHU
otBopH (¢ur. 3). [To-moy ca pa3rieaHu HIKOH OT T€3U Bb3MOXKHH KPUTCPUH.

B)
®urypa 3. [Ipumepu 3a acaau ¢ perysIpHO U HEPETYISIPHO Pa3NpeaeICHH OTBOPH

OONKHOBEHO KPUTEPUHUTE 3a ONpEIeNsiHE Ha BHCOYMHATA HAa 3HMJAHUTE CTHIOOBE ce
orpenenar Karo (GyHKIHMS Ha Ta3W HAa chCelHUTE OTBOpU. OOMKHOBEHO € MPHET KpUTEepHil,
KOWTO KOHBEHI[MOHAIHO ITpHeMa MakcuMaleH HakioH oT 30° Ha MyKHATUHHTE, 3aMOYBall OT
OTBApSLIUTE CE BIIH, KOHNTO IMOCTOSIHHO OCHUTypsBa YBEJIMYEHA BUCOUMHA 3a BBHHIIHUTE
cThiboBe. ToBa € W IbpBOHAUATHATA XHUIOTE3a, MpeiokeHa B [27] 3a ompenensiHeTO Ha
€KBMBAJICHTHATA BUCOUYMHA HA 3UIaHUTE TTAHEIN B MOJIEIIH, 0a3UpaHy Ha €TaKHUSI MEXaHU3bM.
B [28] ce npennara na ce onpenenyd KaTo BUCOYMHATA, HAJl KOSITO € BEPOSITHO Ja CE€ pa3BUE
HATUCHAT IPBT M0 Bb3MOKHO Hal-CTPbMHHUS BI'bJI (T.€. aKO MPUEMeM, Ye MyKHAaTUHUTE MOTaT
Jla ce pa3sBHUAT MIIM XOPU30HTAIHO, Wik Ha 45°). B ciyuaii Ha chluecTByBaIM Crpajiu, Tpa6Ba
J1a ce B3eMe MPEABU/ MOJIETbT Ha ChIIECTBYBAILIMTE TYKHATUHH, 32 Ja C€ ONPEAETU MPaBUITHO
reoMeTpHsTa Ha OPIOCTYHTUTE U CThJIOOBETE.

[To-nonmy ca 06CheHN HAKOU KPUTEPUU, KOUTO MOTAT JIECHO Jia ObJaT aBTOMaTU3HPAHU
(v BchUIHOCT Beue BHeapeHH B codryepa 3Muri). dur. 4 000011aBa OCHOBHUTE CTBIKU OT
npoueaypara 3a ujacalu3upaHe Ha paMKaTa ¢ PeryJsipHO U3IIBIHEHU OTBOPU BbPXY 3UAaHATA
CTeHA: OT UACHTU(HUIIMPAHETO HA OPIOCTYHTU U CTHI0OBE (CTHIKH 1 U 2) 10 Ta3u Ha BB3IUTE
(ctenka 3). Enementure Ha OproctyHrHTe (CThIKa 1) ce neduHHpaT BH3 OCHOBA Ha
BEPTUKAIHOTO IOJpAaBHABAHE U MPUIIOKPUBAHE HA OTBOPUTE: IBJDKMHATA U BHUCOUMHATA CE
pUeMaT PaBHHU Ha CbOTBETHO PA3CTOSHUETO U IMIMpUHATA (B CIIy4ail Ha ITBJIHO MOAPaBHSABAHE)
Ha CbhCeAHMUTE OTBOpU. EneMeHTHTE Ha cTHIIOA (CTHIKA 2) C€ OMPEAETAT, KaTO Ce 3all0YHe OT
BHCOUYMHATA HAa ChCEIHUTE OTBOPU: KOTaTO MOCJIEIHUTE ca MEePPEKTHO MOJAPaBHEHU, KAKTO €
CJIy4asiT C BBTPEIIHUA CTHJI0, TOKa3aH Ha ¢ur. 4. ToraBa ce nmpuema, ye BUCOYMHATA € paBHA
Ha Ta3u Ha OTBOPUTE.

[Ipu ompenensHe BHCOYMHATa Ha BBHIIHUTE CTHJIOOBE TpsAOBa Ja ce MMa INPEIBUL
BB3MOKHOTO Pa3BUTHE HA HAKJIOHEHU MMYKHATUHU OT BIVIUTE Ha OTBOpaA (KM/WiIH OT phOOBETE Ha
nperpaaHara crena). Karo Bb3M0OXHO NPUOIMKEHH KPUTEPHH MOKE JIa c€ TIPUEME, Y€ € paBHA
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Ha BUCOYMHATA HA ChCEIHUS OTBOP MJIM KAaTO CPEAHATA CTOMHOCT HAa MEXTyeTaKHATa BUCOUMHA
U BUCOYMHATa Ha OTBOpa. ['eomMeTpusiTa Ha KOpaBUTE BB3NIU (CTHIKA 3) U3NU3a AUPEKTHO OT
IpeBapuUTENHO AePUHUPAHUTE €JIEMEHTH, KOUTO Ca CBBP3aHU C TAX.

Step 1- Identification of spandrels Step 2- Mentification of piers Step 3~ Identification of nodes Eguivalent frame

L] > == [ |
“d : =% .
T B |

-
8
-
|

®urypa 4. [Ipumep 3a eKBUBaJICHTHA HI€AIU3ALMS UPE3 paMKa
B CJIy4al Ha PETyJIIPHO PA3NPEAECICHA OTBOPH.

3a ;ma 3aBBpIIM HIICATM3aUATa Ha paMKa 3a IpslaTa CTeHa, Ce M3BBPIIBA M3UYHCICHUE
OTJEIIHO 3@ BCEKU €TaXX W BCsKa cTeHa. Hamuumero Ha Ipyru CTPyKTYpHHU €IIEMEHTH, KaTo
nperpaau M Cr.0eT. Tpenu-o0Terayd, MoraT Ja TOBJIHSSAT Ha e(eKTHBHATa BHCOYMHA HA
3UJaHUTe CThIOOBEe. B ciywaili Ha He-meppeKTHO MOApPaBHEHW OTBOPH, 33 BBH3MOXKCH
KOHBECHIIMOHAJICH HM300p ce CYHWTa MPHEMaHeTO Ha CpeaHa CTOMHOCT 3a BHCOYMHATA Ha
OpIOCTYHTHTE, KaTo (PYHKILHMs Ha MPUIIOKPUBAIIATA CE YacT MEXIY OTBOPUTE HA JBETE HHUBA
(¢ur. 5); xkoraTo JUIICBA MPUIIOKPUBAHE WJIM HM300II0 JIMIICBA OTBOPHT, H3IJIEKIA IIO-
MOJIXOIAIIO Ja ¢ IPUEeMe YacTTa OT 3UJIapHsTa KaTo Kopasa 30Ha (dur. 5).

B 7 Equivalem Frame [deatnanon

l | |
ol B

(o33
11

-
I |
jn

®@urypa 5. [Ipumep 3a eKBUBaJIEHTHA
UJean3alys Ha paMKa B Cllydaid Ha

HEPaBHOMEPHO pa3Ipe/IeIeHH OTBOPH.

@urypa 6. Cxema Ha UJI€ATU3UPAHETO HA
peaknusTa Ha 3UJJaHHs CTHIO Ype3 mpueMaHe
Ha OMPOCTEHU KPUTEPHUH 3a SIKOCT, Oa3upaHu Ha

MMPUIIOKCHATA aKCUAaJIHA CUJIa HA HATUCK

4. MoaenupaHe Ha KOHCTPYKTHBHHU eJIeMeHTH

Crnen xaTo ce uacaau3upa 3WJaHaTa CTEHAa B CHBKYITHOCT OT CTPYKTYpHH €JIEMEHTH,
HAaACKIHOTO MPOTHO3UPAHC Ha ISIJIOCTHOTO 7| MOBCACHUC 3aBHUCH TJIaABHO OT IIpaBUJIHATA
UHTEpIpETans Ha peakiusITa Ha CAMHUYHHS €JEMEHT. BBh3MOKHOCTTA 32 MOJEIUpaHe Ha
HeJIMHEeHA PpCaKklrd Ha KOHCTPYKTUBHU CIICMCHTH, pa3JIMUYHU OT 3UAAaHU, KaTO CTOMaHO6eTOH
(r.c.), CTOMaHGHM WM JIBPBEHU TPEau, € OCOOEHO ToJie3Ha 3a aHajiu3a Ha HOBH H
chIllecTBYBaIu crpaau. Karo mpumep, oT Hauanoto Ha XX BEK, pa3NpOCTPaHEHUETO Ha T.C.
TEXHOJIOTUSITA € TPHUYMHHWIA PAXKITAHETO HA CMECEHH KOHCTPYKTHBHH, BIBXHOBEHH OT
MPAKTUYECKH aCIIeKTH U MO-BHCOKA apXUTEKTypHA CBOOOA: (a) Crpaju ChC 3UJAHU CTCHH I10
nepudepusAT Ha Crpajara U BbTPEUIHU PaMKOBH paMKH); (0) CMECEHU Crpaju, MOJTyuYeHU B
pe3yjTar Ha HHTEPBEHLUMH, HU3BBPIICHU BBbPXY CBHIICCTBYBAIIM 3UAAHU KOHCTPYKLHUH
(HampuMep TOIMsSHA Ha BBTPENIHU 3UAAHM CTEHHW CbC CT.0€T paMKu; B) CT.O0€T. CTCHH,
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BMBKHATU 3a HOCCIINU KOHprKI_II/II/I Ha acaHCBOpI/I n CT’[:J'IGI/IH_Ia, JOIIBJIHUTCIIHU CTaXXU,
HaIlpaBEHU OT CT.0€T. KOHCTPYKIHS ). BChITHOCT Te3u CTPYKTYpHH MOIU(DHUKAIIMNA MOTAT J1a Ce
6’[:,Z[aT HpI/I‘-II/IHa 3a IMOTCHOUAJIHO CHUJIHO YBCJII/I‘ICHI/IC Ha CCU3MHWYHATa YHSBHMOCT, KaKTO €
00chaeHo B [29]. Bernpeku HIKOM HEM30SKHHM MPUOIMIKEHUS Ha IEHCTBUTEITHOTO TTOBEACHUE
(HampuMep CBBbP3aHMU C MEXAaHUYHOTO OMHMCAHNE Ha MEXaHU3MHTE 32 MOBPEa U pa3ceiiBaHe),
Ta3| ONMpocTeHa GOopMyIMPOBKa MpeIoiara CjaeJHUTE OCHOBHU MPEANMCTBA!

e [lo3BonsiBa W3BBPIIBAHETO HA HEJIWHEWHW CTAaTUYHH aHAJIU3M C pa3yMHU
NU3YUCIINTCIIHU yCI/I.HI/IH, ImoAXoaA1Iu U B I/IH)I(eHepHaTa HpaKTI/IKa;

e Toii ce ocHOBaBa Ha MaJIKO MEXaHUYHU MTapaMeTpH, KOUTO MoraT Jia ObaaT ChBCEM
pocTo AeUHUPAHU U CBBP3aHU C PE3YJITATUTE OT CTAHIAPTHUTE TECTOBE:

e OcgeH ToBa TpsiOBa Aa ce moaueprae, ye Ta3u HOpPMyJIHPOBKA € B CbOTBETCTBHE C
MPENOPBHKUTE, BKIKOYEHN B HSAKOJIKO CeM3MUYHU npaBuiHuka[30,31,6], Thi KaTO
KPUTEPUUTE 3a SKOCT, NePUHUPAHU KAKTO 33 PSIKUMUTE HA OTbBaHE, TaKa U MPH
Cps3BaHe, MoraT JIECHO Ja ObJaT MPUIOKEHW W TIPUETH, 3a Ja CE OIpeAciu
CTpaHI/I‘-IHaTa AKOCT Ha paBJII/I‘IHI/ITe KOHCprKTI/IBHI/I CIICMCHTU.

4.1. EneMmeHTH HA 3W/1apusiTa

HabmoienneTo Ha ceM3MUYHM MTOBPEAM Ha CII0KHU 3UAAHU CTEHU, KAKTO U JIAOOpaTOpHU
EKCIIEpUMEHTAJIHU TECTOBE, MOKa3BaT, Y€ 3UJAHUSAT TaHEN, MOJUIOKEH Ha HATOBApBAaHE B
paBHUHATA, MOXKE Ja MOKa)ke /1Ba TUMMYHU BUJa HA TIOBEJICHUE: TIOBEICHUE HAa OT'bBaHE, KOETO
MOe Ja OBbJe CBBbP3aHO C MOJEN Ha pa3pyllIaBaHe MPHU ThpKalsHe (MMaHeTbT 3alovBa Jia ce
IBbPKU KAaTO MOYTH KOPaBO TSJIO, BBPTSIIO CE OKOJIO MPBCT HAa pbKaTa HM) U CMadyKBaHE
(MaHeTbT MOCTETMEHHO CE€ XapaKTepu3Hpa C IIUPOKO Pa3MpOCTPAHEH MOJET Ha MOBPEIH, C
BEPTUKAIHU IMyKHATUHU, OPUEHTUPAHU KbM HATOBAPEHHUTE HAa HATHCK BIJIM); NOBEJIECHUE Ha
Cpsi3BaHe, KOETO MOKe Ja OBbJIe CBhP3aHO ¢ PSKUMHUTE Ha TIOBpPE/a Ha TUATOHATHO HAITyKBaHE
(maHeabT OOMKHOBEHO pa3BHBa MyKHATHHU B LIEHTHPA CH, KOUTO CJIE] Pa3IPOCTPAHEHUETO KbM
BIINTE) U CpsI3BaHE IPHU IUTb3raHe (MOBpeAaTa ce MOCTUTa 4Ype3 MIb3raHe Mo XOPU30HTAlIHA
¢dyra Ha paBHUHaTa) Bbrpeku tazu knacudukays € 04eBUIHO, Ye ca Bh3MOXKHH H JIPYTH JOCTa
YecTO CpellaHH CMECEHH pPEeKUMHU. BCBIIHOCT cu CcTpyBa Ja ce oTOenexu, ue Ta3u
kiIacudukanus 0OMKHOBEHO ce OTHACS MO Mojpa30upaHe KbM THMA Ha CThiOa. BeburHocT,
JOKaTo TMpe3 TOCIEAHUTE JeceTHWIeTus OsXa TMPOBEIeHH MHOI0 EKCIepUMEHTAIHU
W3CIIC/IBAHMSI, CBHP3aHU C TOBEIEHUETO Ha CTHIOOBETE, TECTOBETEC BBPXY OPIOCTYHTHTE ca
MHOTO OTPaHMYE€HM W U3BBPIIEHUW HeoTnaBHa [32-35]. B pombiHeHue, 3aciykaBa Ja ce
oTOeNeXKH, Y€ Mopaay MPUIaraHeTo Ha XOPU3OHTAIHA MOJENU Ha HaTOBapBaHe, LETSIIH J1a
CUMYJUpPAT CEM3MUYHM BB3JCHCTBUS, NEHCTBAILIOTO aKCHAIHO HATOBapBaHE C€ MPOMEHS OT
I'bPBOHAYAITHATA CTOMHOCT B pe3yJITaT Ha BEPTUKAIHUTE MBPTBU TOBAPH; OCBEH TOBA, MOPAIN
(dbeHOMEeHHU Ha mpepasnpesiesieHue, CBbP3aHU C HallPEIBAHETO Ha HEJIMHEHHUSI OTTOBOpP, MOTaT
Jla Bb3HUKHAT JOMBIHUTEIHN Bapualyu. B pe3yiTaT Ha TOBa € 0Y4E€BH/HO KaK ChIIO TaKa
CTOHHOCTTA HA CHOTBETHATA SIKOCT HA CPsi3BaHe BapUpPa BbB BCEKM MAaHeJI 110 BpeMe Ha
HeJIMHEIHUA cTaTHYecKu aHaau3. Crel ToBa OTKa3bT HA MaHeNla OOMKHOBEHO ce AepuHUpa
ype3 AehUHUNMITA HA MaKCUMaaHO OTkioHeHue (du) BB3 OCHOBAa Ha MpeoOiagaBamius
MEXaHHU3bM Ha OTKa3, HACTHIIHII B MaHeNa (HallpuMep, KaKTO € MPEUI0KEeH B HAIIMOHAITHUTE U
MEXIYHApoaHU TpaBuiaHu1m|[S5,6,31,30]). dur. 6 cxemMaTH4YHO IMOKa3Ba TOPECIIOMEHATHUTE
npooIeMH.

4.1.1. MoaesmpaHe HAa 3U1aHHU CTHJ0OBe H OPIOCTYHIH

[TanenuTe 3a 3unapus (CTHIOOBE M OPIOCTYHTH) ca MOJIETTUPaHH KaTo 2D eneMeHTH upe3
npreMaHe Ha OWIMHEHHa Bpb3Ka C TpaHHIlA Ha SKOCT (0e3 BKOpaBsiBaHE) M HaMajsBaHE Ha
KOpaBUHATAa B HeJIMHEIHATa (a3a (3a HEMOHOTOHHO JelicTBue). KuHemMaTnyHuTe NpoOMEHINBU
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U 0000IIeHUTE CWIM, TIpenHa3HayeHu na ormmmar 2D ememenTa, ca 0600menu Ha Qur. 6.
BaxxHo € /1a ce moueprae, 4e HaTOBApBaHMATA CE MPUJIaraT caMo BbPXY BB3JIH, KaTo O TO3U
HAYMH TI0 €JIEMEHTa He JCWCTBAaT HaToBapBaHUsS. [IbpBOHAYANHUAT €IACTUYCH KIIOH Ce
oTpeieIis MPSIKO OT AKOCTTa Ha CPSA3BaHE W OT'bBaHEe, M3YHMCIICHA Ha 0a3aTa Ha TEOMETPHYHUTE
¥ MEXaHWYHM CBOMCTBa Ha maHesna, 0000IIeHn B MaTpulaTa Ha KopaBuHa (Ke, B kBagpaTHH
CKOOM), KaKTO CJIe/IBa:

12E by 0 GEy 12En GEn
Vv h'(1ew & K (149 . (14w U
0 e 0 0 £
N; h h 9 W
&f Iy En 44 GEly Hni2
(1) M_. Kils9 0 hil+y he[1 9 0 TLED L)
74 12EIn 0 SEln 12 Jy 0 6E u;
V; W ilsg (1 h(1 K19
Ny Wi
J 0 B2 0 0 = 0 K,
'\'1.' 6EMn 0 Hy2 v GEn 0 Hnid: |
(19 All+9 h (149 M1+

KBETO Koe@HIMEeHTHT ¥ ce m3unciusBa kato 1.2E1%/(Gh?); E u G ca chOoTBEeTHO MOAY/IM Ha
Yong u cpsizBane; A U J ca ChOTBETHO HANPEYHOTO CEYCHHWE M MOMEHTHT Ha MHEPIHS Ha
naHena; 1 u h ca npkMHa M BUCOYMHA Ha TaHena; 1 € KoeUIMEeHT 3a HamalsBaHe Ha
KOpaBHHATA, IENAII Ja OTUeTe YCJIOBHUATAa Ha MaHena ,Hamykanu. Il{o ce oTHacs 10 1
KoepuueHTa, Thii Karo MPOrPECHBHOTO BIIOIIABAHE HA KOpPAaBHHATa BCBHIIHOCT HE €
MOJICTTPAaHO, € HEOOXOAUMO KanuOpupaHe Ha MbPBOHAYAIIHUTE MEXaHWYHU CBoicTBa. [lo
OTHOIIIGHWE Ha Ta3W TOYKAa KOJOBETE M TMpenopbkuTe [5,6] mpemocTaBAT camo Tpyoda
uH(popmansa. OGMKHOBEHO c€ Mpejyiara aa ce mprueMaT HaMaJIeHH CTOWHOCTH Ha CBOWCTBAaTa
Ha eJIaCTUYHA KOpaBUHA: OCBEH aKo HsAMa MOo-MmopoOHa HHPOpMAIHs, IPU KOSATO ce Impejiara
HamasieHue ¢ 50%. B neiicTBUTENHOCT, pe3yATaTUTE OT apaMETPUYHU HEJIMHENHY aHaIU3U Ha
MKE, u3BbpiiieHH OT aBTOPUTE Ha MaHENH, MOJI0KEHH Ha CTAaTUYHO HATOBapBaHE B paBHUHA
C pa3JMYHM HHMBAa Ha AaKCUaJHU HATOBapBaHUsA U cTpouHocT [36,37], moka3Bar, ue
KOe(UIUEHTHT Ha PEAYKIUS 3aBUCH OT ACMCTBALIOTO KOMIIPECHUBHO CHCTOSIHHE (110 CBHIIHS
HAauMH Ha TOBA, NpeiokeHo B [38] 3a rc. enemenTH). Purypa 7 nmokasBa peAyKLHNOHHUS
KoeuIueHT g KaTo (YHKIUS OT HANpPErHaToTO CBhCTOSIHME Ha HATHCK (Oy), KOETO €
HOPMAIM3UPAHO CIPSMO SIKOCTTa Ha HATUCK Ha 3umapusara (fu), 3a 1Be pa3NIWYHU HHUBA Ha
HEJIMHEWHOTO MOBE/ICHNE Ha 3uJapusTa.

o’

®durypa 7. PenykuroneH koeuIIMeHT Ha CBOMCTBATA Ha €JIaCTHYHA KOpaBUHA (KaTo
pesyaTaTtu ot HenuHelHu aHanu3u Ha MKE B [36]).

Torasa npemMecTBaHUATA B KOPaBHs Kpall ce M3I0J3BaT 3a IPEXBbPJISIHE HA CTATUYHU U
KMHCMATUYHU TPOMCHJIIMBU MCIKAY KpaullaTa Ha CICMCHTHUTC U BBIJIMTC. H?)B’pr_HBa Cce
HeJHMHEeWHa Npolleypa 3a KOPEKIHs Ha eTaCTUYHOTO IPOrHO3UpPAHE Bb3 OCHOBA HA CPaBHEHUE
C IpEeAeIHUTE CTOMHOCTH Ha AKOCT. KpaliHata SKOCT Ha CpsI3BaHE U OT'bBAHE C€ UYUCIABA
CH2IIACHO HAKOU ONPOCMEHU Kpumepuu, KOUTO ca B ChOTBETCTBHE C Hail-ueCTO CpeIIlaHHTe,
IpEeIOKEHN B JIMTEparypara W MPaBHIHULOKUTE 3a IIPOrHO3UpAHE Ha SKOCTTa Ha 3UOAAHUS
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naHes, KaTo (YHKIMS Ha Pa3NUYHUTE TOPECIOMEHaTH pexumu Ha nospena[37]. Hackopo
KPUTHUYEH TIperJie]] Ha U3MO0I3BAaHETO U U300pa MEXy Te3H KPUTEPUHU KaTo (PYHKIUS OT THUMA
sumapus Oemie oochaeH B [37]. BepmHuocT, MHOTO Manko crenupudHu GOpMYITUPOBKH ca
MPEIOKEHHU KaKTO B JIUTEpaTypara, Taka U B KOJOBETE, KAKTO HaCKOpo Oerrie 00chieHo B [44].
B mporpamara TREMURI notpebutenar moxe aa n30upa MexIy KpUTEpus 3a SKOCT Ha
orbBaHe, npeziokeH ot Cattari u Lagomarsino [39], ako ucka aa pasriena npunoca Ha Fy, u
KpUTEPUNTE, IPEJIOKEHU B [6]. B mocnennus ciryyail MakcuMainHaTa CTOMHOCT, IPEA0CTaBEHa
OT JIB€ T'OPECHOMEHATH XUIIOTE3W 3a JEHCTBAIlOTO aKCHAJIHO HAaTOBapBaHE, ce NpHEMa 3a
pedepenTHa. Pa3pyiiaBaHeTo Ha aHesa ce MPoBepsiBa Upe3 IpUEMaHe Ha TPAHUYHA CTOMHOCT
3a MPEeMeCTBaHETO (J), U3YUCIICHA KaTo:

(t — ;) (¢ +&)

(2) V= "{’ 7 ] = g’?‘;:l. i

[IpeanonaraemaTa rpaHuYHA CTOMHOCT (Ou) Bapupa B 3aBUCHUMOCT OT IMpeoOiagaBamius
PEXUM Ha TIOBpenia, KOWTO ce MosABsBa B maHena. Cropen HSAKOU MPENOpPbKU, MPEATIOKEHH B
koznoBe [6,30,31], B ciyuait Ha 3unanu cTei0oBe Ha URM, 11 o6ukHOBeHO Bapupa ot 0,4% 10
0,8%; HaucTHHa, B ciay4ail Ha OpIOCTYHTH, IMOCIEIHUTE EKCIIEPUMEHTATHU H3CICIBAHUS
MOKa3axa Karo 110 Mo-rojieMu cToiiHocTu. Cliell KaTo ce CTUTHE J0 pa3pylIeHUE , €1eMEHTHT
ce MPEeBpbBIIIA B IPHTOB €IEMEHT, KaTO TOBA MPEANOJIOKEHUE € OT KbM I[0-CUTypHaTa CTpaHa,
ThI KaToO HE ce B3eMaT MPEIBUJ OCTAThbUHUTE SKOCTH Ha CpsA3BaHE M OrbBaHE, JOKAaTO
aKCHAJIHOTO HATOBapBaHE BCE OILE CBIIECTBYBA, KOETO CE MPOBEPsiBa Jajld HE HAJBUIIABA
aKcuaigHara aKoCT Ny.

4.2. CTOMaHOOECTOHHH €JICMEHTH

HenuueliHn CcTOMaHOOETOHHM €JIEMEHTH, MoJenaupanu karo 2D umm 3D enemeHTH B
ClIly4ail Ha TPeAM WM CHOTBETHO KOJOHM WM CTEHHU, C€ HICAIM3HMpaT, KaTo ce MpueMar
eMacTUIHU-TIepPEKTHO TUTACTUYHY CTaBH, KOHIIEHTPUPAHU B Kpauiiara Ha enemeHTa. M300pbT
Ha TO3U OMPOCTEH MOJIEN Ha KOHIICHTPUPAHA TUIACTUYHOCT B CPABHEHHUE C MO-TOYHUTE, KaTO
MOJIX0/1a Ha pa3IpeielieHara INIaCTUYHOCT: T.H.: (uOpo-BiIakHa, € ONpaBaH OT JKETaHUETO J1a
ce ObIar MOmMycHAaTH, OBJCIIM WM3YMCIWUTEIHU 3aTPyIHEHHs, ChOOpa3eHU C XapaKTepa Ha
MOBE/IeHWE Ha 3WJAaHWTE eJEMEHTH IpPU OYaKBaHO HHUBO Ha TOYHOCT. [IbpBOHAYamHUAT
€IacTUYCH KJIOH, MOJOOHO Ha 3UJAHHUTE EIEMEHTH, Ce OMpeeNs MPSKO OT MPUHOCAa Ha
KOpaBHHA IO OTHOIICHUE HAa CPS3BAHETO W MOBEACHHUETO MPH OTr'bBaHE, KaTo ce MpeHeOperna
TOBa, MpEAJIaraHO OT apMUpoBKara. M3umcisiBa ce MOCPEICTBOM MaTpulla Ha KOpPaBHHA,
aHaJOTMYHA Ha BbhBeJeHaTa B ypaBHeHHE. (1) (¢ HSIKOM HEOOXOAUMHU MOAU(DUKAIIUN B CITydail
Ha 3D enemenTn). HamansBaneTo Ha KOpaBHHA TIOpay SIBJICHUS Ha MyKHATHHH MOXE JIa CE€
B3EeMe€ IMIPEJIBH/I, aHAJIOTUYHO Ha 3UJIaHUTE eIEMEHTH, upe3 Koeuinenra 1 (Hampumep, mpuer,
KaKTO € mpeasoxeHo B [38]), moaabpkaH MOCTOSIHEH 10 BpeMe Ha aHanu3a. Jledekrure mpu
Cpsi3BaHE M HATHUCK/OMBH C€ MPUEMAT KaTo KPEXKO paspylieHue, AOKATO KOMOWMHHPAHUST
aKCHaJIHO-OI'bBAIll MOMEHT, MOJEIIMPAH OT IUIACTUYHU CTAaBU B Kpas Ha €JIEMEHTa, CE CUMTa 3a
OYKTWJIHO paspylieHue. SIKocTra Ha cps3BaHE C€ U3YUCHSABA CBIVIACHO KPUTEPHUUTE,
NpeJIoKeHu B [6, 45], B caydyanTe Ha HUCKO-CPEAHU KJIACOBE HA IJIACTUYHOCT 3a Pa3jiuyHU
TUTIOBE €JIEMEHTH (Ipefa, KOJIoHa U ¢T.0eT.cTeHa). Pasriexnar ce u ABara cirydas Ha Halpe4Ho
CpsI3Balll0 YCWJIBaHE, HAIMYHO WJIM HE; aKO ca HaJHIle, MPUETUTE KPUTEPUU Ha SKOCT Ha
Cpsi3BaHE Ce OCHOBABAT Ha MOJieJla Ha eKBUBAJICHTHA ()epMa,C BapHUpalli HAKJIOHA CH TPHTOBU
enemMeHTH. B ciyuali Ha koMOumHupaHa akcuanHa cwia (N) u orsBanmy MomeHT (M),
B3auMojeiicTBueTo B M-N o0nacTra ce M34ucisBa IPH OOIIMTE XHUIOTE3W 3a. PaBHUHHU
cedeHus; mepdeKTHa BpB3KA MEXKIy OCTOHHM W CTOMAHEHH TMPHTH, TNPABOBI'BIHO
pasnpeiesieHue Ha HalpexKeHHeE.
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4.3. CToMaHeHH M IbPBEHH eJIeMEeHTH

Cpmo Taka morar na ObJaT MOJAEIMpPAHH CTOMAHEHU M JbPBEHHM T'PEIU MM BPB3KU.
[TogoOHO Ha r.C. €IeMEHTH, CTOMAHEHH U TbPBEHHU TPEIH ca UICATU3UPAHH Ype3 IPUEeMaHe Ha
eNIaCTUYHO-NIepEKTHO IUIACTHYHA CTaBa, KOHIGHTPUPAHHM B KpauimaTa Ha eJIeMEHTa.
OueBHIHO KPUTEPUHTE 3a SKOCT, IPHETH KaTO €TaJIOH, ca MOAU(DUIIMPAaHH B CHOTBETCTBHE C
TE3H Pa3IMYHU MaTepUali M MIPOBEPKUTE 3a MAKCHMalHa JAe(OpMallOHHA CIOCOOHOCT HE ca
BKJTIOUCHH.

5. TpuusmepeH Moae

Karo ce 3amoune oT eKBUBaJICHTHOTO MOJIEIIMPAHE Ha paMKa, 0OCHICHO B MPEIXOAHUTE
naparpadu 3a eHa CT€Ha, B Ta3H Iporpama Morar jga 0baat criodeHu 1usuiocTau 3D mozpen.
TpunsmepHoTo monenupane Ha ueind URM crpaau 3amousa OT CIeAHUTE OCHOBHHU XUIIOTE3U:
(a) HocelaTa KOHCTPYKIUS HAa KOHCTPYKIMATA, OTHACAIIA CE KAKTO J10 BEPTUKAIIHU, TaKa U 10
XOPHU30HTAJIHU TOBapH, c€ UACHTU(UIMPA CbC CTEHH M XOPU3O0HTAIHU JuadparMu (IOKpUBH,
MOJI0BE WJIM CBOJOBE); (0) CTEHHWTE ca HOCCIIUTE EJIEeMEHTH, I0KaTo AuadparMure ca
€JIEMEHTUTE, YIPaBJIsBAILM CIOACISHETO Ha XOPU30HTAIHUTE BB3IACHCTBUS MEXAY CTEHUTE;
(B) MOBEIEHUETO HA OI'bBAaHE Ha AMadparMuTe U peakuusTa Ha cTeHaTa U3BbH paBHUHATA HE
ce M3YMCIISIBAT, Thid KATO T€ CE€ CYMTAT 332 HE3HAUUTEIIHU 110 OTHOIIEHUE Ha II100aTHaTa peakius
Ha CTpajara, KosTO Ce YIpaBJIsiBa OT TAXHOTO IMOBEICHUE B paBHUHATA. | TOOATHUAT Cen3MUYCH
OTTOBOp € BB3MOJKEH CaMO aKO BEPTHKAIHHUTE U XOPU3OHTAJIHUTE €JIEMEHTH Ca IPaBHIIHO
CBBp3aHU; TOraBa, ako € HeOOXOIMMO, ,,MECTHUTE " MEXaHW3MHU U3BBH paBHHHATA TPSOBa 1a
ObJaT IPOBEPEHH OTACTHO UPEe3 MOAXOSAIIN aHATUTUIHA METOH.

5.1. 3D Moaeau HA 3MIAHHU CTEHU

3a nma ce chetaBu 3D Mozen, ce neduHupa TiI00aHa IeKapTOBa KOOPAMHATHA CUCTEMA
(X, Y, Z). BeprukanauTte paBHHHM Ha CTEHATa c€ WACHTH(UIIMPAT C KOOPAUHATHTE HA €Ha
TOYKA U bI'bjia, 00pa3yBaH c riodaiHara oc X (¢wur. 8). [To To3u HaUMH cCTEeHUTE MoraT Ja Obaat
MOJICTIMPAaHU KaTO PABHUHHY PAMKH B JIOKATHATa KOOPJAMHATHA CHCTEMA, a BRTPEUTHUTE BH3IIH
BCE OIIe MoraT Ja 0baat AByu3MepHU Bb3iM ¢ 3 (d.o.f.) B brimre u KbaeTO BE WK MOBEYE
CTEHH Ce MPECHYaT ce M3IMO0JI3BaT TPUU3MEPHHU BB3IH. Te ce XapakTepusupar ¢ 5 cTerneHu Ha
cBoboma (d.o.f.) B rmobanHaTa KoOpAMHATHA cucTeMa (Ux, Uy, Uz, Px, Py, ¢z). BehIIHOCT
CTETEeHTa Ha CBO0O/Ia Ha 3aBbPTEHE OKOJIO BEpTHKAIHATA OC Z MOKe Ja Oblie mpeHeOpernara
nmopaii MeMOpPaHHOTO TIOBEICHHE, BH3MPUETO 3a CTeHH U To10Be (dur. 8). Te3u Bb3mm Morat
na Ob1aT MOJTy4YeHH Npu aceMOnupaneTo Ha 2D KopaBu Bb3JIH, A€MCTBAIY BbB BCSIKA paBHUHA
Ha CTeHaTa U npoekTupaiiu JokaiaHus (d.o.f.) mo rmodamuu ocu. Cien ToBa ce moxydaBa coop,
KOHJCH3UpALl| CTENeHUTEe Ha CBOOOJAa Ha /Ba JBYMEPHH Bb3Ja, KaTO C€ MpHeMa MbIHOTO
CBBbP3BaHE MEXKIYy CBbp3aHUTE cTeHHU. ToBa perieHne € 0co0eHo epeKTUBHO 3a HaMalsIBaHe Ha
obmrus 6poit (d.o.f.) u U3BBPIIBA HENWHEWHN aHATU3U C Pa3yMHU U3YHCIUTEIHH YCUITUS U B
cilydail Ha TOJIEMHU U CIOXKHHM CTpOUTENHH Mozaenu. Tt kato 2D Bw3nure Hsamar (d.o.f.) mo
HAIPaBICHUETO, OPTOTOHAIHO HA paBHMHATA HA CTEHATa, BH3JIOBaTa MAacoOBAa KOMIIOHCHTA,
CBBbp3aHa C HETUTAHUPAHWUTE CTETIEHU Ha CBO0O/1a, ce Crojies cbe choTBeTHATa (d.0.f.) Ha MBaTa
Haii-Onm3ku 3D Bb3ena Ha e/IHA U ChI[a CTeHA U TIOJl, ChIVIACHO CIICHUTE OTHOIICHHUS:

M. = M +m(1 — | cos o |f_!—""
3)

|

M, =M. +m(1—|sinx)

KBJIETO 3HAYEHHWETO Ha TEPMUHUTE € MokazaHo Ha ¢ur. 8. ToBa pemieHue Mo3BojsiBa Ja ce
NOAIbPKAT TPUETUTE XHUIOTE3U 3a OMNPOCTSBAHE MNpPH M3I'BIHEHWETO Ha CTaTHYECKUTE
M3YMCIIEHUS C 3 KOMIIOHEHTa Ha YCKOPEHHE 10 3-T€ OCHOBHM HampapiieHUus U 3D nuHaMUYHU
aHaAJIN3M € 3 €THOBPEMEHHHU BXOJHU KOMIIOHEHTA.
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®urypa 8. 3D acemOnupane Ha 3uj1aHu cTeHu, kiacudunupane Ha 3D ud 2D kopaBu BB31IU U
CIIOACIIAHC HA MAaCH U3BBH paBHUHATA UM

B Fier

5.2. Moaeaupane Ha nuapparmu:

[TpaBUJIHOTO TpENIoNIOKEHWE 3a KOopaBMHATa Ha guadparmMaTa MOXE 3HAUMTETHO 1A
MOBJIMSIC Ha ISUTOCTHATA Peakius. BChITHOCT B IMMHUTHHS CiTy4yail Ha ,,0€3KpaitHO” I'bBKaBU
MmoAOBC HsiAMA Oa WMa MNPCXBBPJIAHC HAa TOBApP OT CHUJIHO IMOBPCACHU CTCHU KbM BCC OIIC
e(eKTUBHH CTPYKTYpHU eleMeHTH. HanpoTus, B Apyrus TpaHUYeH cly4ail Ha €Taxku, IpUETH
3a ,, 0€3KpaifHO “KOpaBH, TO3W MPUHOC MOXKE Ja ObJe HaAlleHeH. Bbpnpeku ue mpencrabiisiBa
peliaBaia XxapakTepucTHKa, KosITo TpsaOBa Ja ce UMa MpeIBUJl, TIOBEIeHUETO Ha noja B 3D
MOJICIMPAHETO YEeCTO ce mpuemMa (¢ Tpy0oo mpuOIMKEHWE) KaTo HAIbJIHO KOpaBo. Tas3u
XUIMOTEC3a MOKE Jia € HAIT'BJIHO HCPCAJIMCTUYHA B Cﬂy‘{aﬁ Ha ChIICCTBYBAIIU CTpaan (HaHpI/IMep
UCTOPUYECKH 3MJaHU KOHCTPYKLHUH), KBJIETO MOTaT Ja ObJaT HaMEpeHH Pa3JInYHU JPEBHU
KOHCTPYKTUBHU TEXHOJOIMH (T.€. IBPBEHH IOJOBE M MOKPUBH, CTPYKTYPHU TYXJEHH WU
KaMEHHHU CBOJIOBE) 3a MOJIOBU M MOKPUBHU CUCTEMH; OCBEH TOBa TOBA € M OCHOBEH MpoOIeM B
HOBHUTE 3UJaHU CTPaJM C JABPBEHU IMOJOBE M MOKPUBH. 3a J]a C€ CUMYJMpa HaJMYHUETO Ha
rbBKaBu MeMOpanu, B mogena TREMURI ca BsBennenn cienuuvHM MOI0BU €IeMEeHTH. Te ca
MOJIEIUPAHU KaTO 3- UK 4-BB3JIOBH OPTOTPOIHU MEMOpPAaHHU KpaHU €JIeMEHTH (PaBHUHHO
HaNpe)XeHUe), C JIBe CTENEeHH Ha cBOOOJA Ha IMPEMECTBaHE BHB BCEKU Bb3en (Ux, Uy) B
riobanHaTa KOOpAWHATHA cucTeMa. Te ce uACHTH(HUIMpAT ¢ OCHOBHA MOCOKA (OpUEeHTHpaHe
Ha eTax), ¢ MoayJ Ha Young Ei, mokaro E> e Moayn Ha Young B mepneHANKYIISIpHA TOCOKA, Y
e xoeunueHThT Ha Poisson u Gi2 Moays Ha cpsa3Bane. Moaynute Ha enactudHocT Ei u Ep
Ipe/CTaBIsIBAT HOpMaJIHATa KOpaBMHA Ha MeMOpaHaTa Mo JBE MEPHEHIUKYJSPHU MOCOKH,
KaTo CBIIO TaKa ce OTYUTA €EKTHT OT CTECIICHTA Ha BPb3Ka MEXKy CTCHUTE U XOPU30HTATHATA
nuadparmMa U OCUrypsiBa Bpb3Ka MEXKAY XOPHU3OHTAJIHHUTE NMPEMECTBAHHS Ha paBHUHATAa Ha
BB3IIUTE, MPUHAJISKAIIN KbM €/IHa U ChIlla TOUKA HAa IpecuyaHe MeXIy CTeHa U 10Jia, KaTo
0 TO3UM HAYMH BIIMSEC Ha aKcHUajHaTa CWia, H34HcieHa B OproctyHrure. Haif-BakHUAT
napametrsp € G2, KONTO BiMse Ha TaHTeHIMAlIHATa KOpaBMHA Ha auadparmara u
XOpU30HTAIHATA CHJIa, TIPEHECeHa MEXKy CTEHUTE, KaKTO B JIMHEWHA, Taka W B HEJIMHEWHHA
¢aza. Karo ce 3amo4ne ot Te3u 00EKTH, OPTOTPOITHATA MaTpHIIA ,,D”’, HACOUeHA KbM KOpEeTaIus
Ha AedopManmsITa U HAPEKEHUETO (B ciydaid Ha 3 BH3JIOBH MEMOPAHH ) MOXKE J1a C€ U3UNCIIH,
KaKTO CJIeJBa:

£ &
T—ad J—er® o

@) I=/=5 & g [

—— ra——
I —es T—e

0 ) Giz

kbsieTo e ¢ choTHomeHueto Ey/Ei. Ilo To3m Haumn wmarpumara ,,.D” moxe ma Obae
moaudunupana B (D) upe3 moaxopsiia poranmroHHa Matpuiia R, 3a ma ce B3eme mpeaBuj
JeHCTBUTENIHATa OpHWeHTanus Ha auadparmara. M Hakpas, maTpuiata Ha KOpaBHWHA Ce
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crio0sBa, 3anmouBaiiku ot D upe3 npuemane Ha TUHEWHU (yHKIIMK Ha (hopMaTa. 3a BCEKH Bb3ell
1 Ha 3-BB3eIHMA eIeMeHT MaTpuiata Bi Mmoxe na Obe nedrHupana KakTo clieaBa:

[
5 P 0 x-x
=X B -Nh)

KBACTO Xj, Vj, Xk ¥ Yk 2 KOOPJIUHATUTE HA BB3JIUTE j U K, a A € myionira Ha TpubI'biIHUKA. Kato
ce 3arouHe oT Matpunre Bi u D, maTpunara 3a kopaBuHa Ha MeMOpaHHUS €JIEMEHT ¢ 3 Bb3JIU
MOJKe J1a ObJIe CIII00EHAa KaKTO € MOCOYCHO B (6):

/ I{H ]ﬂ; k
1{!{; kk kld(

k-

.k = B'DBAs, |
KBJIETO: 1 , Upe3 y4yacTHETO Ha S KaTo €KBUBAJICHTHA Jie0esinHa, peACTaBIsiBa
MeMOpaHeH eneMeHT. B ciiydaun Ha 4 BB3JIOB KpacH €JIEMEHT KOpaBMHATAa HAa MaTpullara ce
MOJTy4YaBa KaTo OCPEIHEH MPUHOC Ha BH3MOKHU JIBE MPEKH OT 3 BH3JIOB KpaeH eneMeHT (Dwur.9)

A

¥

®urypa 9. 4-Bb3110B MEMOpaHEH €NIEMEHT KaTO CPeIHA CTOMHOCT Ha MPEXKHU
OT 3-BB3JIOBHU €JIEMEHTU

OneHkara Ha TOPECIOMEHATUTE KOJUYECTBA MOXKe J1a ObJie 0CTa MpocTa B Caydaid Ha
HSIKOM TUIIOBH €TaKU, IPUITUCBAIKY 5 HA CTPYKTYpHATa poJisi, MOKa3aHa OT HAKOU crelupuaHm
eneMeHTu. Hampumep, B ciaywail Ha r.c. o ¢ TpeAu U IUIOYa KOpAaBHHATa Ha Cps3BaHE ce
oTipeiess II1aBHO OT IJI04aTa, JOKAaTO aKCHaIHaTa KOpaBWHA Ha TpesiaTa BOIU A0 JePUHULIUATA
Ha Ei. HanpoTus, B city4aii Ha pa3jaM4HU CPEJHOBEKOBHH IIOJIOBU TEXHOJIOTMH, KAKTO B CIIydast
ChC CBOJIOBE, OCBEH JieOeNMHaTa U CBOMCTBATa Ha MaTepHasa, BKOPaBsABalIUs IPUHOC CHIIHO
3aBHUCH OT (popMara U reoMeTpHuHUTE pornopuru (Hamp. OT CbOTHOIIEHUETO Ha CTPENIKa KbM
otBop ). B [48], u3xoxaailku OT pe3yiATaTUTE KAKTO OT JIMHEHHU, Taka M OT HEJIMHEHHU
ynciieHn cumynanuu Ha MKE, e npeioxkeHo onpenensHeETO Ha €KBUBAJIEHTHU CBOMCTBA Ha
KOpaBHHA 3a HAKOM BUJOBE CBOJOBE (LWJIMHAPUYHHU, KPHCTOCAHU U MAHACTUPCKU CBOJIOBE)
KaTo (DyHKIMS OT CHOTHOIIEHUS Ha pa3iMyHa JeOearHa KbM OTBOp, CTpelKa KbM OTBOp,
YCIIOBHS Ha OIpaHMYEHHs] U MOJIENl Ha TEeKCTypa Ha 3ujapus (yCHOpeIHH, OPTOTOHAIHU U
HAaKJIOHEHN). B ciy4ail Ha JbpBEHU MOJOBE U MOKPUBH, HAKOU CKOPOILIHHU €KCIIEPUMEHTATHU
paboTu mpemiarar KpUTHYEeH Mperyies] Ha (opMyiHTe, NMPEAJIOKEHH B JIHUTEpaTypara u
konosete [31, 49-51].

JIUTEPATYPA
(Brx gact-11)
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OTHOCHO PA3PABOTBAHETO HA EKBUBAJIEHTEH PAMKOB MO/IEJI
3A HEJIMHEEH CEU3MHWYEH AHAJIN3 HA 3UJAHU CI'PA/IU

N ITPUJIOKEHUETO MY B BBJI'APCKATA ITPOEKTAHTCKA IIPAKTHUKA
YACT II (YMCJIEHA PEAJIN3ALIUSA)
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ABOUT DEVELOPMENT OF AN EQUIVALENT FRAME MODEL

FOR THE NONLINEAR SEISMIC ANALYSIS OF MASONRY BUILDINGS
AND ITS APPLICATION IN BULGARIAN DESIGN PRACTICE

PART II (NUMERICAL EXPERIMENTS)

Petar Grekov!, Anton Gorolomov?, Doncho Partov3, Gaetano Pianesse®”

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia
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Abstract: For design of new masonry buildings and assessment and retrofitting of existing
ones, in last time effective tools for seismic analysis of such types of buildings requires
reliable nonlinear models. Performance based assessment is in last decades is mainly
oriented now to the use of nonlinear analysis methods, thus their capability to simulate
the nonlinear response, in particular in case of masonry buildings, is crucial. Among the
different modelling strategies proposed in literature, the equivalent frame approach
seems particularly attractive, since it allows the analysis of complete 3D buildings with
a reasonable computational effort, suitable also for practice engineering aims. Moreover,
it is also expressly recommended in several national and international codes. Within this
context, the paper presents the solutions adopted for the implementation of the equivalent
frame model in the TREMURI program for the nonlinear seismic analysis of masonry
buildings in Italy and its application in one study case in Bulgaria.

Key words: masonry buildings, equivalent frame, nonlinear analysis methods
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Ilpoovaincenue na wacm nvpea:

B koHTeKkcTa Ha 3aryiaBUeTo, CTaTUsATa MPECTABIISABA IPOIBIKEHUE Ha IPETOPHKUTE Ha
ABTOPCKHSI KOJCKTHB, 3a HW3y4YaBaHE HA CKBUBAJICHTHHUS PAMKOB MOJEJI B IporpaMara
TREMURI 3a HenuHEeH CEM3MHMUEH aHAIW3 Ha 3WJIaHU CTPaaH, pa3pabOoTeH OT UTAITMAHCKU
exun B nepuona Ha 1999-2019 rox., u myOiukyBaH B cnucanueTo: Engineering Structures 56,
2013,(ctp.1787-1799), nHa peHoMHupanoTo uznarenctso Elsevier, ot aBTopure: S. Lagomarsino,
A. Penna , A. Galasco, S. Cattari, mog HaumenoBanueto: ,,[REMURI program: An equivalent
frame model for the nonlinear seismic analysis of masonry buildings”, 3a npunoxxenue B
OBJTapcKaTa CTPOUTENHA MPAKTHKA.

6. IIpouenypu 3a cen3sMMUY€eH aHATU3

3a 1a ce U3BbpUIAT HEIMHEWHU CEM3MUYHM aHAJIM3U Ha 3UJaHu CTpajau, B Imporpamara
TREMURI e u3nbianen HaOop oT nporenypH [8]: MHKpeMeHTalleH cTaTHUeH KOHTPOJI Ha CUjia
nuin npemectBane; 3D pushover ananus ¢ pukcupan mojzen Ha HaToBapBaHe; 3D nuHaMUYeH
aHAIM3 Ha UCTOpHATa HAa BpeMero (Mmeron Ha wuHTerpamus Ha Newmark; Buckoszno
nemmdepupane Ha Rayleigh). [lo-HaTaTbk BHUMAaHHETO € ChCPEIOTOUEHO BBPXY UUCICHUS
QITOPUTHM, IPUIOKEH 3a pushover -aHanM3M, KOWTO CTaBa BCE MO-TOMYJISIPEH 32 CEU3MUYHU
KOHCTPYKTUBHU AaHAJIU3U Tpe3 MOCJIEIHUTE IeCeTUJIeTHs], MO-CHelHalHO BBB Bpb3Ka C
Pa3npoCTpaHEHUETO Ha KOHIICTILINY 32 36METPECEHUE, OCHOBAHU Ha!
performance- based earthquake design.

6.1. CTaTu4eH HeJIMHEEH aHAJIN3

Pushover mponenypara [7, 18] Tpancdopmupa npobiema Ha KOHCTPYKIMATA, B
HNONIbpPKAHE MOCTOSHHOTO CHOTHOIIEHUS MEXIY NPUIIOKEHUTE CHIIM, B EKBUBAJICHTEH
MHKPEMEHTAJICH CTaTMUYCH aHAJIM3 ¢ KOHTPOJ Ha MPEMECTBAHETO CaMo INpH MbpBa (opma Ha
tpenteHe (d.o.f.). B To3m cMucha Tasm mporemypa € KOHIIENTYadHO MOJ00Ha Ha TasW,
npeioxkeHa B [52]. Ilo-crenmanno, obmara ¢opMmynupoBka Ha mpobiema c ,,pushover”
mporieaypara Moxe Ja ObJe npecTaBena upe3 ypaBHeHus (7):

Ker Fim r / Ar / AlF
(N Kiy Kom K [{

. v L Am /
o r - -
Voo Koc S 2"*‘

KBJICTO M € KOHTpPOJHMpaHaTa CTENeH Ha cBoOoga, a fr € KOChUIIMEHTHHSAT BEKTOp Ha
NpujIoXKeHaTa cxema Ha HartoBapBaHe. CucTemara OT ypaBHEHHUS MOXeE Ja ce mpeoOpa3ysa,
KaTo Ce M3BaJM M-THUAT PEll, yMHOXKEH I10 MOIXOMASI] KOS(UIIECHT, OT IbpBUTE M-1 penoBe;
TOTraBa i-TO ypaBHEHHE ce MpeBpbIna B (8):

——.r{,-r.r)l’.r'f' ( _f:;_ﬁ’{j'”’”)‘rmjt.” f/

® ﬁin - lf::.f{fwa e +

Hogara cucrema oT ypaBHEeHUs ¢ MOoau(HUIIMpaHa MaTpUIla Ha KopaBuHa € (9):
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AfF
Afm i
7c K

Npe/CTaBIsiBa CKBHBAJICHTHATA CHCTEMa 3a KOHTPOJ Ha IPEMECTBAHETO, B KOSTO:
mth.(d.o.f.).xm e Hamoxxenara negopmanus. Tasu GopMyIHpOBKa OUYEBHIHO € MpEHaNucaHa
ype3 BbBEXKIAHE HAa HEIMHEHHA 100aBKa B MHKpeMeHTalHa ¢opma, 3a Aa ObJe MPUIIOKECHA B
HeNMHEeHaTa rmpoueaypa. Pe3ynraTsT oT anroputbMa € 10cTa epeKTUBEH U CTaOUJICH, TaKa 4e
MI03BOJISIBA U3CIIEIBAHETO HA MHOTO CIIOKHHU Mojenu. Y Hakpas, TpsiOBa aa ce moaueprae, de
XOPHU30HTAIHUTE CHJIM, MPOMOPLMOHAIHM Ha TPWIOKEHUTE Macu M mpuerara Gopma Ha
PEXUM, ce TpuiIarat KbM BCEKH Bb3eJl HA HHBOTO Ha BCEKH €TaX. BChIHOCT, MpuitaraHeTo Ha
BB3JIOBU CHJIM B pushover aHanmmza mpeacTaBisiBa pelIaBall BBIPOC, MO-CIIEHUAIHO 3a
HAJIC)KTHO W3YHUCISABAaHE Ha aKCHAIHOTO HATOBapBaHE, JCHCTBANIO BBPXY CIEMEHTHTE Ha
Oproctynra. Kato npumep, ako B ciydail Ha I'bBKaBH I10JIOBE CHJIUTE CE€ MpUJIaraT caMo BBbPXY
BIJIOBUTE BB3JIH, CE MOTyYaBa I'PEIIHO aKCHAITHO HATOBapBaHE BBPXY €JICMEHTUTE Ha OPIOCTYHTA.

.
K Km Ko
)

) "i;:m Komm  Kom

- f
L m'r:' "ﬁf

X
Am =

A

7. Banmpauusi Ha MojeJIa M IPUMeEpPHUTeE

[IepBUSAT mUpUMep TMOKa3Ba Kak, BBIPEKH HIKOM HEU30CKHU MPHUOIHKECHUS,
MIPOM3TUYAIIHN OT UJICATTU3UPAHETO HA PEATHA CTPYKTYpa B EKBUBAJICHTCH PAMKOB MOJIEI (HATIP.
B MPEJIOKEHUS MOJIEN ce MpeHeOperna n1eopMUPYEMOCTTa Ha YacTH, UACATU3UPAHU KATO
TBBPJIU BB3JIH), TOU € B CCTOSIHUE JIa OCUTYPH 100pa CUMYJIallisl Ha CTPYKTYPHOTO ITOBEICHUE
B JIMHEEH [Mana3oH. B yacTHOCT mpoydBaHETO ce€ OTHAcid B Ciyyas 3a 3ajlaTa Ha CeJo
Giuncugnano B Tockana. Ts nmpeacTaBisiBa crpajia, BKIIOYEHA B CTPYKTypaTa Ha CeU3MUYHATA
oOcepBatopust (OSS), paboTeria o nporpamara Ha HTaJIHAHCKUS IeapTaMEHT 3a TpaKIaHCKa
sammTa. @ur. 10 moka3Ba u3raen ornpea Ha crpanara u 3D moxena. Crpamara Ha URM,
noI00HO Ha HIKOJIKO IPYTH B Isuta MTanus, cera pasmoinara ¢ Habop akceIepoMeTpH, KOUTO
MOCTOSTHHO HAOJI0/1aBaT IWHAMHMYHATa My peaknus. Bb3 ocHoBa kakTo Ha in situ”
HaOO/IeHUsATa , TaKa U Ha Ja0OpaTOPHU TECTOBE, € M3BBPIICH aHAINU3 HA CTPYKTYPHOTO
MOBEJICHUE KAaKTO 3a JIMHEHHA, Taka U 3a HEJMHEHA peakius, Kakto € onucaHo B [18]. Tlo-
CIEIMAIIHO, MOIATHUTE EKCIIEPUMEHTAIIHU TECTOBE TIO3BOJIMXA JIa c€ ChOepaT no0pu TaHHU 32
nuHaMuuHa uaeHTuukanus Ha 3D moxena (¢ur. 10). Pesynrature oT uncieHus mMomaaieH
aHaJIN3, CPAaBHEHU C €KCIIEPUMEHTAIHUTE ChOTBETHO, ca MokKa3aHu Ha ¢ur. 6. CtoifHocT Ha
nHaekca MAC (kputepun 3a MOJATHO OCUTYpSBAHE), KOUTO KOJMYECTBEHO OMPEISIAT
CHOTBETCTBUETO MEXKIY MOJATHUTE (DOPMH OT YUCIICHUS MOJIET M €KCIIEPUMEHTAITHUTE TaHHU
€ 0,96 u 0,94 3a nbpBUTE JIBa pEKUMA.

—

T, =0.139 T:=0.119 Ta=0.105

®urypa 10. Usrnex ornpen u 3D moxen Ha crpana (oTrope);
pe3ynTaTy oT MoJajeH aHauu3 (OTIO0IY)
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Bropust npumep e ¢oxycupaH BBpXY CIOCOOHOCTTa Ha MOJENa Ja BB3MPOU3BEKIA
CEM3MUYHHUS OTTOBOp B HenMHeeH 00xBar. [lo-KOHKpEeTHO, aHanM3MpaHa € peakuusTa B
paBHHMHAaTa Ha ,,CTeHa - BpaTa ‘“Ha MPOTOTUIIA HA JABYETaKHA TyXJeHa 3HUJapus, TECTBaHa B
yauBepcutera B [1aBus or Magenes et al. [53]. EkcrieppuMeHTaTHUTE PE3yATaTH Ca CUMYJIMPAHU
ot nporpamata TREMURI (kakTo e omucano mo-noapo6Ho B [54]) u ca cpaBHEHH C Te3H,
MOJTy4Y€HHU OT MOJIEJ Ha KpalfHU €JIEMEHTH OT €JIEMEHTH Ha OOBUBKATa, BH3MPHUEMaNKU MO
Ha HEJIMHEHHU HENpeKbCHATH MOBpenu, mpeasiokeH B [55]. Ilapamerpure Ha Moaenurte ca
ornpezeneHy Ha 6a3aTa Ha Te3H, MOJYYEHU JAUPEKTHO Ype3 €KCIIEPUMEHTAIIHU TECTOBE BbPXY
KOMIIOHEHTUTE (XOPOCAH M TyXJa) U TEXHHUTE B3N (TPUIUICTH, 3UJAHH MPU3MHU, ITUKIMIHU
U3MUTBAHUS Ha IUKJIMYHO CPSi3BaHE BHPXY CTHJIOOBE), MPOBEIECHU BBPXY ChIllaTa TyXJIEHA
3ujapus, MpueTa 3a MPOTOTHNA B IbleH Mamad [56]. He e u3BBPIIEHO IOMBIHUTEITHO
KanuOpupaHe Ha napamerpute. BebliHocT 1enTa e 6uia a ce CUMyJIUpa peaaHo ChbCTOSHUE
Ha CEM3MHUYHA OLICHKA Ha ChIIECTBYBAIA

Crpazia, 3a KOTO OCBEH TOBA Ca HAJIMYHU PE3yJATaTH OT CTaHJapTHU u3nuTBanus. Cropen
TUTIA Ha 3uaapusaTa (TyxJeHa 3uaapusi) 1 KoHpurypanusra (IBe CTOMaHEHU I'Peu, BbBEACHU
3a IpujlaraHe Ha XOPU3OHTAJIHUTE CHJIM, KOMUTO ca pabOTHIM KaTo ,,CBbpP3BAIlld MPBHTU Ha
HUBOTO Ha mIaiion) Ha ,,CTeHara - Bpartara®, HenuHeiHu rpean B TREMURI nporpamara e
MOJIEIMpaHa ype3 NpreMaHe Ha KpUTepus, MpeasiokeH B [42] 3a peakuusTa Ha CpsA3BaHE Ha
3UJIAHUTE EJIEMEHTH, U MO-CIIEIIHATHO 32 OPIOCTYHTHTE, KPUTEPUUTE, IPEUIOKEHH B [6]. Dur.
11 u 12 moka3BaT CpaBHEHMETO Ha PE3YJTATUTE MO OTHONIEHHWE HAa MOJENIa Ha MOBpeda u
»pushover” kpuBara (r1006a1HH CHIIM Ha cpsi3BaHe V IPU OCHOBATa Ha CTEHATA CIIPSIMO CPETHO
M3MECTBaHEe ,,u” Ha BTOPHUS €TaX), ChOTBETHO. 3aciy’kaBa Jia c€ OTOENeXkKH, Ue 3a pa3jiuKa OT
€KCIIEPUMEHTAJIHUTE TECTOBE, NPU YUCIECHUTE CUMYJIALUHA HEJIMHEHMHUST CTaTUUEH aHAIMU3 €
U3BBPIIEH MOHOTOHHO. Pe3ynTarute ca B J0OpO CHOTBETCTBUE U 11O ChUIECTBO MOTBBPK/1aBaT
HaJCKIHOCTTa Ha moxaxojna 3a wmojenupane EF, mno-cmenuanHo 3a 3WJaHU  CTEHH,
XapaKTepu3upalld ce C PEryJsspHUM MOJEIM Ha MyKHaTuHooOpasyBane. Illo ce oTHacs no
“pushover” kpuBara, yMepeHOTO HAAIICHSIBAHE Ha TJI00ATHATA CUlia, NafeHo oT moaenute: FE
u EF 1o oTHOIIEHNE Ha eKCTIEpUMEHTAIHUS, MOKE J1a c€ 00SICHU, KaTO c€ UMa MPEABUI, Ye:

® yYyCJIeHaTa CUMYJAlHsl € U3BbPIIEHa MOHOTOHHO;

® pa3ceiiBaHETO Ha IMapaMeTPUTE B MaTEpHAIUTE (M MO-CIEIUaTHO Te3U Ha (yTuTe)
TpsiOBa J1a XapaKTepu3npaT pearHara crpaja;

® [apaMeTpHuTe ca KaTMOpUpaHU Ype3 eKCIIEPUMEHTH, U3BbPIIECHH BbPXY CIUHUYHU
manenu [56].

He e u3BbpIIeHO JONBIHUTEIHO KaduOpupaHe Ha mapameTpuTe. BCbIIHOCT JKenaHueTo
€ MPOAUKTYBAHO OT ChOOPaKEHUETO Ja Ce CUMYJHMpa PEaTHOTO ChCTOSHUE HAa CEeM3MHYHATa
OLICHKA 3a ChILIECTBYBAIlA CTPaJia, 32 KOSITO OCBEH TOBA Ca HAJIMYHU PE3YJITaTH OT CTaHJApTHU
m3nuTBaHusA. Cropen Tuma Ha 3ujapusaTa (TyxJeHa 3ujapus) ¥ KoHdurypamusTa (aBe
CTOMaHEHHU T'PEH, BbBEJICHH 3a NMpUJIaraHe Ha XOPU3OHTAIHUTE CHJIM, KOMUTO PabOTAT KaTo
,,CBBP3Ballli MPHTH " HA HUBOTO Ha 11aiion ) Ha ,,CTeHa-BpaTa’, MpueTH KaTo HETMHEHHU BPB3KU
B TREMURI, nporpamara € MmojienupaHa 4pe3 IpueMaHe Ha KpUTepus, IpeioxkeH B [42]; 3a
peakuusaTra Ha CpsA3BaHE Ha 3UJAHUTE €JIEMEHTH, U MO-CHelHaTHO 3a OpIOCTYHTUTE,
KpUTEPUNTE, IPEIIOKEHH B [6].
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®urypa 11. CpaBHeHHE MEXAY peaTHUS U YUCIEHO CUMYJIMPAaHUs MOJeN Ha oBpeau [54];
CBIJIACHO EKCIIEPUMEHT (BJIsIBO); cumytanus upe3 nporpamata TREMURI (Buxk: 11eHTBD);
cumynarus upe3 MKE (BasicHO), ChIiTacHO XUIOTE3aTa 3a: He-eJIaCTUIHU JeOopMAaIin)
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@urypa 12. Cumynanus Ha peakiysTa B paBHUHATa Ha CTEHAaTa Ha Bparara:
CpaBHEHHE 0 OTHOILIEHUE Ha KpuBarta ,,pushover’[54].

B cnyuas na mozmena B ,,TREMURI” ca Bb3npuern ABe XUIOTE3M 3a CBOMCTBaTa Ha
KopaBuHata (kato ce npueme fw/fhu € paBua Ha 1 u 0,5, cborBeTHO). Cayvasar: fuw/fw = 0,5
1oJ4epTaBa, 4ye TOBAa HaMaJlsIBaHE Ha IapaMeTpUTE Ha KOpaBHHA € J10cTa rpy0o. BebuHocT B
pasmiIeKaaHus Clydall peakiusaTa ce 3aJBHKBA OT HIKOJIKO CTPYKTYPHH €JIEMEHTa: IO TO3H
HAYUH HENpaBWIHOTO OIpPE/eIIsiHE Ha MapaMeTpUTe Ha 1e(hOpMUPYEMOCT CUIIHO BIIHsIE BBPXY
ISI7I0CTHATA PEAaKIMs Ha KOHCTpyKuuATa. M Hakpas, mjo ce OTHAcs 4O YHUCICHO CUMYJIMPAHUs
MOJIE]l Ha MOBPEIH, MOXE Aa ce 3a0esexu, 4e B JBaTa CTPAHUYHU CTHI0A B 3€MHUS €Tax
BB3HUKBAT PA3JIMYHU PEKUMH Ha MOBpeAa. Brnpeku, ye Te3n OpIOCTYyHTH ce XapaKTepu3upar
ChC ChIllaTa CTPOHHOCT, IOBEJICHUETO Ha OT'bBaHE MPe00I1aaaBa B JIEBUS, JOKATO TUATOHATHOTO
HalyKBaHe MpeobiaiaBa B gecHus. ToBa ce AbDKM HA Pa3IMUHUTE HUBA HA HOPMAJHH CHIIH,
Ha KOUTO Ca MOJUIOKEHH, CBBP3aHU C TNI0OAIHOTO MpeoOpbhllaHe Ha cTeHaTa. B meHTpatHus
OpIOCTYHT, KOWTO € CKBCEH, C€ IOsBsiBA JMArOHAIHO HamykBaHe. llo-cuMeTpuyHHST
€KCIIEPUMMEHTAJICH MOJIE] Ha IOBPEU CE€ ABJDKY Ha IPUIIATaHETO HAa UCTOPHATA HA [IUKIMYHOTO
HATOBAPBAHE.

W nakpas, TpeTHAT NpUMEp HMMa 3a LEJI JAa IOKaXe IMO-TolsIMara I'bBKABOCT Ha
€KBHMBAJICHTHUS MOJIEN HA Kb, 3a Ja CUMYJIMpa ACHCTBUTEIHOTO ITOBEACHUE HA 3UApHs 110
OTHONIEHUE Ha APYTY MO-ONpOoCTeHU noaxoau. dur. 13 wirocTpupa OTroBOpa Ha TpUETaKHA
URM crtena ¢ 1Ba pea BEpTUKAIHO NOJpaBHEHU OTBOPH [54], B KOUTO cboTBeTHO: SSWP 1
WSSP npencrasnsiBar aBeTe KpallHu uaeanu3anuu, npeniaoxenu B [11,12]; Coyuasar A ce
otHacsi 10 mojena EF, mpu koiTo ca mpueTH chIIUTe KPUTEPUHU 3a SKOCT 3a CTHIOOBETE U
oproctynrure; Ciyuait b kM EF Mozena, B KOiTO 3a mOBeACHUETO NMPH Or'bBaHE KPUTEPUST,
npemioxed B [39], e mpuer 3a OproctyHra, karo ce mpuema g 3a 0,05; Cayuast C xkpMm EF
MoOJieNla, MPU KOETO CTOMAaHOOETOHHHUTE I'pelM ca MOAEIMPAHH, CBbP3aHU C OpIOCTYHIHUTE,
UT'PACIM POJIsiTa HA TPEIU.
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®urypa 13. CpaBaenne mexy onpocteHu moaenu (SSWP u WSSP) u moznena na
eKBMBAJICHTHA paMKa KaTo (PyHKIUS OT pa3IMyHHU XUIIOTE3H, IPUETH 38 OPIOCTYHTH
(ot A mo C) 3a Tpuetaxkna crena Ha URM (amantupan ot [15]).

Pesynrarure ca umoctpupanu kato V/W (CbOTHOIIIEHHE MEXY CPSA3BaHETO Ha OCHOBATA
¥ OOIIOTO TErjio Ha KOHCTPYKIMSTA) CIPSMO U/usswp (IPEMECTBAaHE HAa KOHTPOJIHHUS BB3EI,
Pa3MoJI0kKEeH B rOPHATA YacT Ha CTeHaTa, HOPMAIM3UPAHO J0 KpalHaTa CTOMHOCT, MOJTy4YeHa B
cinyyast Ha SSWP). SSWP u WSSP onpenenst o6xBara Ha BB3MOKHUTE ,,pushover” kpuBu Ha
KOHCTpYyKUHMATa. M3riexxaa TBbplE MIMPOKO MO OTHOUICHHWE Ha Ae(PUHUIMATA HAa SKOCT,
KOpaBHHA U MJIACTUYHOCT, U TPUTE aCleKTa, KOUTO UTPasiT OCHOBHA POJIs, KaTo Ce M030BaBa Ha
IPUEMaHETO HAa HEJIMHEHHW CTATUYHHM HPOIEeIypH KaTo MHCTPYMEHTH 3a npoBepka. OcBeH
TOBA, IOPH aKO CUCTEMHOTO IIpremMaHe Ha WSSP B citydaii Ha chIlecTByBaIlu Crpajiy, pazoupa
ce, Tps0OBa /1a JOBe/E 70 PE3yNITaTH, KOUTO ca Ha CUTYPHO MSICTO, TAKOBA TEXKKO MOJILICHIBAHE
Ha JICHCTBUTEITHHUS KanauTeT He OM OMII0 MPpHEeMIIMBO, OCOOCHO aKO HEyCIEIIHaTa OlleHKa 01
JOBeJa 10 TeXKKU WHTEPBEHIIMHU 3a rpeodopynBane. CpaBaenuero mexny SSWP u ciyuaii C
Mo4YepTaBa, ue HAJIMYMETO Ha HAKOU KOHCTPYKTUBHU JETalIN KaTo 1510 HE € I0CTaTh4yHo, 32
Jla TapaHTUPA YAOBJIETBOPEHUETO HA HAKOHM ONPOCTEHU XUIIOTE3HU: TOBA € CIIyYasiT C HAUINYHETO
Ha CTOMaHOOETOHHU Tpeau (OOMKHOBEHO CBBP3aHM C HAJIMYMETO HA KOpaBU IIOJOBH
KOHCTPYKILIMHM), XapaKTepH3Wpall ce C KpailHa KOpaBHHA, KOATO HE CHOTBETCTBA Ha
MPENIOJIOKEHUETO 3a (PUKCHpaHU POTAallMU HAa HUBOTO Ha BCEKH eTaX. B pesynrar Ha ToBa
SSWP ocurypsiBa ropHa rpaHuia, Kosito paboTu ot onacHaTa crpaHa. CirydasT A mpeaocTaBst
pe3yaTaTtu, nogoOHu Ha Te3n Ha WSSP, Thil KaTO KpUTEpUUTE 3a YCTOMYHMBOCT, IPHETH 3a
BUCSILLIUTE €JIEMEHTH, ca TBbpJE Nnpeanasnusu. [Ipuemaiiku kputepus, npemioxeH B [39] 3a
BUCSINN eleMeHTH (ciaydaid b), Moxke ma ce HabmomaBa KakTO 3HAYUTEIHO YBEIMYCHHE Ha
00IIOTO CHIPOTHUBIICHHUE, TaKa U HaMaJIsiBaHE Ha IJ00aiHaTa MIACTUYHOCT 10 OTHOIIEHUE Ha
cnyuait  A. ITlocnmemHusIT pe3yiaTaT MOXKe Ja ce OOSCHM KaTo pa3iaudeH MOoAen |
MIOCJIEIOBATEIHOCT Ha ILIETUTE, KOUTO BB3HUKBAT B ciydaute A u B (¢ur. 13). Bepmnoct B
ciydass Ha A, OnarojapeHue Ha yYMEPEHOTO aKCHaJlHO HaTOBapBaHE, JCICTBAIlO BbBPXY
€JIEMEHTUTE Ha OpIOCTYHra, OIle B HAYAIHUTE CTHIIKM Ha aHaIM3a Ce IMOSBSBA ,,JTHOJICEII]
MEXaHU3bM” B MOYTH BCUYKU OPIOCTYHTH, KOWTO MO TO3M HAUMH OCUTYpsiBa cilaba Bpb3Ka 3a
crpiaboBere. Harpotus, B ciyuaii b ce 3anucsar cnequure ¢a3u Ha moBeaeHHUE: IbpBa (asa, B
KOSITO CaMO Pa3MOJOKEHUTE Ha IOCIETHUS €TaX OpIOCTYHIM IMOKa3BaT aKTUBHUPAHETO Ha
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JIOJICEI] C€ MEXaHWU3bM (MOpagu yMEpPEHHTE HAlpeKEHHs Ha HATUCK, JCHCTBAIU BBPXY
ChCEIHUTE 3UAAPUHHM YacTH, 3aTOBa TE€ HE MOTAT Jla pa3uuTaT Ha BBH3HUKBAI] OJOKHpAI]
¢enomen); BbB (¢uHanmHaTa (Haza, B KOATO IMOBPEAUTE CE MOSABIBAT B OPIOCTYHTUTE U
pa3mpoCTpaHsBaT B KOJOHHUTE, PA3IIOJIOKEHH B OCHOBATA HA CrpajaTa. AHaJIOTHYHU pe3yITaTH
¥ KOMEHTapHuH 3a pojIsiTa Ha OPIOCTYHTHTE ca ocodeHu B [3, 17]

8. ,Pushover” anaiu3 Ha ncropudecka crpaaa B neHropa Ha Codus

[TpennoxeHoTo U3cieaBaHe € pa3padoTeHO B ChTPYAHUUYECTBO MEXy Y HUBEPCUTETA HA
Heanon ,,®enepuko I 1 YHuBepcuTeTa N0 KOHCTPYKTUBHO MHXKEHEPCTBO U apXUTEKTypa
(VSU) ,,Jlro6en Kapasenos* B Codwus, ¢ 1e1 1a ce OLEHH Cen3MUYHaTa ysA3BUMOCT Ha cTapa
crpana B ueHTbpa Ha Codusi, ype3 HEMMHEECH CTaTUYEH aHaJN3, U3BBPIICHU C MTOMOIITA Ha
codryepa 3Muri.

3Muri npencTasisiBa copTyep, (CnenuanHo pa3paboTeH 3a KOHCTPYKTUBEH CTPYKTYpEH
U CEeM3MUYEeH aHallu3 Ha 3uJaHu crpaiu. Toil ce ocHOBaBa Ha €KBUBAJEHTHUS MOJXO[ 3a
MOJIEJIMpaHE Ha paMKa, BKJIIOYBAI HSAKOJKO MOJ€la OT MAaKpOEJIEMEHTH 3a CUMYJIMpPaHE Ha
3UJlaHU, HeapMUpPaHU KOHCTPYKUUU. Toil Mo3BOIsIBa U3BBPIIBAHE HA HEJIMHEHHU CTATUYHU U
JUHAMUYHU aHAIM3U Ha IsUI0cTHU 3D Mozaenu Ha crpajy ¢ ONTUMAJIEH KOMIIPOMHUC MEXIY
TOYHOCT ¥ U3YUCIIUTEIHA TEKECT, KaTO CHILO TaKa OCUTYpsIBa ICHO pa3OupaHe Ha pe3yJITaTUTe.

PedepenTHUAT MOEN IpeiCTaBIIsiBa TPUM3MEPHA EKBUBAJICHTHA paMKa, KbAETO CTCHUTE
ca CBBbpP3aHHU MOMEXAY CU C XOPU30HTAJIHU BPB3KU IO MOJ0BETe. B KOHKpeTHHS ciiydail Ha
3uJlaHa KOHCTPYKIIUS, CTEHATa € CXeMaTU3MpaHa KaTo paMKa, B KOsITO ca ChOpaHH KOpaBH Tela-
€JIEMEHTU U KOpPaBU BB3NU. PasmpenenutenHuTe TpeAu MO3HATH KAaTO OPIOCTYHTM MOrar Ja
ObJaT MOJENUPAHU CaMO aKO ca aJeKBAaTHO pa3rbHATH MO CTEHUTE U MO BB3MOXKHOCT aKo
Ch37aBaT MEXaHMU3bM, JA00pe MOANPSH BBPXY KOJIOHUTE OT BEPTUKAIHU 3UJAPUNHHU UBHIIH,
pa3MoNIOKEHU MEXAY OTBOPUTE Ha IPO30PLMUTE. W3BecTHO €, uye HENpaBUIHOTO
MO3UI[MOHNUPAaHE HAa MAaCUTE MOXKE J1a TOBEJIE /10 TIOIIIEHsIBaHE Ha CUJINTE BbPXY KOHCTPYKLIMUTE
nopaau ycyksamuTe epextd. HapacTBamusaT eKCUEeHTPUIIMTET MEXAY LIEHThpa Ha MacuTe U
HEHTHPBT Ha KOpaBUHATA yBelln4yaBaT ToBa nosejaeHue. [lopaau Ta3u npuyrHa NpaBUITHULIATE
npeiaraT BKIIOYBAHE HA CIIy4aeH €KCLUEHTPULIUTET, NPUIOKEH KbM LIEHThPa HA MacUTE Ha
BCAKO HHMBO Ha KOHCTpykuusaTa. Cily4yallHUAT €KCLEHTPULUTET € paBeH Ha + 5% ot
MaKCHMAaJIHMs pa3Mep Ha HUBOTO, pa3IVIeKIaHO OT crpajara B 0COKa, NEPIEHIUKYIISIpHA Ha
CEN3MUYHOTO JEHCTBHUE.

W3non3BaHeTo Ha HEJIMHEEH CTaTUYEH aHAIM3 XapaKTepu3Hpa CEM3MUYHO YCTOMUYMBA
cucreMa upes3 “pushover” KpuBM Ha KamaruTeTa Ha Crpajaara, MpeaIHa3HaAYeHH Ja MPEACTaBsT
00BMBKAaTa Ha IIUKJIMTE HA XUCTEPE3UCA, BH3HUKBAIIIX 110 BPEMETO Ha CEM3MUYHOTO CHOUTHE U
MoraT Jla ce CYMTaT 3a WMHIUKATOp 3a MOCT-eJaCTHYHOTO IOBEIEHHE HAa KOHCTPYKLHUATA.
Pushover -kpuBara, nonydeHa upe3 aHaJln3a Ha HEJIMHECH CTATUYEH aHaJIN3, KOHBEHI[MOHAIHO
npenocTasst UHGOpMaIKs 3a TeHISHIUATa Ha CpsI3BaHe, MOTy4YeHa B OCHOBATA, 110 OTHOIIIEHHE
Ha XOPU30HTAHOTO IpeMecTBaHe Ha M30paHa KOHTPOJIHA TOUKA BbPXY KOHCTPYKIMATA. BbB
BCsIKAa TOYKA Ha KPHUBATa MOXKeE J1a c€ pa3Kpue cneupuIHOTO ChCTOSHUE Ha MOBpEa 3a Iis1aTa
CUCTEMa Ha CrpaJiaTa, U Taka CTaBa Bb3MOXKHO /14 CE YCTAHOBAT U CPaBHAT OIPENEICHUTE HUBA
Ha NPEMECTBaHe ¢ HUBOTO Ha OYaKBAHOTO U CBbP3aHUTE C HEro noBpeau B odekta. Kpusara ce
nojgy4yaBa upe3 ,,pushover” aHanu3 , KOWTO NpEABMKAA 33JaBaHETO Ha MPEABAPUTEITHO
3aJ1a/ICHO pa3Npe/IesieHne Ha CEU3MUYHHUTE CUJIH, YBEIMUYABaIIH CE [0 CTaTUYEH U MOHOTOHEH
HAauMH [0 BUCOYMHATa Ha crpajata. [IpuinokeHOTO pasnpeneicHUE Ha HATOBAapBAHETO €
IpeHa3HaYeHO Ja MPEJCTaBIIABA Pa3NpeaeICHUETO Ha MHEPLUUOHHUTE CUJIH, NMPEAU3BUKAHU
OT CEU3MHYHOTO CHOUTHE.

Cnen toBa "KamamuTeThT', OCUTYPEH OT KOHCTPYKIMATA MPH HEHHOTO MPEMECTBAHE,
TpsiOBa 1a ObJe ompeneneH M CcblocTaBeH ¢ “‘demand” Ha CEM3MUYHHUS aHAIM3, T.€. ChC
CTOWHOCTTa, CBHOTBETCTBAllla Ha BBHIIHWUTE CHJIM, NPUHAAJCKAUM HA  ONPEAESIEHOTO
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cenm3smMuuHoO crouTne. EdhexTuTte Ha pasceiiBane Ha eHeprus, KOUTO MpeIarat CKpHUT 3amac oT
CBHIPOTHUBIICHNE, KOUTO HE MOXKE J1a Ob/ie 00SICHEH caMO C TIOMOIIITa Ha JIMHEWHAaTa Teopus Ha
€JIACTUYHOCTTA, Ca OT 3HAYCHHE 3a HAaC U TO IO-CHENMATHO B 00JAacTTa Ha HEIWHEHHUs
KOHCTPYKTHUBEH OTTOBOp Ha CrpajiaTa, Iopajau KOeTo, 3a J1a ce OTYeTaT B aHaJlu3a HU, TAXHATa
CTOMHOCT ¢ HamaneHa. O4akBaHHMAT OTTOBOp 3a Crpajara, KaTo (yHKUUS OT OIpeaesieHO
JIeHCTBHE, CE TTOJTydyaBa upe3 ujaeHTuuImpane Ha ,,performance” Ha crpanara. MakcuManHaTta
CTOMHOCT Ha NMPEMECTBAHETO Ha Crpajara, KOsTO MOXe Ja ObJe OCUTYpeHa OT crpajaara Mmpu
JaJICHO CEU3MUYHO ChOUTHE, Ce TMOJy4yaBa B CbOTBETCTBUE ChC CTOMHOCTTAa Ha CPSA3BAHETO,
KoeTto ce Tpancopmupa ¢ 20% HamaneHue, CupsMo rpaHUYHATa CTOMHOCT Ha CPsI3BaHE.
bwarapus e pa3aenena Ha TPU CEU3MUYHU 30HU, XapaKTEpU3HPAIIH CE CbC CEU3MUYHATA
MHTEH3MBHOCT Ha 00€KTa 3a cpefieH nepuo Ha noBTopsiemoct ot 1000 roaunu. Codus e yact
OT cen3MHuHa 30Ha [X, KbJIeTO MOTaT 1a Bb3HUKHAT 3€METPECEHHUs] C MAaKCUMaJIHO YCKOPEHUE
ot 0,4 g. [Ipe3 19 Bek rpax Codust € 3acerHaT OT ABE CUIIHHU 3éMETPECeHHUsI: TbpBOTO 1pe3 1818
r. ¢ enuieHTsp Ha uHTEH3UBHOCT [0 = VIII-IX MSK u BTopoTto npe3 1858 r. ¢ 10 = IX-X MSK.
IIpe3 20 -tu Bek Hail -cuimHUTE ChOUTHUS ca HacThmwau mpe3 1917 r., 3a rpag Codus, ¢
MomeHTHa BenwunHa Mw = 5,3, u npe3 1980,30 km ganeu ot rpax Codus, ¢ Mw = 4,3.
Crpanara Ha u3cnensanero (Pur. 14a) npencrasnssa KOHCTpYKIMA oT 1908 r., pasnonoxxeHa
Ha OyneBapn ,,Kuasruas Mapus JIynza“, B 61130CT 10 )KSHCKUS TTazap U Jpkamusita bans bamm.
Ta3u crpaga npuHaAIEKN KbM rpynara Ha KyJITypHO HCTOPHUYECKOTO HacseacTBo B Codusl.

a) 0)

®urypa 14. Usrnen ot kbM ynunara (a), 3D mukpoenemenTer Mozen (6)

Crpanara ce pa3BuBa Ha IET €Taxa, C €IlMH MOA3E€MEH U € BUcoka 18 metpa ¢ momnr 195
M2, IIbpBHTE 1BA €TaXA €A ChC OT CTOMAHOOETOHHH MOIOBH ILIOUM, TPETUAT M UETBBPTHUSIT ChC
CTOMaHEHU T'PEeIM M KyXH IUIOCKH KepaMU4YHU OJ0KOBE MeXIy TaX.. CyTepeHbT ce pa3BHBa B
noa3eMHusI eTax u € Bucok 1,50 m, ¢ nebenuna 80 cMm. [IbpBUTE Ba eTaka ca UMIBIHEHH C
TyxJieHa 3ujpapus npu nebenmmHa 60 cm. CrenBamure 3 eTaka MPEACTaBIsABAT 3WaHA
KoHCTpyKuus ¢ fedennna 40 cm u 30 cM. U Hakpast, OCIETHUAT €Taxk € C TABAHCKO IMTOMEIICHHE
oT appBeH Matepuai. C msurata Ta3u uHGOpMaIHs crpajata € Mojaenupana B copryep 3Muri
(¢ur. 156). ITonyuenute “pushover KpuBU IMOKa3BaT, 4e B MOCOKA X, 32 HAH-JIOUIMS CITy4aii -
»X Uniform®, MakcUMaTHOTO TIpeMECTBaHe € paBHO Ha 2,88 cm, T0KaTO MakCUMaaHaTa CUja
Ha cps3BaHe ¢ 3027 kN (¢ur. 15a). B mocoka Y, 3a aHanu3 Ha Hai-Jommwms ciydaid -,Y
Uniform®, MakcuMaHOTO TIpEMECTBaHEe € paBHO Ha 2,83 cm, J0KaTO MakKCHUMaJlHAaTa CHJia Ha
cpsizBane € 2795 kN (¢ur.15b).
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®durypa 15. Pushover kpuBu Ha npemecTBane B HanpasiieHnen X (a) u Y (b).

HacrosimusT ciryyaii u3ciieiBa CeM3MUYHATA YSI3BUMOCT Ha CTapa CTPYKTypa B IEHTHpa
Ha Codus. 3a menra € MPUIOKEH HETMHECH CTAaTUYECKH aHalu3 4pe3 H3MOJI3BaHETO Ha
codryepa ,,3muri”. OT moNydeHUTE pe3yJITaTh ce HaOJIroJaBa HE3aJOBOJIMTEIIHO TJI00ATHO
CCU3MHNYHO MMOBCACHUC HA CTpadaTad, KaTO MHACKCUTC Ha pUCKa B IBCTC OCHOBHU HAIIPABJICHUS
3a aHaJIU3 ca 10 - MAJIKK OT eAnHUIA. [lopaan Ta3u NpuYHHA, ca PEUIOKEHH 1B €PEKTHBHH
CUCTCMHU 3a YCHUJIBAHC. FRP n noACuJICHa NMMCHTOBA Ma3WJikKa, Ca MPUCTU 3a YKPCIIBAHC Ha
BCUYKH 3UJaHU CTEHH C IeJ TIOA00psBaHEe Ha KalalUTeTa Ha KOHCTPYKIUSATA 110 OTHOIIICHHE
Ha 3[paBUHA, KOPABUHA U TyKTHUJIHOCT.

3akiloueHue
Teopernunure ocHoBu Ha mporpama TREMURI ca o6sicHenu B crarusaTra, Kato ce oOpbina
CIEIMAIHO BHUMAHKUE HA HEHHUTE OTIIMYUTEITHU XapaKTePUCTUKH:

e  CB3/IaBaHETO Ha EKBUBAJICHTHA 3-M3MEpHA paMKa, Oa3upaHa Ha CriioOsiBaHe Ha 2-
U3MEpHH (pPaBHUHHU) KOHCTPYKIHMH (3WJaHM CTE€HH | IOJOBH/TIOKPUBHU
muadparMu), KOETO MO3BOJsBA €()EKTHBHO KOHJIEH3MpAaHE HA CTENEHUTE Ha
cB0o0OMa Ha IIO0ATHUSA MOJEJN, Taka Y€ HaMajsiBa M3UYMCIUTENIHATa TEXEeCT MpH
rII00aTHUS aHAIIW3 Ha CTPa/IaTa;

® [pPWIAraHeTO Ha CHENU(PUYHH EJIEMEHTH, IO3BOJISIBAIM TPEICTaBIHETO Ha
OCHOBHHUTE XapaKTEPUCTUKN Ha HEJTUHEHHHS OTrOoBOp Ha 3UJAaHU CTHJIOOBE U
OpIOCTYHTH, KaKTO U JPYTH KOHCTPYKTHBHH €JIEMEHTH (I.C. €IEMEHTH, CTOMaHCHH
BPB3KH U JIP.);

® IU3IBJIHEHHUETO Ha OPTOTPOIEH MEMOpaHEeH eNeMEeHT, 3a CHUMyJalus Ha
MOBE/ICHUETO B paBHUHATA Ha I'bBKaBUTE Auadparmu, (Harp. AbPBEHU MOKPUBH U
M0JI0BE), KOUTO YECTO MOrar Jia ObaT HaMEPEHU B HOBH U ChILECTBYBAILU 3UJaHU
KOHCTPYKIIUY;

® OpUTHMHAJICH U I'bBKAB allTOPUTHM 3a pushover aHamm3, MOAXOJAI 32 OIICHKA Ha
HEJIMHEWHOTO Pa3BUTUE HA CTPAHUYHATA PEAKIHs Ha TPUU3MEPHH 3UIaHU CTPAIH,
BKJIIOUMTEJIHO BJIOIIABAaHE HA CPSA3BAHETO HA OCHOBAaTa MpH yBeIMYaBaHE Ha
CTpaHUYHHUTE MIPEMECTBAHHUSI CIE/I JOCTUTAHE HAa TPAaHUYHATA SKOCT.

[Toseueto ot pynkiuure Ha TREMURI ca pa3paboTeHu u BHeApEHHU C el 3alTbjIBaHe
Ha HIKOM OT ChIIECTBYBAIIUTE MPOMYCKH B CEM3MHUYHUS aHAIIU3 HA 3UJIaHU KOHCTPYKINH, ChC
cnenuduyHa 1€ 3a OLEHKa Ha ChUIECTBYBALUTE Crpagd C T'bBKaBU JuadparMu.
KommtorspHara mporpama, paspaboTeHa Mpe3 MOCIEAHOTO IECETUIICTHE, I03BOJISIBA, C
pa3yMHHU HM3YMCIUTENIHU YCUJIMS, HaJeKIHA CUMYJAlUS Ha JEHCTBUTEIHOTO MOBEJECHHE Ha
TPAIULIMOHHHUTE 3UAAHU KOHCTPYKIIMH, IPU yCIOBUE Y€ MPABUITHUTE BPB3KHU MPEIOTBPATIBAT
AKTUBHUPAHETO Ha JIOKAJHM M3KJIIOYBAIIM MEXaHU3MHU M OJarompusTcTBaT Pa3BUTHETO Ha
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riio0aneH OTroBOp, YNpaBiIsABaH OT MOBEIEHUETO B PaBHHUHATA HA PAa3IMYHHUTE CTPYKTYpHH
KOMIIOHEHTH.

Ta3u yHMBepcaJlHa KOMIIIOTbPHA IIporpama 3a aHajld3 Ha CEU3MMYHATA PEakLUs Ha
VCTOPUYECKH 3UJAHN KOHCTPYKLUU MPEICTABIIABA MOJIE36H HHCTPYMEHT 3a IOAIIOMAaraHe Ha
TSAXHaTa KOHCepBalus. BChIIHOCT MPaBUIIHOTO MACHTH(PHUIMPAHE HA HAll -KPUTHYHUTE CTEHU
U CBBP3aHUTE C TAX MEXaHM3MM Ha paspylleHHe (MEK €TaX/NOBpeAa B €JIEMEHTUTE Ha
OpIOCTYHTHTE) MOXE Ja MpEIOKHU Pa3IMYHU CTPATETHH 3a YKpENBaHE, HACOUYEHU KbM
yBEJIM4YaBaHe Ha SIKOCTTa MJIM KallalUTeTa Ha IPEMECTBAHETO Ha 3UJapUHNUTE OIOKOBE, KAKTO
U KOpaBMHaTa Ha Xopu3oHTanHute auadparmu. Ilporpamuust mnpoxykr TREMURI
IpeCcTaBisABa 3a/a4a, KOSTO € B HENPEKbCHATO Pa3BUTHE 10 OTHOIIEHHE pa3paboTBaHE U
BHEJIPSIBAHE HA HOBHU YCBBBPILICHCTBAHHM HEJIMHEMHU €IEMEHTH WM IPOLELypH 3a aHAIN3
(cTaTMYHW/AMHAMHUYHY), KAKTO HA HUBO HAYYHOM3CIIE0BATEIICKA, TaKa U HA HUBO MH)XKEHEPHA
IIpaKTHKa.
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BBHPXY JIBYCTPAHHO 3AITBHATATA AbI'A C IIPOMEHJIMBA JIEBEJIMHA
Jnsus B. Merposa!

Bucwe mpancnopmuo yuunuwe ,, Tooop Kabaewrxos”, Cogus

ON THE BILATERAL FIXED ARC WITH VARIABILITI THICKNESS
Liliya B. Petrova!
Todor Kableshkov University of Transport, Sofia

Abstract: It is investigated an arc with variable cross sections from the key to the
supports. The arc is fixed at both ends, with the supports at the one - same level and with
curvilinear outline. The arc is three static undetermined. The height of the cross section
in an arbitrary point of her axis to determine from the condition for changes of the section
from a key to the supports. The method of finite element (FEM) is applied. The
investigation is made automated. The joints of the discretisation system are distributed
trough equal horizontal distance. Each of the elements of the arc to accept straightlinear
and with constant height of the cross section. The analysis are made with equal
discretisation steps. The displacements and forces in the arc is determined under
arbitrary loading. The forces lines influences in the sections of the arc are constructed.
1t is made the analysis and comparisons of the results obtained.

Key words: bilateral fixed arc, variable thickness, curvelinear outline, finite element method

1. BbBenenne

W3cnenBaneTo Ha JBYCTPAaHHO 3albHaTaTa JIbra, U3BBPILICHO MO AHATUTUYHU METOIU
(cUIOB METOJ — MHUYHU WUJIM TPYTIOBU HEU3BECTHU, €IACTUYCH IIEHTHP H JIp.), € TPYA0EMKO
U CBBbP3aHO C MHOT'O M3YUCIHUTENTHA paboTa. [brara e Tpu mbTH cTaTUUECKU Heonpeaenuma. B
ABYCTPAHHO 3allbHATUTC AObI'U, B CHOTBCTCTBUC C U3MCHCHUCTO HA Or'bBAIIMUTC MOMCHTH,
BHCOUYMHATA Ha HAPEYHOTO CEUYEHHUE CE yBelnyaBa OT Kitoua KbM onopure. LlenecrobpazeH
3a U3CJICABAHC Ha CHUCTEMU C KpHBOJ’IHHCﬁHO O4YCpTaHUC € MCTOABT HaA KpaﬁHHTe CIIECMCHTU
(MKE). Mogenupanero UM Hai-4ecTo € IeJecho0pa3Ho Ja c€ M3BBPINBA C MPABOJIMHEHHHI
KpaﬁHH CJICMCHTH, NPCACTABAIIN Abl'aTa KaTO HAYYIICHA JIMHUA, BB3JIUTC HA KOATO OIMCBAT
KpHUBaTa, Mo KoATO T4 € € opopmeHa. L{en Ha HacTosmaTa paboTa e 1a ce u3cieiBa ABYCTPaHHO
3alrbHaTa abra, ¢ OIOpHu Ha €IHO U ChIIO HUBO, C IPOMCHJIMBO IO BUCOYMHATA CH HAIIPCUHO
CEUYEHHUe, C KPUBOJIMHEHO OYepTaHue Mpu u3non3BaHe Ha nmpaBoiuHeiiHu KE. [la ce nu3cnensa

!, Jlunus B. Iletposa, mo1,., A-p, HHXK.-MaT., KaT. “Mexanuka”, BTY “T. Kabnemkos”, Oy “T'eo Munes” 158,
Codust 1574; e-mail: Ibphr@abv.bg

Liliya Petrova, Assoc. Prof., PhD, Eng. -Math., dep. “Mechanics”, Univ. of Transport “T. Kableshkov”, 158 Geo
Milev Str., Sofia 1574, Bulgaria; e-mail: Ibphr@abv.bg
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BJINAHHUECTO HA M3MCHCHHMCTO HAa BHCOYMHATA HaA HaHpe‘IHOTO CCYCHHUC U KpHBOHHHeﬁHOCTTa
BBPXY YCWIHSITA M IPEMECTBAHMATA Ha IbraTa.
2. [TocTaHOBKA HA U3CJIEABAHETO

T'eomempusn na ovecama

Jlbrata e AByCTpaHHO 3ambHATa, C OMOPU HA €JHO M CHIIO0 HHUBO, C KPHUBOJIMHEHHO
ouepTaHue, C MPOMEHJIUBO IO BHUCOYMHA HampeyHo ceuyeHue. C gbrara e cBbp3aHa
KoopauHaTHa cucremMa x(Oy ¢ ompenerneHo Havaio. M3BECTHO e, ypaBHEHHETO Ha Jbra OT

KBaJpaTHa nmapaboia B KOOpJANHATHA CHCTEMa C HAYaIlo B JICBUS M Kpaif, OTBOp / W CTpesKa f
uMa BHJIA y(x)=4£i2x(l—x). W3pasute 3a mbpBaTa MPOM3BOIHA, COTBETHO BI'bJIa HA HAKJIOHA HA
TAHT€HTaTa KbM OCTa x B IIPOHM3BOJIHA TOUKA OT OCTa Ha rmapadoara uMar BH/Ia

1gx
VI+tg? (x) ‘

['eoOMeTpUYHOTO pEIICHHE Ha Jbrara - OpJUHATH B W30paH Opoi TOYKH OT OCTa Ha
napabojiaTa, HAMUPANTA C€ MPE3 PABHH XOPH3OHTATHHU Pa3CTOSIHHS, BIJIM HAa HAKJIOHA Ha
TAHTCHTaTa MpU TpUeTaTa JUHCHHA ampOKCHMAIS M JUCKpPETH3aIus ¢ n30paH ompesesieH
Opoii BB3JIM OT JIbIaTa, 3a BCEKH KOHKPETEH CITyYaid, CE M3BBHPINBA 0 3aITUCAHUTE U3PA3H U Ce
MpeICTaBs B TaOJIHIIA.

. 1

! —i—x' x)=y"(x cos(x)m——cu—
(1) v (x)= Ez(l 2x); tg(x)=y" (x), ()\/m

sin(x)=

H3zcneosane na ovecama no Memooa na kpainume enemenmu (MKE)

N3non3Ba ce mpaBOJIMHECH KpaeH €JIEMEHT C MIECT CTENeHW Ha cBoOoja. Bruinmure Ha
JTUCKpETH3MpaHaTa CHUCTeMa ca pa3MoNIOKEHU TMpe3 pPaBHU XOPHU3OHTATHHU Pa3CTOSHHUSL.
BucounHara Ha HaMPEYHOTO CEYEHHUE B MPOM3BOJHA TOYKA OT OCTA HA Jbrara ce Ompenens OT
YCIIOBHETO 3a M3MECHEHHE Ha BHCOUYMHATA HA HAPEUYHOTO CEYCHHE OT KJIF0Ya KbM oropure u. B
paMKHTE Ha BCEKH CJIEMEHT BHCOYHMHATA HAa HAIPEYHOTO CEYCHHE CE MpHUeMa 3a MOCTOSHHA H
paBHA Ha BUCOYMHATA B HAYAJIOTO HA eJIeMEHTAa. B M3YMCIMTETHUS MOJIEN OCTa Ha JIbrara ce
npeoOpasyBa B IMOJIMTOHATHA KPHUBA ChC CKOKOBE HAa BUCOYMHATA HAa HAIIPEYHOTO CCUCHHE Ha
IpaHUIIaTa Ha OT/CITHUTE CJIEMEHTH, B JIUCKPETU3AIIMOHHHUTE BH3JIM Ha Jbrata. B m3BecTHHUTE
PBHYHU H3YHCIICHUS OOMKHOBEHO CE€ 3a/1aBa OTHOIIICHNE Ha MHEPIIMOHHUTE MOMEHTH, ChOTBETHO
Ha HAIPCYHUTC CCUCHUA HA YHACTBIUTC B AUCKPCTHU3UPAHATA Ibra.

Jluckperu3alpioHHaTa cxeMa Ha JIByCTPaHHO 3al’bHATaTa JIbra € moka3ana Ha ¢ur. 1.

T

lg >
I~ L ol

®urypa 1. J[uckpern3anoHHa CXeMa Ha JIBYCTPAHHO 3allbHATaTa Abla

M3cnensaneTo ce n3BbpIUIBA C aBTOMATU3UPaHO. 1 Ipy n3non3BaHuTe N3YUCIUTEIHU MOJCITN
ce OMpeNeNsiT NMPEeMECTBAHUSATA, YCHIIMATA B OO Clydail Impu MPOM3BOJIHO HATOBAapBaHE M
JIMHUHTE HA BIMSHUE 32 YCWINATA B IPOM3BOJIHO U30PAHO CEYCHHUE Ha Jbrarta.

3. UnceHnu u3cjieBaHus

N3cnenasanu ca apru, ohopMeHH o KBaJipaTHa mapadosia, ¢ MPOMEHIUBO M0 BHCOYMHATA
CH HaIlpe4yHo ceuyeHue. J[Muckperusanmusta Ha JbIUTE CE€ WU3BBPIIBA C MPABOJUHEHHU KpalHU
eneMeHTd. OnpenensiHETO Ha NPEMECTBAaHUATA M YCUIUSATA B JbraTa € H3BBHPIIEHO C
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nporpamata SAP2000. Pe3ynTatu oT pemieHus Ha 1brara, Ipy U3M0I3BaHUTE NUCKPETU3ALNN
c onpeienieH Opoil Bb3JIM U €JIeMEHTH, ca IMOKa3aH! B Tabi. 2 u taba. 3.

Ilpumep 1.

XapakTepuCcTHKA Ha abrata: otBop L=24m, crpenka f=6m, Hampe4HO CEUYEHHUC -
NPaBOBI'BIIHO, C BUCOYHHA B Kitova /1,=0,8 m u ocHoBa H=0,4 m. Moyn Ha en1acTUYHOCTTA Ha

Y
m2

Mmatepuana £=2,5.10

kN
HaroBapBaHeTo Ha abrara ce CbCTOM B PAaBHOMEPHO paszmpeseneH ToBap g=20—,
m

MPUJIOXKEH BHPXY JisiBaTa MOJIOBUHA HA JIbrara.

3a u3cieaBaHaTa Abra OTHOLIEHUETO CTPETIKAa — OTBOP € £:4 .

HauanoTo Ha koopanHatHara cucteMa xOy € B JIeBUs Kpail Ha Abrara.

Ot ycioBHe 32 U3MEHEHHE Ha IJIOMIUTE W WHEPIUOHHUTE MOMEHTH Ha HANpeyHOTO
CeueHHWEe Ha Jbrata, BUCOYMHATAa Ha HANpPEYHOTO CEYEHUE MO OocTa M, BbB (YyHKUHUS Ha
KOOpJIMHATATA X, CE ONpEes Mo u3pasza

| 5
@ e

KbIACTO hc € BUCOYMHATA HAa HAITPCYHOTO CCYCHHUEC B KJIIOYa.

B cuna ca 3aBucuMocTuTe

3) =t A
COS X COS X

["'eomeTpusiTa, HATOBaPBAHETO, XaPAKTEPUCTUKHY HA JTbraTa ca rmokazanu Ha ¢ur.2 v B Ta0I. 1.

qv +C

B=n

- T »
< >

1

®urypa 2. ['eomeTpus, HaTOBapBaHe, XapaKTEPUCTUKU HA Jbrara
B ciygas nerara, ¢ oryie[l CpaBHEHUs, € AUCKPETU3UPAHA HA OCEM €JIEMEHTA U JIEBET Bb3EIa.

Tabauna 1. ['eomerpust Ha gbrara

3
Sl IE) ¥(x) ¥ (x) g x cosx | h(x)=y|
No cos x

1 0 0.0000 1.0000 1.0000 0.7071 0.898
2 3 2.6250 0.7500 0.7500 0.6000 0.8618
3 6 4.5000 0.5000 0.5000 0.4472 0.8303

4 9 5.6250 0.2500 0.2500 0.2425 0.8081

5 12 6.0000 0.0000 0.0000 0.0000 0.8
6 15 5.6250 -0.2500 -0.2500 -0.2425 0.8081
7 18 4.5000 -0.5000 -0.5000 -0.4472 0.8303
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oo

21

2.6250

-0.7500

-0.7500

-0.6000

0.8618

24

0.0000

-1.0000

-1.0000

-0.7071

0.898

FCOMCTpI/I‘IHOTO PEUHICHUEC € ITIOKAa3aHO 3a [sjiaTa aAbra.

B ClIydas pasjidKara MEXAYy BUCOYMHATA Ha HAIIPEYHOTO CCUCHUC B KIrO4Ya hc " B IICTUTC

hO Ha 3arrbHaTaTa abr'a HE € rojisiMa (onpe/:[eml C€ OT CbOTHOIICHHUETO %)

Tab6auna 2. [IpemecTBanus ¥ ycuius B Abrata

Bpoii n=8
CIICM. [IpemecTBanus Veunust
Bﬁen u,(x) w(x) o.(x) M, O, N,
1 0 0 0 -204,02 -86,22 -243,22
20,47 -26,22 -190,72
-3 -3 -3 s » H
2 1,054.10 -1,358.10 5411.10 2047 5631 184,00
113,77 3,69 -146,59
-3 -3 -3 > b s
3 1,54.10 -2,27.10 -9,273.10 113.77 2548 14441
99,21 34,52 -121,99
-3 -3 -4 ” ” >
4 1,365.10 -1,822.10 -2,044.10 9921 5.26 112659
-7,63 65,26 -119,09
-3 -4 -4 b ks >
5 1,132.10 -3,337.10 -6,392.10 763 33.93 13149
-110,49 33,93 -131,49
-3 -3 -4 b > >
6 1,270.10 1,178.10 -1,175.10 110,49 247 13577
-118,48 2,47 -135,77
-3 -3 _ 4 D) 9 )
7 | 145110 1,679.10 1,132.10 11848 2453 13556
-31,52 -24,53 -133,56
_ -3 -3 -4 ” ” ”
8 9,716.10 1,020.10 4.473.10 31,52 4553 127,94
9 0 0 0 150,29 -45,53 -127.94

Jlunuu Ha énusnue 3a peakyuu u yCcuius

OpI[I/IHaTI/I Ha JIMHUWUTC Ha BJIUAHUC 3a YCHIIMATA B JbraTa IpHW H3NOJ3BaHATA

JUCKPETU3alusA, ca IOKa3aHu B Tabm. 3.

Taoauna 3. JIuanu Ha BIMSHUE

Bpoit n==8
CIICM.
B;fen HAVH "AAU "MA" "MCH HQCH "NCH HMmH HQmH !'Nmﬂ
1 | 1,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000
2 [ 0952 | 0,182 | -1,527 | 0,197 |7016E-02] -0.175 | 0,192 | 0,109 | -0,154
3 [ 0897 | 0509 | -1,119 | 0252 | 0235 | -0483 | 1,008 | 0341 | -0415
0467 | 0,529
m 1634 1 0469 | -0.880
4 | 0,669 | 0.804 | -0,161 |[4317E-02] 0429 | -0,756 | 0,789 | -0,344 | -0987
0614 | -0.879
5| 0586 | 0949 | 0651 | 0961 | o | Tgs | 0401 | 0135 | 1064
6 | 0331 | 0804 | 0887 |[4317E-02] -0229 | -0.838 | -0.697 | -2,817E-0] -0,869
7 [ 0252 | 0509 | 0720 | 0252 | -0,100 | -0,526 | -0,557 |1,620E-02| -0,537
8 B,790E-0] 0,182 | 0325 | -0,197 |-2489E-02 -0,187 | -0242 |1,923E-02] -0,188
9 [ 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000 | 0,000
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JInHUNTE HA BIMSHHE 32 PCAKIMUTE B AACHATA OIOpa Ha Abrara C€ CTPOAT IO aHAJIOTHA
N OpAMHATUTE UM CC 3alliCBaT 110 CbOTBETCTBUC.

Ilpumep 2.
XapakteprcTHKU Ha Jbrata: otBop L=36m, crpenka f=18m, HanpeyHo cedeHHe -

IPaBOBI'BIHO, C BUCOUMHA B Kito4a /i.=1,2 m , BucounHa B nerara /,=1,8 m u ocHoBa b=1,0m .

kN

Mopyn Ha enacTUYHOCTTa Ha Matepuana £ :2,5.107—2 .

m
HaTOBapBaHCTO Ha Jabratra mnpeiacTaB/IsiBa PABHOMCEPHO pasnpeAci€H XOPHU3O0HTAJICH

kN
ToBap g=20— («—), MPWJIOKEH OTASACHO Ha Ibrara.
m

3a ;mprara OTHOIIEHHETO CTpEIIKa OTBOp € 222 .

Havanoro Ha koopauHatHaTa cucrtema XOy € B JI€BUs Kpail Ha Jbrara
B gacrra or mprata MKy nerara M Kir4a BHCOYMHATA HA HANPEYHOTO CEYCHHE CE
ompenens o u3pasa

X

d,—d

4

4) d =d. +

b

2
KbJACTO |x| e abcoyroTHaTa CTOMHOCT Ha a6cuHcaTa Ha pasrjiexkKaIaHOTO CCYCHHUE ITPHU CIIOMa-

ratrejaHa KOOpJMHaTHA CUCTEMa C;; - (c Hayano T.C ¥ OpUEHTAIMs HAa OCUTE (—>)_c yu(|. ; ).

|l r »|
M~ o

®urypa 3. ['eomeTpusi, HaTOBapBaHe, XapaKTEPUCTUKU HA Jbrara

Taouauna 4. ['eomerpus Ha 1prara

v B »(x) ¥'(x) g x cos X )
I 0 0 2 2 0,4472 2
2 3 5.5 16667 | 1,6667 | 05145 L3
3 6 10 13333 | 13333 0.6 14
4 9 35 1 1 07071 Ls
5 2 16 06667 | 0.6667 08321 16
6 5 175 03333 | 03333 0,9487 L7
9 I8 I8 0 0 i L8
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B Clly4das reoMCTpuiATa 1 BACOUMHUTC HA HAIIPCYHOTO CCUCHUC Ca MMOKAa3aH! 3a I10JIOBUHATA
Abra. B ocrananara gact Te ce MPENMCBAaT 10 aHaJIOI'vs.
I[I/ICerTI/ISaI_[I/ISITa Ha Abrara € U3BbpuicHa ¢ IBaAHAACCCT CJIICMCHTA U TPUHAACCCT BbH3CJIa.

Tabuauna S. [IpemecTBanus U ycuius B abrara

Bbpoit n=12
CIIeM. [IpemecTBanus Yeunus
Bu3en
Ne ui(x) w; (x) ?; (x) Mi Qi Ni
1 0.000 0.000 0.000 101624 80,92 121,63
] P S P 80.92 12163
2 | -1.835.10 9.715.10 5.836.10 508,81 6055 81
69.83 12831
4 4 5 ) )
3| 5.18610% | -3.183.10% | -8369.10 13048 e 3578
P P P 53.88 113578
4 | 821710 5754.10 -8.419.10 118,36 00 s
30,50 142,86
4 5 , >
5 | -0,00102 8.074.10 6,898.10 23773 03 405
3,03 145,05
N -4 -4 B ’ s
6 0,001 7473.10 1,027.10 227,52 Tss 30
P ; P 4585 713870
7 | 9.264.10 1,925.10 2.369.10 87.68 P e
. . 7835 5634
8 | -000106 | -541510* | -2,012.10 16637 otk iy
9 | -000123 | 877410* | -2252.10° 423,08 %‘1‘2 iggg
10| -000112 | 750410 | -6474.10° 523.82 f,; 19‘; igfgg
83.99 16159
-4 -4 -4 s b}
11| -8.195.10% | -4.967.10* | -1,013.10 306,55 10587 <01
] L L S 192.82 21031
12 | -3.409.10 1.813.10% | -9.714.10 493.86 roes ot
13 0.000 0.000 0.000 2157.69 320,69 252,41

Jlunuu na énusnue 3a peakyuu u ycuius

OpI[I/IHaTI/I Ha JIMHUWUTC Ha BJIUAHUC 3a YCHIIMATA B Jbrara

JAUCKPETHU3all, Ca IIOKa3aHu B Tao1. 6.

Taoauna 6. Jlunuu Ha BIUAHUE

IIpYM M3I0JI3BaHATa

Bbpoit n=12
eNieM.
B'S)\?eﬂ !'A]H 111471" HMAH "MCH HQCH HNCH HMm n HQmH !'Nm!'
1 1 0,000 0 0,000 0,000 0,000 0,000 0,000 0,000
2 1098547 |3,346E-02| -2,175 |-3,835E-02|8,831E-03]-3,539E-02) 0,324 |3,486E-02]-1,074E-02
3 1094523 | 0,118 -3,028 | -0,119 |3471E02| -0,125 1,191 0,125 |-3,489E-02
m 1,787 0,185 |4,877E-02
1,787 -0,466 0,808
4 1088370 | 0,232 -2,937 | -0,198 | 7,662E-02 -0,248 0,972 -0,399 | -0,822
5 | 0,8056 0,359 -2277 | -0,238 0,133 -0,386 | -0451 -0,252 0,845
6 |0,67857 | 0478 -0,552  16,294E-02| 0,239 -0,524 | -1,076 |-7,878E-02| 0,826
1,129 0,406 -0,602
7=C| 05 0,527 1,622 1129 10580 L0438 -0,827 [7,505E-02| -0,723
8 1032143 | 0478 2,881 [6,294E-02| -0,396 -0,419 | -0,326 0,154 0,555
9 10,1944 0,359 2,732 -0,238 -0,251 -0,322  -3442E-02] 0,146 -0,381
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10 ] 0,11630 | 0,232 1,882 -0,198 -0,153 -0,209 [2,922E-02| 0,100 -0,239
11 1005477 | 0,118 1,012 -0,119 |7334E-02| -0,107 |4,050E-02|5,357E-02| -0,118
12 | 0,01453 |3,346E-02| 0,303 | -3,835E-0-1,983E-02]-3,061E-02|1,826E-02 |1,595E-02 |-3,281E-02
13 0 0,000 0 0,000 0,000 0,000 0,000 0,000 0,000
U B 1Bata mpuMepa CEUEHUETO 71 Ce HaMHpa B CpejiaTa Ha eJIEeMEHTa C 03HAYeHU HoMepa

Ha BB3IUTE.

3HanKTe HA 3aIUCAHHUTE PE3YJITaTH 32 MPEMECTBAHUATA U YCHIHSTA ca MO METO/Ja Ha
kpaiiaute enemeHta (SAP2000).

I'padbuuno mpexncraBsHe HA TMONYYCHHTE pPE3YJITAaTH I[OKa3Ba OYEPTAHUETO Ha
MIOJTYYCHUTE TMarpaMH 3a PEMECTBaHUs, YCHIIUS ¥ JIMHUU Ha BIIUSTHHE.

BbB BB3/IMTE HA JUCKPETH3UPAHUTE C MPABOJIUMHEHHH €JIEMEHTH CHCTEMH Ce
Ha0JII0/1aBaT, HOPMAJIHO, CKOKOBE B JJMarpaMUTe HA HAIPEUYHUTE U HOPMAJTHUTE YCHIIUSI.

[Toydenure pe3ynraty 3a IPEeMECTBAHUATA U YCUIIHSTA Ca aHAJIM3UPAHU U CPABHEHH C
W3BECTHH OT JINTEPATYPHHU M3TOYHUIM perieHus. [1o Bua nuarpaMure U JIMHUUTE HA BIUSHHUE
B IbTaTa MPUOIU3UTETHO CHBIAAAT WU HAMO100sBaT. Pa3nukuTe B pe3ynTaTUuTe B ODAMHATUTE
Ha MarpaMuTe ¥ JUHUHUTE HA BIMSHHUE CE IBJDKAT HA pa3MKaTa B METOJUTE Ha M3CIIE/IBAHE —
AHATUTUYHO PHYHO U JUCKPETU3ANMOHHO PEIICHUE.

CpaBHeHnus, U3BOIH

C yBenuuaBaHe Oposi Ha €JIEMEHTUTE Ha JAMCKPETH3MpaHaTa CHCTEMa T'€OMETPHsTa
(BI/ICO‘-II/IHaTa) Ha HaHpeqHOTO CCUCHHUC Ha Abrara ce YTO‘-IHSIBa. yTOqHHBaT cenu nonyquHTe
pe3yaTaTH 3a MPEMECTBAHUATA M YCHJIMATA B Jbrara C MPOMEHJMBO IO BHUCOYCHATA CH
HanpeyHo ceyeHne. HabmoaBa ce cXOMUMOCT Ha pe3yJITaTUTE.

[IpenMCTBO Ha TPUIIOKEHHUS EJIEMEHT € B YHHUBEPCATHOCTTAa HAa H3IIOJI3BAHETO HA
HpaBOHHHCﬁHHH KpaeH CIICMCHT nu oTaaJIicyaBaHE oT ypaBHeHI/IHTa, OIIucCBaIIn
KPUBOJMHEHHOCTTA.

HO HpeI[JIO)KeHI/ISI Ha4YWMH MOratr ga C€ wuacjacaBaT AbI'U C HpOPI?;BOJIHO O‘ICpTaHI/IC,
MOAMKUPAHE U TIPU IPOU3BOJIHUA Bb3ACHCTBUS.

JIUTEPATYPA
1] KsaprupuuxoB Ain., CtpoutenHa mexanuka, 4. I, II, UASG, Sofia, 1988 r.
2] Kapamancku T. u np., Ctpourenna mexanuka, Cogusi, Texnuka, 1988 r.

[
[
[3] apkoB A., Ky3nenos B., CtpourtenbHas Mexanuka, Becias mkona, Mocksa, 1962.
[4] SAP 2000 v.7.42, Manuals, Computers and structures, California, USA, 1998
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YPABHEHMUS OT TPETA CTEIIEH — PEHIEHUE
Jnsus B. Merposa!

Bucwe mpancnopmuo yuunuwe ,, Tooop Kabaewrxos”, Cogus

EQUATIONS OF THIRD DEGREE - SOLUTION
Liliya B. Petrova!

Todor Kableshkov University of Transport, Sofia

Abstract: It is examine the possibilities for the analytical solution of the equation of third
degree and an analysis of the solution. On the produced manner for solution of the
equation, in depending of the coefficients, are solved and presenting examples. Equations
of third degree have an application, for example, in the mechanics of the carrier
constructions.

Keywords: equations of third degree, analytical solution

1. [IpeoOpa3yBaHe HA ypPABHEHMSITA OT TPETA CTENEH
W3X0aHOTO ypaBHEHHE OT TpETa CTEIeH
ax’ +bx*+cx+d=0, a#0/:a
ype3 AeneHe Ha koepuimenta a=0 ce npeodpazyBa B KAHOHUYEH BHU]L

3 9 b bc d
x7+rx°+sx+t=0, B KOETO r=—, §S=—, t=—.
a a a

r
Upes cyOcTuTynusira x= y—g Ce I0JIy4aBa IPUBEICHO YPaBHEHUE OT BUA

y3 +py+q=0.
Cnen CBIOOCTAaBSHE 3aBUCHMOCTUTE MEXAY KOepMIMEHTHTE HA KAaHOHU3MPAHOTO
KyOMYHO ypaBHEHHE ¥ IPHBECHOTO ypaBHEHHE TIpUeMaT BU/IA
3s—r? 21 s
T3 2773

p

r
Cyb6cturynusita y:x+g B IIPUBEICHOTO ypaBHEHUE BOJIU A0 KAHOHUYHOTO ypaBHEHUE.

Pemennero Ha KyOMYHOTO ypaBHEHHUE 3aBUCH OT 3HAaKa HA JTUCKPUMHUHAHTATa

! JTumua B. Tletposa, 1011., I-p, HHXK.-MaT., KaT. “Mexanuka”, BTY “T. Kabnemkos”, 0yi. “T'eo Munes” 158,
Codust 1574; e-mail: Ibphr@abv.bg

Liliya Petrova, Assoc. Prof., PhD, Eng.-Math., dep. “Mechanics”, Univ. of Transport “T. Kableshkov”, 158 Geo
Milev Str., Sofia 1574, Bulgaria; ; e-mail: Ibphr@abv.bg
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H3xonHO ypaBHEHUE [IpuBeneHo ypaBHeHHe
D=b’c’~4ac’~4b*d—-27a’d* +18abcd D_( pf{qu
3 2

|
HOCJ’IG,I[HaTa JUCKPUMHUHAHTA CC MOoJIydaBa OT U3X0JHAaTa YpE3 YMHOXKCHUE Ha(—@

Tadauua 1. luckpumunaanTa — Penenus Ha KyOWYHOTO ypaBHEHHE.

X pCaJIHO X KOMIIJIEKCHO
D0 | Enn peasen xopen EnunH peasneH u 1Ba KOMIUIEKCHO CIIpETHATH
KOpEHa
D=0 | Tpu peannu xopena Tpu peannu kopena
Enun peanen kopeH u eIuH IByKpaTeH KOPEH Enun peanen kopeH u eIuH IByKpaTeH KOPEH
D=0 | unm exun peanen TpuKpaTeH KOPEH. WY €IUH peasHo TpukpareH kopeH. [locnegHoTto
Hocnennoro ce nonyuasa npu p=¢=0. ce nomyuasa npu p=qg=0.

2. Pemiennsi Ha ypaBHEeHHSATA OT TPeTa CTeNeH

2.1. Ypes paznazane Ha TUHEIIHU MHOMCUMENU
3X0mHOTO (IPHBEICHOTO) YypaBHEHHE C€ MPEJICTaBAT KaTo IPOM3BEACHHE Ha
MHOHTEIH
ax’ +bx* +ex+d=a(x—a )(x2 + px+0'):0
WITN ax’ +bx” +cex+d=a(x—a )(x—B)(x—y)=0..
B ciydas kopeHnTe Ha KyOMYHOTO ypaBHEHHUE ca O3HaueHu ¢ « , 3, 7.

Kopenn Ha KyOMYHOTO ypaBHEHHE Ca KOPEHUTE Ha JMHEHHHUS MHOXUTEN Xx=a U
KOPEHHUTE Ha KBAaJPATHOTO ypaBHEHUE

2
(x2+px+0')=0 X2 :_giv(gj 40 x,, =(B.7).

2
(x*+pxt0 J=(x—)(x—7)=0, Bry=—p. Br=q.
PGIHGHPIHTa B IBaTa cnyqa;{ Ha HpeI[CTaBHHC Ha N3XO0JHOTO ypaBHeHHe ChBIIagAarT.

OtnenstHETO Ha JMHEEH MHOXKHUTEN € BB3MOXKHO IMPHU €IHO OYEBUAHO HIJIM H3BECTHO
pelieHre Ha KyOUYHOTO YpaBHEHHE.

Ilpumepu:
B ciydast karo KyOM4HU ypaBHEHHS C€ M3MON3BAT U U3pa3u Ha GOPMYIIH 32 CHKPATEHO
ymHoxkeHue. [lokazanu ca Bb3MOXKHUTE pa3jiaHus Ha MHOKHUTEIIH.

x*=1 x’=-1
x> =1=(—1)(x* +x+1) 7 —1=(—1)(x* —x+1)
1 3 1 3 1.3 143
x=l, x,=—+i—, x,=—i—. x=l, x,=—+i—, x;=—i—.
2 2 2 2 2 2 2 2
x’=a xX'=—a
X—a=0 x*Aa=0 X+a=0 x’+a=0

(x—i/zkxzﬂc i/;+(3\/;)2 )=0 (x+i/;)(x2—x i/;+(3\/;)2 )=0
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X1=3 a, X, :3\/;[—1+1£J X, :-3\/;’ X, :%[l—HEJ
2 2 2 2

X =3\/; [—l—lﬁj . X =3\/; [—l—lﬁj .

2 2 2 2
(x+1)’=0 (x-1)’=0
(x+1)’ =(x+1)(x+1)(x+1)=0 (x-1)’ =(x-1)(x-1)(x~1)=0
(x+1)’ =(x+1)(x+1) =(x+1)(x2+2x+1) (x—1) =(x—1)(x—1)* =(x-1)(x>~2x+1)
(x+1)’ =x*+3x+3x2+1=0 (x-1)’=x*-3x+3x%-1=0
x,=—1;x,=—1;x,=-1 x,=1;x,=1; x,=1
(x+a)3 =0 (x—a )3 =0
(x+a )3 =(x+a)(x+a)(x+a)=0 (x—a)3 =(x—a)(x—a)(x—a)=0
(x+a)’ =(x+a)(x+a)’ =(x+a)(x*+2ax+a’ ):0 (x—a) =(x—a)x—a)’ =(x-a )(x2 —2ax+a’ ):O
(x+a) =x*+3ax+3ax*+a’=0 (x—a) =x’-3a’x+3ax’—a’=0
X, =—a;X,=—a; X,=—da X,=a;X,=d; x,=d
(x*+x+2)=0 X’ =2x*-23x-84=0
(x3 +x+2)=(x+1)(x2 —x+2) x> =2x° —23)6—84=(x—7)(x2 +5x+1 2)
(x+1)=0 x=-1 (x-7)=0 x=7;

1+iv7 ~5+i\/23

2

(x2 —x+2):0 X ,= x> +5x+12=0 X =
Wi 1T . SN2l 523
5 s X3= 5 X=15 X= 5 5 X3= >

x=1; x,=

2.2. Ype3 popmynume na Kapoano
dopmyaute Ha KapnaHo 3a M3XOMHO ypaBHEHHe X +7x +sx+t=0 ce oTHacsT 3a
CHOTBETHHS MY TIpHBE/IeH BU ¥+ py+q=0.

Pemenus Ha npuBEIEHOTO ypaBHEHUE

B Uty ou—v. 5 Cutv u-v, o
Y =u+v, yz——7+71 3=gu+e,v, y3——7—71 3=gv+e,u,

3 2 i
RPSN KC R R S (N P 0

Ipensun cy6cTuTyusATa, MpU onpeaeneHu y,, (k=1,2,3), pemenusara Ha U3XOIHOTO

ypaBHEHHME Ce MONydaBaT 110 U3Pa3uTe X, =, —; ,(k=1,2,3).

B cnydas D<0 xyOuW4HOTO MMa TpH peanHu kopeHa. [Ipu n3nos3BaHe Ha 3alMCaHUTE
dopMynH, KOpeHHTe Ha KyOMYHOTO ypaBHEHHE C€ H3pa3siBaT 4pe3 KOMIUIEKCHM 4YHCIa.
W3passiBaHe upe3 KOMIUIEKCHU YUCIIa ce N305TBa Mo CIeTHUS HaYHH.

140



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

3
[Tonara ce p= —a , COS(p=—q .
27 2p
PemenusTa Ha NpuBeIEHOTO ypaBHEHHE ITpUEMaT BUJa

Vi =2i/;008(2j . ¥ =2 pcos(2+2—ﬂ) s Vs :2i/;cos(9+4—”) ,
3 3 3 3 3
CrnenBa onpenesssHeTO Ha KOPEHUTE HAa KOPEHUTE X, =), —g ,(k=1,2,3) Ha xKaHOHMYHOTO

KyOUYHO ypaBHEHHE X°+7x” +sx+1=0.

Ilpumepu:
X’ —6x*+21x-52=0
¥ 49y-26=0 p=9-0, q=-26; D=196>-0;
51:(_1—’_71\/_3); 82:(—1—Tn/_3); £,=-0,5+0,866i;  &=—0,5-0,866i;
u=3 (_—226)+J196:3, v=31/—(_%6)—x/196:—1;
n=2, x, =4,
y, =—142i3=-143,464i x,=1+3,464i ,
yy=—1-2i"/3=—1-3,464i . x,=1-3,4641i .
11 +2x*=7x+28=0;
x°+0,1818x”—~0,6364x+2,5845=0;
12 +9y-26=0 p=—0,6474<0, q=2,5845; D=1,6598-0;
g =—(_1+"/§); 2:_(—1-1«/5); £,=—0,5¢0866i;  £=—0,5-0,866i;
2 2
u=3 (_56)+\/196=—0,1573, v=3 (_56)—«/196:—1,3716;

»=-1529, x, =—1,5896,
y,=0,7645+1,0516i , x,=0,7039+1,0506i ,
y,=0,7645-1,0516i . x,=0,7039-1,0506i .

x’—7x+5=0
V> =Ty+5=0 r=0 p=-7<0,  g=5; D=-6,4537<0;
3
p=|-L-=-35647 ; ch(p)=—2L =—0,7014; 0=2,3482;
27 2p
? o 0,7827; cos(9j=0,709 ;
3 3
», :2i/;c0s(§j:2,166 : xX,= yl—;:2,1 66,
,=23 pcos(%%”j:—z,%ss, xZ:yz—;:—2,9488,
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y3:2{/;cos(%+4?ﬂj=0,7828 . X,= y3—;:0,7828 .

B npuiiokeHuTe npuMepH pelieHusTa ca NpeCcTaBeH! ¢ KOMIUIEKCHH U PealiHu YucIa.

2.3. Upe3 nomowiHu éenuuunu
Tomownu eenuuunu. Pewenus na ypasnenusama

B npuBezneHo ypaBHeHue V> +py+q=0 ce BbBEXJAT O3HAUEHUSITA
|p| 1 g~0
R=sign|q|1/— , KBJETO sign|q|= 0 g=0.
3 -1 ¢=0

BbBexnar ce ome nmoMoIniHa BeIudruHa ¢ W TUCKPUMHUHAHTA Ha MPUBEICHOTO KYOUIHO

3 2
p q
aBHeHUEe D= — | + = | .
P (3) (2)

PelenusTa Ha NPUBEIEHOTO ypaBHerue ¥, , (k=1,2,3), onpenenenu cropen 3Haka Ha p

u D, canokazanu B Ta0mI.1.

Taoauna 2.
Vs p=0 p=0
D<0 D=0
q q q
COSQ= chp= sho=
R s s
¥, ~2Rcos? ~2Rch? —2Rsh?
3 3 3
v —2Rcos £+2—7Z RehZ+i3RshE RshZ+in3Reh?
? 33 3 3 3 3
Vs —2Rcos(§+4?ﬂj Rch?—iﬁRsh? Rsh%—i\@Rchg

TIpeBU U3MON3BaHATA CyOCTUTYIMS, IPU onpenenenu y,, (k=1,2,3), pemennsara Ha

"
U3XOJHOTO ypaBHEHHUE CE MOIy4yaBaT [0 U3PA3UTE X, =), =3 (k=1,2,3).

Ilpumepu:
1. ¥’ =9y+4=0 p=-9<0, q=4; D=-23<0;
2 0
R=/3=1,7321; cosp=—— =67°22;
=35 @

y,==2+/3 c0s22°27=-2~/3 0,9242=-3,2015 ,
,=-2/3 c0s142°27=-2+/3 (-0,7982)=2,746 ,
y,=-2+/3 05262°27=-2+/3 (-0,1314)=0,45515

—x*+4x*—11x-37=0

r=—4; s=—11; =37
y3—1 6,3333y+17,5926=0 p=—16,3333<0, q=17,5926; D=-84,0093<0;
R=23333; cosp=0,6924 »=0,806;
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2.

y,=—4,4993, x,=-3,1659;
,=33224: X, =4,6557
1, =1,1769 x,=2,5102
4x® -2x* -3x+6=0
73-8,33377+10,7407=0 p=—8333,  ¢=10,7407; D=7,4074
R=1,667: shp=0,5879 chp=116 (9=0,5584:
7, =-33912, x,=—4,7246,

v,=1,6956+0,540i ,
¥,=1,6956-0,540i

4x° +8x*—3x+15=0

1°—2,0833y7+4,8426=0

R=08333;
$,=-2,0961,
v,=1,048+1,1009;,
1,=1,048-1,1009; .

¥ —6x°+21x—52=0
¥ 49y-26=0
R:—\@ ;
n=2,
y, =—1-2i3=-1-3,464i ,
yy=—142iV3=—143,464i .

2x°+4x° +12x-19=0

> +4,667y-12,9074=0

R=—1,2472;
¥,=1,7046
y,=—0,8523+2,6165i
y,=—0,8523-2,6165i

X’ +3x+3=0

r=0, s=3,;, =3

> +3y+3=0

R=1;
»,=—0,8177
v,=0,4089+1,8712i
v,=0,4089-1,8712i

x,=0,3623+0,5404: ,
x;=0,3623-0,540i

shp=4,0627

XIZ

p=-2,0833, ¢=4,8426, D=5,5278

chp=4,184 0=2,1098;
~2,7628,

x,=0,3814+1,009i ,
x,=0,3814-1,009; .

p=9>0, q=-26; D=1960
shp=2,5019 chp=2,6945 p=1,648;
x,=4,
x;=143,464i ,
x,=1-3,4641i .
p=4,667-0, q=—12,9074, D=45,144,
sh@p=3,3264 chp=3,4735 p=19167;
x,=1,0379

p=3>0
shp=1,5

x,=—1,519-2,6165i
x,=—1,519+2,6165i

q=3 D=325>0
chp=1,8028 0=1,1948 ;
x,=—0,8177

x,=0,4089+1,8712i
x;=0,4089-1,8712i
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3 2

Kopenure x,, (k=1,2,3) Ha kaHOHM3MPAaHOTO ypaBHeHHE X’ +7x°+sx+t=0, Tpsi6Ba na
yIIOBJICTBOPSIBAT 3aBUCHMOCTHUTE

X, +X,+x, =7

XX, +X, X5+ X, X, =5 ;

XX, Xy =—1;

ChIuTe 3aBUCUMOCTH Ca ITPOBEPEHHU YUCIICHO 33 PEIICHUTE YPaBHEHHUS.

Pemienute B TO3M Ciay4ail MPUMEpPH MPEACTABIT M TPUTE 3allMCaHH B Tabn. 1 THMOBe

pelieHns Ha KyOu4Hu ypaBHeHUs. Ha monmyyeHuTe pemeHus—KOpeHn Ha KyOMYHU ypaBHEHUS,
B HAKOM OT CJIy4YauTe, € HAIIPaBEHO CPAaBHEHHUE.

3akaoueHue

Pemienne Ha ypaBHEHHE OT TpeTa CTENEH € CPaBHUTEIHO IMO-MAJIKO MPEJCTaBEHO B
JUTEPATYPHUTE U3TOYHHIIH.

YpaBHEHHUs OT TpeTa CTEIEH CE IPWIaraT HallpuMep B HE MAJIKO ClIly4au Ha MEXaHMKAaTa
Ha HOCEIIUTE KOHCTPYKIMHK. PeraBaneTo Ha ypaBHEHHETO OT TPETa CTETICH, IO MPEACTABEHUTE
METO/TU, B MPEACTaBeHaTa paboTa ce U3BBPIIBA ChC ChCTABEHA IPOrpama.
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I'PAOUYEH METO/ 3A OITPEJEJIAHE HA AIPOTO
HA HAITPEYHO CEYEHHME

Cgerinana Jluakosa-Mapkosa!, Teomxop Tomopos?

Yuusepcumem no apxumexmypa, cmpoumencmeo u ceooesusi (YACI), Cogpus

GRAPHICAL METHOD FOR DETERMINING THE CORE
OF A CROSS SECTION

Svetlana Lilkova-Markova!, Teodor Todorov?

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: Solving a variety of practical problems requires the determination of the core
of a cross section. In the article two examples for application of the graphical method are
demonstrated for this purpose. Its advantages are substantiated for the cases when the
section has no axis of symmetry and when there is a convex curve in its outline. The
AutoCAD software product is applied for realization.

Key words: core of a section, graphical method

1. BnLBeaenue

C’prOTI/IBJ'IeHI/IC Ha MAaTCpUAIMTEC € BaKHa OUCHUIUVIMHA 34 BCCKH HWHIKCHEP.
[IpunobutuTe 3HAHMA 1O HES ca OT CHUIECTBEHO 3HAUEHHWE NIPU TPOCKTHUpPaHE Ha
KOHCTPYKTUBHUTC CJIICMCHTH. Ot TaX HAaTOBAPCHUTC HA HCHTPUYCH U Ha HCICHTPUYCH HATUCK
€a YeCTO CpellaHu B KOHCTPYKIIUUTE.

HpI/I HCHTPHUYHO HATUCHATHU CIICMCHTH CHIICCTBYBAT CaAMO HATHUCKOBU HAITPCIKCHUA. AKo
PUJIO’KHATA TOUKA HA CHUJIaTa HE ChBIIAJla C IEHThpPAa Ha TEXKECTTa HAa CEYEHHUETO, TO MOXKeE J1a
MMa pa3iIu4HM cilydau. /[uarpamara Ha HOPMaJIHHUTE HANPEKEHUs € WU €AHO3HA4YHA, WU
JIBy3HaUYHa. AKO MaTepualbT Ha KOJOHATa € KpeXbK (0eTOH, TyxJeHa 3ujapusi, KaMbK), €

! Ceernana Jlunkosa-MapkoBsa, mpodecop, JOKTOp, KaTezpa ,, TeXHudecka MeXaHuKa“, Y HABEPCUTET I10
apXUTEKTypa, CTPOUTEIICTBO U Teoe3us, Xuapotexamdecku gakynrer, Codwus, Oy ,,Xpucto CmupHeHCKH“ Nel ;
e-mail: lilkovasvetlana@gmail.com;

Svetlana Lilkova-Markova, Prof., PhD, Eng., Department of Technical Mechanics, Faculty of Hydraulic
Engineering, University of Architecture, Civil Engineering and Geodesy, Sofia, 1 Hristo Smirnenski boulevard,
e-mail: lilkovasvetlana@gmail.com ;

2 Teomop TonOPOB, ac., HHK., KaTepa ,, TeXHUUeCKa MEXaHUKA®, Y HHBEPCHTET M0 apXUTEKTYPa, CTPOUTENCTBO U
reoze3us, Xuaporexuudecku axynrer, Codusi, Oy ,,Xpucto CmupHeHckr™ Nel; e-mail: todorov.the@gmail.com;
Teodor Todorov, Assist. Prof., Eng., Department of Technical Mechanics, Faculty of Hydraulic Engineering,
University of Architecture, Civil Engineering and Geodesy, Sofia, 1 Hristo Smirnenski boulevard,;

e-mail: todorov.the@gmail.com ;
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HEOOXO0IMMO HATPEXKEHUITA Ja ca caMO Ha HAaTHCK. Te3n mMarepuain moeMaT MajaKyd OMbHHU
HaIpPEKEHUS.

3aroBa ce AeduHUpA SAPO HA HAMPEUYHOTO CEUCHHE HAa KOJIOHaTa. To € o0iacT oKoJo
LEHThpa Ha TEXKECTTA Ha CEUeHNETO. AKO NMPUIIOKHATA TOYKA HAa HATUCKOBATA CUJjia € B SIIPOTO
Ha CEYCHHUETO, TO HOPMAJIHUTE HAIIPEIKEHHSI ca CAaMO Ha HATHUCK.

B noedero yueOnunu no CenpoTtusieHue Ha matepuanute [1], [2], [3], [4] € moka3zaHo
AQHAJIMTUYHO OIpEEIITHE HA TOYKH OT KOHTYpa Ha sIpOTO Ha cedyeHue. Uepradr ce TaHrupamu
IpaBH KbM ceueHueTo. To ce Hamupa U3LSAI0 OT eHaTa cTpaHa Ha Te3u npaBu. Onpeaensr ce
TEXHHUTE OTPE3U Ny, U N, CHPSIMO [JIABHUTE IEHTPAIHU UHEPIIMOHHU Och. KoopuHarure Yy, U

Zy Ha TOYKa OT SAPOTO CE€ ONPEAEIAT ChITIACHO CIECAHUTE (POPMYIIH:

(1) Yo A )

ny ny

KBJETO ), W I, Ca WHEPIUOHHWUTE paauycH. To3M IOAXOJ € JIECEH 3a NpuIlaraHe, Koraro
pasrIekaaHOTO CEYEHHE UMa OC Ha CUMETPUS U € 0YepTaHO C IIPABU JTUHUMU.

B cnyqaﬁ, YC CCUYCHUCTO HAMA OC Ha CUMCTpPUS, KOOPpAWHATHATA CUCTECMA Ha TIaBHUTC
MHEPUUMOHHU OCH € 3aBbpPTSIHA CHOPSIMO XOpPU3OHTANHATa LeHTpanHa oc. OTpe3uTe Ha
TaHTHpAIIUTE MPaBU OT TJIaBHUTE WHEPLMOHHU OCH C€ OMpPENeNsT MO-TPyAHO. 3ajauyaTta ce
YCIIO’KHSIBA U TIPU HAJIMYME HA M3I'bKHAJIA KPUBA B HAIIPEUHOTO CEUEHUE (HAIpPUMEp JIbra OT
OKPBXHOCT).

B HacTodara Crtatusd € II0OKAa3aHO, Y€ IpHU H3IOJ3BAHC Ha Fpaq)I/I‘IHI/ISI METOA 3a
MOCTPOEHUE HA ANIPO HAa HAIIPEYHOTO CEUEHHE ChIIacHo [S5], [6] Te3u TpyaHocTH oTtnaaat. B
MeXaHHUKaTa ca U3BECTHH pa3IudHu rpaduunu Mmetoau [7]. Te He ca MHOTO MOMyYJISIpHH, TOPaaH
HaTpyIBaHE Ha Tpelika Mpu paboTa BbpXy Kiacuyecka 4epTokHa Abcka. ChllecTByBaT
CHhBPEMEHHH NPOrpaMHH MPOAYKTH 3a rpaduueH nqu3aifH. C TAXHOTO U3I0JI3BaHE TOYHOCTTA Ha
rpaduuHUTE pelIeHUs € ChIllaTa KaTO HAa aHATUTUYHUTE.

2. I'paduyen MeTo 3a onpeaeisiHe HA SIIPOTO HA ceYeHHe

3amaya 1: O4yepTaHo ¢ NPaBU JUHHUHU ceYeHHUE 0e3 0C HA CHMETPHUA

ToBa cedyenune e nmokazano Ha ¢ur. 1. [maBHUTE HEHTpaTHU MHEPIMOHHHU OcH Y U Z ca
3aBBPTEHU CHPSIMO OCUTE y U Z. | TaBHUTE MHEPLIMOHHA MOMEHTH MMaT CJIEHUTE CTOMHOCTH:
Iy = 111,79; I, = 44,17. llpeacraBeHOTO TpadIHO PEIICHHE € U3BBPIICHO B 6€3pa3MepHOTO
MozenHo mnpocTtpanctBo Ha AutoCAD. 3aroBa B Hacrosimiata CTaTUsi HE ca 3alHCaHu
mumeHcud. [lpu rpaguuHoTO pemieHue Ha 3agadara Te ca 06e3 3HaueHue. OTHOIIEHUsATA Ha
BEJIMYMHU C €IHAKBU JUMEHCHUU U BIIIMTE Ca €IHH M ChIIU, HE3aBUCHUMO OT TOBa Jajiu
pa3mepure ca JaJleHU B METPU WIIA B CAHTUMETPH. MIHEpLIMOHHNTE painycH Ha Pa3riiek1aHOTO
ceuenue ca: i, = 1,98 u i, = 1,245.

—
Y r{\q :
|
{ |
Y et ©
9 /| 226
o i
- ~
3 3
EANEN
7z g
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®@urypa 1. [ 1aBHM LIEHTpaJIHU UHEPLIMOHHU OCH

Ha ¢ur. 2 e nokazaHo rpauyHOTO pelIeHHE 3a ONpeNeisiHE Ha TOYKa OT SAApOTO,
CBhOTBETCTBAIllA HA JONUpATeIHa KbM HAIpPEedyHOTO cedyeHue. Hali-Hampen ce HadepraBaT
[JIaBHUTE LIEHTPAIIHU UHEPLUOHHU OcH Y U Z. M3uncnsaBar ca riiaBHUTE MHEPLIIMOHHU MOMEHTHU
Iy, Iz v CbOTBETHUTE UHEPLUMOHHU paguycH iy, iz. [lo HampaBieHHue Ha ocTa Z ce HaHACAT
orceukute CE; = CE, = i,, a o HampaBieHue Ha octa Y - orceukute CD; = CD, =iy .
[Ipunara ce cieqHaTa METOAUKA 3a ONPEAEISHE HA MOJIO)KEHUETO Ha TOYKA OT SAPOTO (TOUKa
1, ot dur. 2):

Ueprae ce qomnupaTeliHa KbM CEUEHUETO (B CIIydasi TOTHpaTEeTHATa 1, )

1.

Onpenensar ce mpeceyHUTE TOYKM Ha JONHpaTelHaTa C TJAaBHUTE LEHTPAIHU
MHEPUUOHHM ocH (B ciyvast 4 =n, NY u B =n NZ)

Yeprae ce orceukata A E,u B Touka E, ce crycka NMeprneHIuKyIsIpHa MpaBa KbM
Hes. IIpecedynara Touka Ha Tasu mpasa ¢ ocra Y ce o3HayaBa ¢ 1. B Touka 1 ce
CIIyCKa MEePIEHIUKYIISAP KbM OCTa Y .

Ueprae ce orceukata B,D,u B Touka D, - MepHeHAUKYISpHA NpaBa KbM Hes.
[Ipeceunara Touka Ha Ta3u Mpasa c ocTa Z ce o3HavaBac 2. B Touka 2 ce cimycka

NEepHIEHINKYJIAp KbM OcTa Z .
[IpeceunaTa Touka Ha IpaBUTE, HAUEPTAHU CIIOPE] TOUKH 3 U 4, € TOUKa OT S,IPOTO,

CHOTBETCTBAINA HA JonuparenHarany , 1.e. (1 LY)N (2L Z)=1,.

IIo aHanoruyeH Ha4UH Ce ONpCaACIIAAT TOYKUTEC OT AAPOTO HA CCUCHUCTO, CbOTBCTCTBAILN
Ha OCTaHaJINTC TaHI'CHTH.

®durypa 2. ['paduyno onpenensHe Ha Touka 1y OT SAPOTO

[Ipu rpaduuHOTO perieHune 3a onpeensHe Ha TOYKU OT KOHTYpa Ha SAPOTO € B CHJIA CIETHOTO:

WuepunoHHUTE paguycu ca Ha IbpBa CTENEH, I0KaTo MPHU aHAIUTUYHOTO pELIeHHEe
T€ ca Ha BTOpA CTEIEH.

Touka A ce cBbp3Ba Cc enHa OT JABeTe Touku FE, u E,, a Touka B, ce cBbp3Ba €
enHa ot Toukure D, u D, . U B 1BaTa cityuyas rpaguuHO ce onpeaens Todukara l,.

AKO HSKOS JomHpaTrelHa KbM CEYCHHETO € TMEepIeHAMKYJIsipHAa Ha TIJIaBHA
UHEpIMOHHA oc¢ (HampuMmep, #n, Ha ¢ur.3 M mpeceyHata Touka B, e B

0e3KkpaiiHOCTTa), TO CHOTBETHATa TOYKA OT SAPOTO JIEKH BHPXY ChIIaTa IJIaBHA
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LIEHTpalHa HHEPLIMOHHA oc. ToBa TBBbpAEHUE clie/Ba OT (akra, e B,00D, L Y, 1.e.
HepHeHAUKYJIsIpHaTa IpaBa kbM B,o0D,B T. D, cbBHaja c ocra Y.

Ha ¢ur. 3 e mokazaHo mbJIHOTO IrpaU4HO pEIICHHE 32 ONpeeNsIHE Ha SIpOTO.

n3 Aj

®urypa 3. ['paduvno onpenensHe HA SAPOTO HA CEUEHUE

3amauya 2: CedeHue 0e3 0C HA CHMETPUS M € M3MBbKHAJA MOJYOKPBKHOCT B

0YepPTAHHETO MY

['eomeTpusitTa Ha TOBa ce4YeHHE € mpenacTtaBeHa Ha ¢ur.4. [aBHUTE HMHEPUHUOHHU
momentH ca: Iy = 38,177, I; = 5,141, a unepuuonnure paauycu: i, = 1,745 n i, = 0,64.

L1,14

@urypa 4. [ 1aBHH LIEHTPAJIHU UHEPLIUOHHU OCH

['padpuanoTo permeHue 3a AaIpoTo Ha ceueHue 2 € mokazano Ha ¢ur.6. [Ipunoxena e
ropeonucanaTa METOJMKa 3a ONpeesiHeTo Ha Touku 1, —4,. KbM momyokpmxHOCTTa MOTaT

Jla ce MOCTPOST TOCTaTHhYHO Ha Opoit momupatennu. Cien cheANHIBAHE HA CbOTBETHUTE TOUKH
OT SIPOTO ce MojdydyaBa Tiaaka kpuBa. Ha ¢ur. 5 e mokasana enHa jgomnuparenHa KbM
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OKPBKHOCTTA - 1, , HAa KOSITO OTroBaps Touka 3,. Toukure 2,,3,,4, u 1,ca cBbp3anu ¢ miaBHa

KpHBa (3armoyBa oT 2, MuHaBa npe3 3, u 4, u 3aBbpiBa B 1,).

®durypa 6. ['paduano onpenensiHe Ha AAPOTO HA CEUEHUE 2

3akiaro4enue
[IpencraBenuTe 3amauM OTpa3dBaT CIEJHUTE NPEJUMCTBA Ha Tpa@UuUHUS METOA 3a
OIpeZEIIHE Ha SIIPOTO HA CEUECHHUE:
e Toii e ocoOeHO Moe3eH Npu cedeHus 6e3 0c Ha CUMETPHSL, 3aII0TO rojisiMa 4acT OT
U3YKCIICHUATA CE CIIECTSBAT.
e 3HAYMTENHO YJECHEHO € M3UepPTaBaHETO Ha SAPOTO NPH HAIUYMEe Ha M3IbKHAJA
KpHBa BbPXY KOHTYpa Ha HalIPpEYHOTO CEUCHHUE.
e [lpaktuyecku rpauUYHHUAT METOA € MJACHTHYEH C aHAINTHYHUSA, aKo 3a
rpadudeckute nocrpoenus ce nonzsat CAD nporpamu.
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e JlemMOHCTpUpa ce NPUIIOKEHUE HA UHEPIIMOHHUTE PAJIMyCH Ha CEYEHUE C TAXHATa
bpBa cTeneH. BeB popMynuTe 3a aHATUTHYHOTO PEIICHUE TE yYacTBAT ChC CBOSATA
BTOpPA CTEIIEH.
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A NUMERICAL APPROACH FOR STRENGTHENING
BY TIES EXISTING RC STRUCTURES TO AVOID PROGRESSIVE
COLLAPSE UNDER SEISMIC SEQUENCES

Angelos Liolios!, Doncho Partov>*, Konstantinos Liolios>"",
Themistoklis Tsalkatidis****, Boris Folic>""

Democritus University of Thrace, Xanthi, Greece

* Lyuben Karavelov University (VSU), Sofia, Bulgaria
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** Norwegian University of Life Sciences, As, Oslo, Norway
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Abstract: The present study deals with a numerical approach, which concerns the
computational seismic analysis of old existing framed reinforced concrete (RC) structures
under the removal of some columns and the so-induced requirement of a strengthening
by ties (tension only elements). As well-known, existing RC buildings are sometimes
subjected to obligatory removal of some structural element-members, e.g. columns, and
so to the risk of a progressive collapse. In order to avoid such a progressive collapse,
especially under seismic sequences, a modification of the structural response and a
redistribution of internal actions can result to a requirement for strengthening the
remaining structure after the removal of the degraded elements. The unilateral behaviour
of these cable-ties, which can undertake only tension, is strictly considered, and the
response of the remaining structure strengthened by ties is computed under seismic
sequences. Finally, in a practical case of an old framed RC structure, the effectiveness of
the proposed methodology is shown.

Key words: Progressive collapse, removal of columns, strengthening by ties, seismic
sequences.
1. Introduction

Old existing reinforced concrete (RC) structures are often subjected to various
environmental actions, e.g. corrosion, earthquakes etc. These actions can cause significant
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damages resulting into the strength degradation and the reduction of the loads bearing capacity
of some structural elements. For some these elements is sometimes obligatory to be removed,
and so a further reduction of the whole structure capacity is caused, which can lead to
progressive collapse [1].

In order to overcome the above progressive collapse, and after a structural assessment, a
strengthening of the remaining structure is usually suggested. Among the available
strengthening methods [2-4], cable-like members (tension-only tie-elements) can be used as a
first strengthening and repairing procedure [5]. Cables can undertake tension but buckle and
become slack and structurally ineffective when subjected to a sufficiently large compressive
force. Thus, the governing conditions take an equality as well as an inequality form and the
problem becomes a high non-linear one. So, the problem of structures containing as above
cable-like members belongs to the so-called Inequality Problems of Mechanics, as their
governing conditions are of both, equality and inequality type [6-8]. A realistic numerical
treatment of such problems can be obtained by mathematical programming methods
(optimization algorithms).

Moreover, as concerns the seismic upgrading of existing RC structures, modern seismic
design codes adopt exclusively the use of the isolated and rare ‘design earthquake’, whereas the
influence of repeated earthquake phenomena is ignored. But as the results of recent research
have shown [9], multiple earthquakes generally require increased ductility design demands in
comparison with single isolated seismic events.

In the present paper, a numerical approach is presented for the analysis of existing old
framed RC buildings, which are strengthened by cable elements in order to avoid progressive
collapse under seismic sequences after the obligatory removal of some degraded structural
elements. The computational approach is based on an incremental problem formulation.
Finally, an application is presented for a simple typical example of an industrial RC frame
strengthened by bracing ties after the removal of some ground floor columns.

2. Method of analysis

Numerical methods for the problem treatment have been presented recently, see [5].
Briefly, the RC frame structural system is discretized in space by using finite elements. The
usual frame elements are used for the reinforced concrete frame. On the other hand, for the
cable strengthening system, pin-jointed bar elements are used. The behaviour of both, the cable
elements and the non-linear RC elements, includes loosening, elastoplastic or/and elastoplastic-
softening-fracturing and unloading - reloading effects as depicted in Fig. 1. All these
characteristics can be expressed mathematically by non-convex relations of the general form:

(1) s @) € dS@).

Here si and di are generalized stress and deformation quantities, respectively, ¢ is the
generalized gradient and S; is the superpotential function, see Panagiotopoulos [7].

For the numerical treatment of the problem, the cable-elements are taken into account and
the dynamic equilibrium for the structural system is written in incremental matrix notation:

2) M Aii+C Au+Kr+G) Au = -MAiig+ T As

Here u and f are the displacement and the loading forces time dependent vectors, respectively.
The damping and tangent-stiffness terms, C and Kr(u), respectively, concern the general non-
linear case. By s is denoted the cable elements stress vector and T is a transformation matrix.
G is the geometric stiffness matrix, by which P-Delta effects are taken into account. Dots over
symbols denote derivatives with respect to time.
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Figure 1. The constitutive laws: a) generalized force- generalized displacement piecewise
linearized constitutive diagramme (backbone), a) unilateral behavior of the cable-elements.

The system of the above relations (1)-(2), combined with the initial conditions, provide
the problem formulation, where, for given fand/or %_, the vectors u and s have to be computed.

Relevant computational approaches are described in [5-8]. After piecewise linearization of the
above constitutive relations (1), in each time-step At a relevant non-convex linear
complementarity problem of the following matrix form is eventually solved :

B v=20, Av+a<0, v'.(Av+a)=0.

Here v is the vector of unknown unilateral quantities at the time —moment t, vT is the transpose
of v, a is a known vector dependent on excitation and results from previous time moments (t-
At), and A is a transformation matrix.

Concerning the incremental approach, see eq. (2), the structural analysis software
Ruaumoko [10] is used. This software uses the finite element method and permits an extensive
parametric study on the inelastic response of structures.

The decision about a possible strengthening for an existing RC structural system can be
taken after an assessment realization. Here the assessment is based on a relevant evaluation of
suitable damage indices [11]. After Park/Ang [11], the local damage index DIy is computed by
the following relation:

@ D =tey P

n, Fd
where: ptm is the maximum ductility attained during the load history, p, the ultimate ductility
capacity of the section or element, f a strength degrading parameter, Fy the yield generalized
force of the section or element, Er the dissipated hysteretic energy, and du the ultimate
generalized deformation.

The Park/Ang global damage index DI is given by the following relation:

> DIE,
(5) DI, ==

i=1

where DIy, is the local damage index and E; the energy dissipated at location i , and » the
number of locations at which the local damage is computed.

2
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3. Numerical example

3.1. Description of the considered RC structural system.

In Fig. 1 is shown an old industrial RC plane frame structure, which had been initially
constructed with two more internal columns in the ground floor. These columns are shown as
dashed lines and have been removed due to degradation caused by environmental actions.
Following [1, 12], the axial loads, which were initially undertaken by these two columns, are
now shown as the two applied vertical concentrated loads of 180 kN and 220 kN. Further
strength degradation has been estimated by in-situ investigations. The loading system shown in
Fig.2 is the critical one taken into account the “equivalent static” loading according to Greek
seismic codes [14].

180 kN 220 kN
52 kN/m
O e
% 35/75 35/75 35/75 35/75 T
30m
24 kN
[ 1
1 1
» 1 1
8 kN/m 3555 35/55 : : 3555 41m
1 1
= 1 1
= _1_ _1_
jf—— 46m —e— 34m —e—— 49m —e— 31m —
Beams section Ground floor columns section
FRF 9 9 ——5-18 MM :’*—* g 5 } 4-16 MM
8 MM @ 250 mm 8 MM @
250 mm
3 3 o |——2-18 MM 3 b - 2-16 MM
b o o a d |——5-18MM R_o o ——4-16 MM
| 350 350 |
i 1

Figure 2. The initial RC frame FO (without cables).

Due to removal of the above two columns, and after a structural assessment [2-4] of the
system FO under the shown the critical loading system, it is computed that the global damage
index DIg has a value greater than one. Thus it is concluded that the initial RC frame FO of Fig.
2 is under a significant risk of a progressive collapse under the critical loading of Fig. 2.
Obviously, this holds even more when seismic events and/or seismic sequences are activated.

In order to prevent such a progressive collapse, the initial RC frame FO of Fig. 2 is
strengthened by ten (10) steel cables (tension-only tie-elements) as shown in Fig. 3. These
strengthening cable members have a cross-sectional area Fr = 20 cm? and are of steel class
S1400/1600 with elasticity modulus Es = 210 GPa. The cable constitutive law concerning the
unilateral (slackness), hysteretic, fracturing, unloading-reloading etc. behavior, has the diagram
depicted in Fig. 4.

156



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

Using Ruaumoko software [10], the columns and the beams of the frame are modeled by
prismatic frame RC elements. The concrete class is estimated to be C12/15. The effects of
cracking on columns and beams are estimated by applying the guidelines of [2-4, 13,14]. So,
the stiffness reduction due to cracking results to effective stiffness with mean values of 0.60 I,
for the external columns, 0.80 I, for the internal columns and 0.40 I, for the beams, where I, is
the gross inertia moment of their cross-section. Nonlinearity at the two ends of the RC frame
structural elements is idealized by using one-component plastic hinge models, following the
Takeda hysteresis rule [10]. The Ruaumoko Bi-linear with slackness hysteresis element is used
for the simulation of the cable (tension-only) elements.

52 kN/m 180 kN 220kN

ssion LT T g T T T T I T e

2 4 6 8 T

3,0m

1 7
32kN/m 3 5

24 kN

8 kN/m 4,1m

v
s s e

f——— 46m —— 34m —e——— 19m —e— 31m —

Figure 3. F10: The RC frame FO strengthened by 10 cables.

o

Figure 4. Constitutive law of the cable-elements.

In the so formulated system F10 of Fig. 3 it is wanted to be computed which of the cables
are activated and which are not, and which is the relevant global damage index DIg under the
Coalinga seismic sequence of the Table 1 presented in next section.

3.2. Multiple Earthquakes input

The systems FO and F10 of Fig. 2 and Fig. 3 are considered to be subjected to a multiple
ground seismic excitation, presented and discussed in [9]. The complete list of these
earthquakes was downloaded from the strong motion database of the Pacific Earthquake
Engineering Research (PEER) Center and appears in Table 1.
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Table 1. Multiple earthquakes data

Seismic . Magnitude | Recorded | Normalized
No sequence Date (Time) (M) PGA(2) PGA()
1983/07/22 6.0 0.605 0165
1 Coalinga (02:39)
1983/07/25
(22:31) 5.3 0.733 0.200
1979/10/15
) Imperial | (23:16) 6.6 0.221 0.200
Valley | 1979/10/15
(23:19) 5.2 0.211 0.191
1987/10/01
;| Whittier | (14:42) 39 0.204 0.192
Narrows | 1987/10/04
(10:59) 5.3 0.212 0.200

3.3. Representative results

Considering the Coalinga seismic sequence of the Table 1 as a critical typical sequence,
some representative results of the numerical investigation are presented next. In the column (1)
of Table 2, Event E; corresponds to Coalinga seismic event of 0.165 normalized PGA of Table
1 and Event E; to 0.200 normalized PGA. The sequence of events E; and E» is denoted as Event
(E1+ E2). In column (2) the corresponding Global Damage Indices DI and in columns (3) and
(4) the critical vertical displacements are given. By Uyig0 and Uy220 are denoted the node vertical
displacements under the single concentrated loads of 180 kN and 220 kN, respectively.

Table 2. Representative response quantities for the frame FX with 10 cables

FRAME EVENTS DIg Uyiso [cm] Uy220 [cm]
0) (@) 2) 3) “4)
Event E; 0.214 -1.424 -1.301
FO Event E> 0.287 -1.420 -1.297
Event (Ei+ E) 0.314 -1.465 -1.304

As the table values show, multiple earthquakes generally increase, in an accumulative
way, the response quantities, e.g. critical vertical displacements. On the other hand, the values
of the Global Damage Indices DI show that the progressive collapse has been avoided.

The application of the proposed numerical procedure for the sequence of events E; and
Es, i.e. Event (E1+ Ey), gives the following extreme results (maximum response tension
values) for the active cable-elements of the stress vector s, where: s = [S1, S, ..., S10]:

S1= 13.53 kN, S4= 698.24 kN, S5= 10.72 kN,
S7= 607.84 kN, Sg= 71.25 kN.

Obviously, by parametric investigation of the characteristics of the cable-element
(sectional area F;, etc.), a further improved behavior and improved upgrading of the initial
structure FO can be obtained.
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Concluding remarks
The presented computational approach can be used effectively for the numerical

investigation concerning the inelastic behaviour of existing RC framed-structures subjected to
removal of some degraded structural elements and strengthened by cable elements. By
parametric investigation of the characteristics of the cable-elements (sectional area, elasticity
modulus etc.), the required upgrading of the remaining structure can be obtained in order to
avoid a progressive collapse under seismic sequences.

[10]
[11]
[12]

[13]

[14]
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Abstract: The focus of this article is the discussion about conceptual solutions, an
overview of the fundamental issues or choices in practicable curved orthotropic bridges.
This paper describes successful curved bridges built around the world. Many owners of
such type of the bridges think, that orthotropic steel bridges are too challenging to design
and offer little benefit. The advantages of large piece erection of orthotropic steel decks
will be demonstrated. Closed box girders have high torsional resistance at economical
costs. Case histories show that the low weight orthotropic option is desirable, and
floating, lifting, launching and moving with multi-wheeled trailers will be discussed.
Curved bridges are necessary in many natural and urban bridge sites. Curved orthotropic
bridges are very efficient in handling torsional forces thus pedestrian bridges have been
built taking advantage of large piece erection techniques.

Key words: curved orthotropic bridges, closed box girders

1. Introduction

The focus of this discussion is conceptual solutions, an overview of the fundamental
issues or choices in practicable curved orthotropic bridges. The USA’s Federal Highway
Administration FHWA is promoting the term Accelerated Bridge Construction “ABC” for
economical efficient construction methods with more prefabrication and less site work. The
slogan is “Get-In, Get Out and Stay out”. The technique of curved orthotropic bridges is an
innovative Accelerated Bridge Construction “ABC” technique for widening existing bridges.
The goal of any ABC method is to minimize the effects on other stakeholders and achieve the
FHWA'’s desired 100-year service life for a new bridge. Typical stakeholders are commuters,
shipping companies, the environment, railroads, etc. FHWA’s goal is: 1) to minimize traffic
delays while erecting a bridge; 2) to minimize river commerce and harbor shipping delays while
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erecting a bridge over navigable bodies of water and: 3) to minimize environmental impacts
while erecting a bridge.

Curved bridges are necessary in many natural and urban bridge sites. curved orthotropic
bridges are very efficient in handling torsional forces thus pedestrian bridges have been built
taking advantage of large piece erection techniques Mangus [1].

2. Lifting

Lifting is defined when this is the most critical “ABC” phase is the vertical lifting of the
superstructure. Trans-Tokyo curved orthotropic exit ramps (Fig. 4), and completed in 1985 the
Far6 Cable Stayed plus curved Bridge, are not discussed to limited space. Trans-Tokyo crossing
includes a 10-span continuous steel orthotropic box-girder bridge with a total length of 1,630-
m Fujino [2].

2.1. Case history bridge of proposed cable-stayed: ruck-a-chucky [1976]

The most admired bridge that was never built in the USA is the Ruck — A —Chucky Bridge
near Auburn, CA. The proposed design, directed by the late Prof. T. Y. Lin [1912-2003] founder
of T. Y. Lin was completed for the Federal Government assuming that a dam would be built
flooding a narrow canyon. To perform a U-turn, the cable-stayed bridge follows a 457.2m
radius and has a chord length of 383.74m. The bridge was designed to be 15.834m wide x
383.74m long = 6,076 sq. meters of deck area.

EL=500-M = \¢. ,ROCK
CABLES ?. g ~ ¢ ANCHORS

A oA = _
Figure 3. The Ruck-A- Figure 4. Trans-Tokyo Figure 5. Night view curved
Chucky curved cable-stayed curved orthotropic exit ramps orthotropic Ushibuka bridge,

bridge hangs from canyon — high level bridge Photo & Courtesy of

installation was with floating Owners
cranes. Photo by Owners

State of the art Orthotropic detailing for that time was used. The superstructure was
planned to be site erected as 15.24m x 15.834m units assembled from five pieces 15.24m long.
This allowed trucks to reach the site on narrow roads. A shake table model at U.C. Berkeley
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simulated seismic loading while wind tunnel testing was performed in Colorado Lin, Kulkak
Chow and Firmage [3], Mangus [4]. See http://www ketchum.org/ruckachucky/figures.html

2.2. Case history bridge of Ushibuka city bridge, Japan [1999]

Japanese curved orthotropic steel box girder Ushibuka Bridge, links the divided harbor
areas of Ushibuka City Kumamoto, Japan (Fig. 6). Design studies were conducted by the Renzo
Piano Building Workshop, architects that showed that a suspension bridge or a cable-stayed
bridge would have been structurally too dominating. The most similar structure to this bridge
is the San Diego Coronado Bridge of California, Mangus [4]. Thus a curved box girder a bridge
13.6 meters wide and 883 meters long with girders 5 meters in depth was selected and built.
The bridge with the curved windbreakers along each side of the bridge was tested in a wind
tunnel. The bridge is about 19 meters above the water. The curved white windbreakers flaps,
which face upward, form a rhythmical series of delicate mirrors, reflecting the changing light
and color of the sky and architectural lighting at night (Fig. 5). Designers were Renzo Piano
Building Workshop (Renzo Piano, Noriaki Okabe), Ove Arup & Partners International (Peter
Rice) and Maeda engineering Wells [5]. General contractors were a joint venture of Hitachi
Zosen, Yokogawa Bridge, Goyo Kensetsu, Wakachiku Construction, Saeki Kensetsu Kogyo,
Yamato Construction, Ushibuka Construction and Kitatoki Construction. Kumamoto
Prefecture is the bridge owner. Bridge was fabricated in eight segments and erected with a 2200
—ton floating crane (Fig. 7 and 8). The SAS=Self Anchoring Suspension portion of California’s
SFOBB = San Francisco Oakland Bay Bridge is currently being built with a 1700—ton floating
crane, Mangus [4].
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Figure 6. Harbor area linked by curved orthotropic Ushibuka Bridge, Kumamoto, Japan
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Figure 7. Japanese curved orthotropic steel box Ushibuka Bridge, Kumamoto, Japan [6], a, b, ¢)
Box Basic Dimensions and Details; d) Fabrication Sequences [A) Fabrication of ribs, curved floor
beams to curved bottom flange; B) Fabrication of Diaphragm plates ribs and top deck plate-upside

down; C) Add side plates or webs plus flat plate stiffeners; D) Attach Unit A to unit D]
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Figure 8. Erection stages for curved orthotropic Ushibuka Bridge, Kumamoto, Japan [6].

2.3. Case history for lifting: Katsushika harp bridge, Tokyo, Japan [1987]

Japanese curved orthotropic cable-stayed Katsushika-Harp Bridge, Tokyo, Japan weaves
around a flood control dam on top of levees in a busy urban freeway. It has two curves and is
“s” shaped. Bridge towers are on piers P-37 and P-38 (Fig. 9). Superstructure is complex with
two different radiuses of curves (Fig. 10), Maede[7]. Final design had wind fairings [8].
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Figure 9. Elevation & Plan of “s” curved cable-stayed Kami-Hirai Bridge, Toyko, Japan [7].
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Figure 10. Section of “S” curved cable-stayed Katsushika-Harp Bridge, Tokyo, Japan (7).

3. Launching

Launching is defined when this is the most critical “ABC” phase is horizontal moving or
“launching” of the superstructure. Launching means that the superstructure is assembled on the
sides of the valley and pushed horizontally to closure.

3.1. Case history bridge launching: Serebryany bor bridge, Moscow [2007]

Silver Woods or “Serebryany Bor” or “Zhivopisny” Bridge is northwest of downtown
Moscow, Russia, Freyssinet was responsible for the modeling studies and installation of the
stay cables of a unique structure, part of a new “M-9” motorway bridge built diagonally over
the navigable Moskova River adjacent to the Silver Forest “Serebryany Bor” Island National
Park (Fig. 11). The Krasnopresnenskaya freeway project (about 1.3 billion euro) links the
Moscow city center to a beltway plus the freeway to Riga, Latvia. The Serebryany Bor Bridge
is the freeway’s architectural crown. This unique 1,125 m long structure, with a main bridge of
800 m, consists of an orthotropic steel deck suspended by stay cables and a steel arch truss with
crown at 102 m plus a suspended restaurant in a spherical shaped pod (Fig. 12). The south arch
foundation is on the shores of the residential district of Krylatskoye and north arch foundation
is riverbank of the national park. Both steel components, the superstructure and the arch, were
built at the same time. Installed on temporary bearings 7 m apart and awaiting cable staying,
the 45 m wide and 3.20 m high deck was installed by launching from west to east. Two curved
spans, which were installed by crane in balanced cantilever method. Three curved orthotropic
deck spans were installed by launching from east to west. In parallel, the piles created by jet
grouting were sunk to a depth of 8 to 10 m to anchor the two double arms of the arch. A total
of six months was required to assemble the arch, the elements of which (10 x 11 m along the
main section and 10 x 5 m at the arch keystone) were installed by crane. With the superstructure
and arch complete, the cable staying work was completed in February 2006. The
Gyprotransmost design office designed the bridge. Calculations were made using various
software programs (Cosmos, Solidworks etc.) and numerous tests were carried out in a wind
tunnel. The geometrical complexity of the structure, with a deck gradient of 2% (being a height
difference of 8 m) between the west and east ends, required customized stay cabling with
different cables lengths of units ranging from 20 to 45 strands, depending on their location.
There are 72 stay cables in a symmetrical pattern spreading down from the arch to support the
orthotropic steel deck bridge superstructure. The steel arch spans about 140-m, at 90 degrees to
the bridge superstructure that it supports, Russell [9].
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Figure 11. Site Plan Silver Forest “Serebryany Bor” Bridge, Moscow, Russia, Bridge Launching

Fig. 12. Silver Forest “Serebryany Bor” Fig. 13. San Cristobal Bridge, Mexico
Bridge, Moscow Closure of Bridge Launching

3.2. Case history bridge launching: viaduct 2 twin bridges, “Hemus”-Highway,
27.500 km, Bulgaria [1986]

A viaduct 2 of the “Hemus” highway is a steel 3-span continuous beam structure, which
crosses the valley 60 m above the ground. The bridge designers are D. Dimitrov, P. Staykov, S.
Stoynov, E. Dulevsky, E. Pampulov and K. Tsekov. It was constructed by a company “Steel
structures”, with director Assoc.Prof. R. Mladjov, using an incremental launching method with
hydraulic jacks. The bridge is 362 m long including 3 spans of 100 m + 162 m + 100 m. This
is the bridge with the largest span in Bulgaria. The superstructure consists of two parallel steel
boxes with a height of 5.0 m and a width of 6.50 m. The gap between the structures is 0.8 m.
The viaduct is placed at highway part, which has 4.61 % of a longitudinal slope and a horizontal
curve with a radius of 1407.25 m. The cantilevering orthotropic deck width is 13.70 m per
bridge and opened to traffic in 1986 (Fig.14 a,b). The top and the bottom plates of the boxes
are orthotropic structures, which additionally are stiffened by flat ribs. The thicknesses of the top
plate vary from 12 to 16 mm; the webs — from 10 to 14 mm and the bottom plate — from 10 to 30
mm. The distances between the transversal beams of the orthotropic decks are 1.85 and 2.00 m.

The intermediate supports of the structure are two piers with a maximum height of 42.50
m. The reinforced concrete piers have a rectangular cross-section and individual footings. The
steel used for the producing of the bridge superstructure is St52.3 according to DIN. The total
weight of the superstructure is 22000 kN. The steel cost for the superstructure is 4.20 kN/m?.
An each section of the steel superstructure is prefabricated and welded. The assembling joints
of the top plate and the longitudinal bottom plate joints are welded. The remaining assembling
joints are realized by high-strength bolts. The bridge structure is supported on the abutments by
steel roller supports, type “Creutz” and the pier supports — by the neoprene bearing pads
produced by “Gumba” GmbH.
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Figure 14. Overview of Viaduct 2 (Courtesy of prof. M. Minev, With permission.)

4. Heavy moving on multi wheeled trailers including SPMT

Heavy moving on multi-wheeled trailers is defined when this is the most critical phase is
moving of the superstructure via these special multi-wheel “self-leveling” trailers, which are
made in Holland, Belgium and Germany. SPMT= Self Propelled Modular Transporters are
more sophisticated equipment where a joy-stick is used to move the trailers by an operator that
walks along side of the equipment with an umbilical chord attaching the joy stick to the trailers.

4.1. Case history multi-wheeled trailers: maritime -off ramp bridge [1997]

The Maritime Off-Ramp [BR. NO. 33-0623S] a curved "horseshoe" shape bridge crossing
over [-80 in Oakland, California, which was completed in 1997 as part of the [-880 Replacement
Project. This superstructure has a very sharp radius of 76.20m and a very shallow web depth of
only 2.13-M for 57.91m spans. The bridge is 11.03m wide x 718.1m long = 7921 sq. meters of
deck area. The bridge has two lanes of traffic that create large centrifugal forces. The box girder
superstructure is divided into 3 separate cells to resist the torsional forces. Trapezoidal ribs were
welded to the top and bottom box girder flanges since this was a continuous structure (Fig. 15 a,b,c).

c)

Figure 15. a, b, ¢ Maritime Off-Ramp Ribs were fabricated on straight tangents
and hand welded to create curved superstructure.
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Figure 16. Maritime Off-Ramp section Towed at night by trucks pulling multi-wheeled trailers

The bridge sections were erected over busy I-80 on two different Saturday nights creating
an instant superstructure. The bridge was fabricated in 13 segments weighing as much as 318
metric tons and erected with two special hydraulic jacks supported by special multi-wheeled
trailers (Fig.16). The Orthotropic bridge has a top deck plate of 16-mm thickness and bottom
flange plate of 19-mm thickness. Marquez, Williams, Huang, Benoit, and Mangus [12].

5. Floating

Floating is defined when this is the most critical “ABC” phase is horizontal floating or
“moving” of the superstructure on water with tug boats. Launching means that the
superstructure is assembled on the sides of the waterway fiord, river or ocean and pushed to
closure.

5.1. Case history bridge for floating: Nordhordland Bridge

The first use of orthotropic bridge decks in Norway dates back to 1957 when the Krakeray
Bascule Bridge was completed. Norway has a complex aerodynamic wing type orthotropic
suspension and cable-stayed bridges. Two unique orthotropic steel deck bridges are the
Beroysund floating bridge Solland, Stein and Gustavsen [13] and the Nordhordland floating
bridge across the fiords of Norway Cerver [14], Mangus [15]. The Nordhordland Bridge across
the Salhus fjord is Norway’s second floating bridge and the world's largest floating bridge
Meas, Lande, and Vindoy [16]. The bridge was opened for traffic in 1994. The total bridge
length is 1615-m and consists of a high level cable stayed bridge 369-m long and a floating
bridge 1246-m long. The floating bridge consists of a steel box-girder, which is supported on
10 concrete pontoons and connected to abutments with transition elements in forged steel. The
two superstructure types or frames are a high-level cable-stayed bridge providing a ship channel
and a floating bridge between the underwater rock Klauvaskallen and the other side of the fjord
(Fig. 17 and Fig. 18).

Cablc-staycd & N -*’"oncrete Pontoon
Bridge BT o= ;
1246-Meters Tg

’__,..l—"‘ﬂ -
< Floating Bridge Portl'

Klauvaskallen

Figure 17. Nordhordland Bridge
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Figure 18. Nordhordland Bridge

The cable-stayed bridge provides a clear ship channel. A 350m long ramp is required to
transition from the higher bridge deck on the cable-stayed bridge to the bridge deck on the
directly on top of the octagonal steel box-girder 11m above the waterline. The steel box-girder
of the floating bridge forms a circular arch with a radius of 1,700-m in the horizontal plane. The
girder is supported on 10 pontoons. The pontoons are positioned with a center distance of
113.25-m and acts as elastic supports for the girder. The girder is designed without internal
hinges. The bridge follows the tidal variations by elastic deformations of the girder. The steel
box-girder is the main load-carrying element of the bridge. The octagon girder is 5.5m high and
15.9m wide. The free height below the girder down to the waterline is 5.5m allowing for passage
of small boats. The elements are welded together with a skew angle of 1.2° to 1.3° or in tangents
to create the arch curvature in the horizontal plane. The cross section dimensions of the
octagonal box-girder are constant for the length of the bridge.

6. Pedestrian bridges
Pedestrian curved orthotropic bridges are used for efficiency in large piece erection when
large torsional forces are present. A few examples are shown.

6.1. Brief case histories bridge for pedestrian/trail use

The Tudor Road, Pedestrian Bridge crosses Tudor Road of Anchorage Alaska at 90-
degree layout (Fig. 19). High torsional loading results and it’s also used for Fur Rendezvous
Dog sled racing in annual February citywide winter carnival. Bridge design was by Dennis
Nottingham, PE of PND Engineers. The "Rondell", Oberhof 3-span deck pedestrian bridge is
at the traffic junction “Rondell” south of Oberhof, with footbridge across the autobahn B247
(Rennsteig crossing) in Germany (Fig. 20). It’s a variable depth curved box girder.

Figure 19. Tudor Road, Figure 20. The "Rondell",
pedestrian Bridge [17]. pedestrian Bridge
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Figures 21 and 22. The Port Tawe Sail pedestrian bridge, [18].

The Port Tawe Sail pedestrian bridge, Swansea UK is a 140m long cable stayed bridge
with a single central mast with nine pairs of stays supporting the steel box girder along one
edge(Fig. 21). A typical deck section is shown in Fig. 22. The vertical profile of the deck is
asymmetric to suit the different landing levels on the east and west banks and in plan the deck
follows a sweeping curve over the central section. The trapezoidal box is 800mm in depth with
a stiffened top flange and trapezoidal cantilever beams at typically 1.55m centers coincident
with the railing posts. The orthotropic steel deck box uses bulb flats and is a relatively shallow
and classified as a “confined space” in terms of access requirements, it is therefore sealed to
prevent intrusion of water, and all services and equipment are kept outside the orthotropic
curved steel box girder eliminating the need for internal access for maintenance. Any moisture
that might collect internally is free to drain towards the abutments where an inspection hatch is
located in the bearing diaphragm Firth [18)]

Conclusions and the future of curved orthotropic bridges

An orthotropic steel deck superstructure is very efficient for curved superstructures
common in freeway systems. The 2004, 2008, 2012 and 2015 www.orthotropic-bridge.org
allowed fellow bridge engineers share ideas, network and visit bridges in California. The
FHWA reviewed its ongoing Draft FHWA Orthotropic Bridge Manual for input from attendees
at the 2008 www.orthotropic-bridge.org. Special thanks to OBC colleagues Dennis
Nottingham, imartin@pnd-anc.com , Prof Shouji Toma, toma@cvl.hokkai-s-u.ac.jp; Karl-
Heinz.Isselmann of Donges, Germany; Dr. Partov, partov@vsu.bg ; Ove Serensen, Chief
Bridge Engineer COWI A/S Denmark, OVS@cowi.dk; lan Firth, Partner Flint & Neill
Partnership London, UK iptf@flintneill.co.uk & Susumu Inokuchi of Yokogawa-Bridge
Holdings s.inokuchi@ybhd.co.jp
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Abstract: Recent earthquakes have highlighted worldwide the high seismic vulnerability
of the structures, particularly the old masonry buildings. The scope of vulnerability
analysis is to assess the propensity for seismic damage of buildings. In this perspective,
the proposed research aims to estimate the seismic vulnerability of a historical building
in a district of Sofia in Bulgaria and improve seismic behavior with retrofitting
interventions. The study building is a structure of 1908, located on the boulevard
"Knyaginya Maria Luiza", near the women market and the Bania Bashi mosque. It
belongs to the group of heritage structures in Sofia.

A mechanical analysis has been performed through non-linear analysis using the 3Muri
software, and the expected damage has been estimated in terms of fragility curves. The
analysis has shown the poor seismic performance of the building, so to require a
structural retrofitting intervention with carbon fiber-reinforced polymers sheets and
reinforced plaster aiming at improving its seismic capacity.

Key words: vulnerability assessment, masonry building, heritage buildings, fragility
curves, mechanical analysis, seismic retrofitting.

1. Introduction

The proposed research, which has been developed in collaboration between the
University of Naples "Federico II" and the University of Structural Engineering & Architecture
(VSU) "Lyuben Karavelov" of Sofia, aims at estimating the seismic vulnerability of a heritage
structure in the city center of Sofia, through non-linear static analyses performed using the
3Muri software.

2. 3Muri software
3Muri is a software specifically developed for the structural and seismic analysis of
masonry buildings. It is based on the equivalent frame modeling approach, includes several
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macro-element models for the simulation of masonry and non-masonry structural members. It
allows performing non-linear static and dynamic analyses of complete 3D building models with
an optimal compromise between accuracy and computational burden, also providing a clear
understanding of the results.

2.1 Structure modeling

The reference model is a three-dimensional equivalent frame, where the walls are
interconnected with horizontal partitions on the floors. In the specific case of a masonry
structure, the wall is schematized as a frame, in which the resistant elements and the rigid nodes
are assembled. The spandrel beams can be modeled only if they are adequately toothed by the
walls and if possible, a mechanism resistant to struts.

It is known that the wrong positioning of the masses can lead to underestimate the forces
on the structures because of the torsional effects. The increasing eccentricity in the center of
the masses and the center of rigidity increase this behavior. Therefore, the code proposes
consideration of accidental eccentricity applied to the center of the masses on every level of the
structure. Accidental eccentricity is equal to £5% of the maximum dimension of the level
considered by the building in the direction perpendicular to the seismic action [1].

2.2 Non-linear Static Analysis

The use of non-linear static analysis characterizes the seismic-resistant system through
capacity curves, intended to represent the envelope of the hysteresis cycles produced during the
seismic event and can be considered an indicator of the post-elastic behavior of the structure.
The curve obtained by the pushover analysis conventionally provides information on the trend
of the shear resulting at the base regarding the horizontal displacement of a control point on the
structure. At each point on the curve, a specific damage state for the entire system can be linked.
So it is possible to link determined displacement levels to the expected performance level and
the corresponding damage. The curve is obtained using pushover analysis, which predicts the
assignment of a preset distribution of forces increasing in a static and monotonic manner. The
load distribution applied is intended to represent the distribution of inertial forces induced by
the seismic event.

The "capacity" offered by the structure must then be determined, through the lens of a
seismic check, with the "demand" requested by the external force, that is by a determined
seismic event. The energy dissipation effects, which offer an ulterior margin of resistance,
which can not be explained using only linear elastic theory, are relevant in particular in the field
of non-linear structural response: to take them into account, the demand is reduced. The
expected response for the building, as a function of a determined action, is hence obtained
through the identification of the performance. The maximum displacement value that the
building in a seismic event can offer is obtained in correspondence with the value of the shear
that underwent a decline of 20% from the shear limit value [1].

3. Sofia's seismic history

Bulgaria is divided into three seismic zones, characterized by the seismic intensity of the
site for an average return period of 1000 years. Sofia is part of seismic zone IX, where
earthquakes with a maximum acceleration of 0.4g can occur.

In the 19th century, the city of Sofia was affected by two strong earthquakes: the first one
in 1818 with epicenter intensity 0= VIII-IX MSK and the second in 1858 with 0= IX-X MSK.
During the 20th century, the strongest events occurred was in 1917, closed to the city of Sofia,
with a moment magnitude Mw=5.3, and in 1980, 30 km far from the city of Sofia, with
Mw=4.3 [2].
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4. Building of study

The building of study (Fig. 1a) is a structure of 1908, located on the boulevard
"Knyaginya Maria Luiza", near the women market and the Bania Bashi mosque. This building
belongs to the group of heritage structures in Sofia.

Figure 1. The case study: street view (a), 3D microelement model (b)

It develops on five floors, one underground and it is 18 meters tall with a surface area of
195 m?. The firsts two floors are in reinforced concrete, the third and the fourth with steel beams
and hollow flat blocks. The foundation develops from the underground floor, and it's 1,50 m?
tall, with a thickness of 80 cm. The first two floors present masonry with a thickness of 60 cm.
Instead, the following three floors present a masonry structure with a thickness of 40 cm and

30 cm. Finally, the last floor with the attic is in timber. With all this information, the building
has been modeled in 3Muri software (Fig. 1b).

5. Mechanical analysis

5.1 Pushover curves

In X direction, for the worst-case analysis "-X Uniform", the maximum displacement is
equal to 2,88 cm, while the maximum share force is 3027 kN (Fig 2a). In Y direction, for the

worst-case analysis "-Y Uniform", the maximum displacement is equal to 2,83 cm, while the
maximum share force is 2795 kN (Fig. 2b).
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Figure 2. Pushover curves in X (a) and Y (b) directions.
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5.2 Fragility curves

Based on the previous results a set of fragility curves [3] have been plotted in order to
predict the expected seismic damage in the two main directions, X and Y, of the building. So,
for the Damage Limitation (DL) limit state, 100% of the probability to be exceeded is reached
for an acceleration higher than 0,07g. Moreover, considering a Significant Damage (SD) limit
state, the probability of exceeding this limit state is equal to 100% for accelerations higher than
0,15g. Finally, for Near Collapse (NC) limit state, a probability to be exceeded equally to 100%
occurs for acceleration higher than 0,18g. The results above illustrated are presented in Figures
3a and 3b.
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Figure 3. Fragility curves in X (a) and Y (b) directions.

6. Seismic retrofitting

The seismic analysis has shown that the risk index, a, intended as the ratio between the
capacity acceleration, PGAc, and the corresponding demand one PGAp, is lower than the unit.
These results are indicative of a critical response of the case study building since the seismic
demand is greater than the corresponding capacity. So, a structural consolidation has been
speculated to increase the values of a. A seismic retrofitting has been speculated, first using an
FRP system and then with cement plaster reinforced with a 10x10 cm electro-welded mesh of
08 bars. To improve the seismic behavior, the consolidation has been speculated only for the
damaged walls with the first analysis. In the software, the element's color indicates the type of
the identified damage (Fig. 4-5).
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Shear failure
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Figure 4. Wall's deformation legend.

With the use of the FRP system all the analyses have been verified for SD and DL limit
states. Instead for NC limit state, the results have not been verified, but the behavior of the
structure has been improved, in fact for this limit state, the values of the o have increased by
0,5 in X and in the Y direction. With the use of reinforced plaster, all the analyses have been
verified for NC, SD and DL limit states, in fact all the values of the a are higher than 1.
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Figure 5. Example of a wall's deformation.

Following is shown the comparison between the building behaviors before and after
interventions, using the FRP system (Fig. 6) and reinforced cement plaster (Fig.7). As can be
seen from the presented pictures, the two interventions have shown a significantly ductile
behavior of the building, also with a considerable increase of both stiffness and strength.
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Figure 6. Comparison between the building behaviors before and after intervention using
FRP in X (a) and Y (b) directions.
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Figure 7. Comparison between the building behaviors before and after intervention using
reinforced plaster in X (a) and Y (b) directions.

Conclusions

The present paper has examined the seismic vulnerability of a heritage structure in the
city center of Sofia. Through the use of the software "3muri", a mechanical procedure has been
applied to the case study. The results obtained observed a bad global seismic behavior of the
building, with risk indexes in the two main analysis directions less than one. Therefore, two
efficient retrofitting systems, FRP and reinforced cement plaster, were adopted to reinforce all
masonry walls to improve the structure's capacity in terms of strength, stiffness, and ductility.
The analyses on the retrofitted building demonstrated the effectiveness of the proposed
retrofitting system since, for each reference limit state, the risk indexes were always less than
the unit.

REFERENCES

[1] S.T.A.data srl. (2017), 3Muri 10.9.0. User's manual.

[2] Solakov D. E., Georgieva G., Earthquake scenarios for the cities of Sofia, Rousse and
Vratsa, Information & Security. An International Journal, 24, 2009, 51-64.

[3] Chieffo N., Formisano A., Comparative seismic assessment methods for masonry
building aggregates: a case study. Front. Built Environ., 5: 123, 2019, 1-18.

176



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

MODELING AND CALCULATING OF CREEP IN HARDENED CONCRETE
ACCORDING ACI 209R-92, CEB M(C90-99, GL2000 AND BAZANT&BAWEJA
B3 MODELS (GENERAL AND THEORETICAL APPROACH - PART I)

Konstantin Kazakov!, Chavdar Stoyanov?, Doncho Partov?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: To predict the strength and serviceability of reinforced, composite steel-
concrete and prestressed concrete structures, the structural engineering requires and
appropriate description of the mechanical properties of the materials, including the
prediction of the time-dependent strains of the hardened concrete. The prediction of creep
is important to assess the risk of concrete cracking, the migration of stresses from the
concrete to steel part of the reinforced composite structures, which cause the additional
deflections in such type of structures. As discussed in above mentioned provisions,
however, the mechanical properties of concrete are significantly affected by the
temperature and availability of water during curing, the environmental humidity and
temperature after curing, and the composition of the concrete, including the mechanical
properties of the aggregates. Among the time-dependent properties of concrete that are
of interest to the structural engineer, loss of moisture to the environment, and the creep
under sustained load. Drying before loading significantly reduces creep, and is a major
complication in the prediction of creep, stress relaxation, and strain recovery after
unloading. While there is a lot of data on compressive creep, not much data are available
for creep recovery, and very limited data are available for relaxation and tensile creep.
Creep under variable stress and the stress responses under constant or variable imposed
strains are commonly determined adopting the principle of superposition. The limitation
of this assumption is discussed in this paper. The prediction of capabilities of the four
creep compliance models were evaluated by comparing calculated results using example
of steel concrete composite beam from bridge practice.

Key words: serviceability, creep compliance models, prediction of creep, steel-concrete
composite beam, migration of stresses

1. Introduction

According [1] the long-term performance of concrete structures is significantly influenced
by the time-dependent behaviour of the material, with particular regard to creep and shrinkage.
This is particularly true for large modern structures realized through complex sequential
construction techniques and characterized by significant non-homogeneities in composite steel
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- concrete construction. This requires, the definition of reliable models for the prediction of
creep and shrinkage phenomena, and the development of reliable computational methods
for the evaluation of the structural effects of these phenomena, with an accuracy degree
appropriate to the specific case. These two problems are interrelated, but are frequently
considered independent in the design practice and dealt with separately. The definition of
reliable models for the prediction of creep and shrinkage phenomena was first dealt with at the
level of international organizations like CEB, FIP and ACI in their guidance documents on
structural concrete developed in the decade 1960-70[1,2,3,4]. In the following years, as a result
of continuing research work at the theoretical and experimental level within the scientific
community — a significant synthesis of which was operated in 1995 by RILEM Technical
Committee 107-CSP Creep and Shrinkage Prediction Models: Principles of their
Formulation[5] — the definition of the factors affecting creep and shrinkage of hardened
concrete and the development of the related prediction models has progressively evolved in the
literature and in updated and new editions of international guidance documents. In the sequel,
the most relevant and recent international guidance documents on this subject are presented,
describing their scopes, their contents and their status of publication. Special attention is given
to the two reports ACI 209.1R-05[6] and ACI 209.2R-08[10], published by ACI in recent years
and concerning, respectively, the influence of factors affecting shrinkage and creep and a guide
for modelling and calculating these delayed strains. The second report contains the presentation
of four of the currently most widely diffused prediction models. Mention is made also of fib
documents Structural Concrete Textbook, first published in 1999[16] and reedited in 2009[8],
and the just published new fib Model Code 201028, replacing the CEB-FIP Model Code
1990[9], for the parts of these documents dealing with shrinkage and creep and the related
prediction models.

2. Factors affecting Shrinkage and Creep of hardened Concrete
According[1] the delayed behaviour of concrete in terms of shrinkage and creep of concrete is
influenced by several factors, such as concrete mixture, properties of aggregates, ambient
conditions, shape and size of the specimen, construction procedures. The effects of these factors
are analyzed in detail in the document ACI 209.1R- 05 Report on Factors Affecting Shrinkage
and Creep of Hardened Concrete[6] published in 2005. This document does not include
information on the prediction models for shrinkage and creep or on structural design issues
associated with these phenomena, which are the subject of ACI 209.2R-08[7] and ACI 209.3R-
XX][10] reports, respectively. The first part of ACI 209.1R-05 introduces basic concepts and
associated definitions and terminology related to the various components of the shrinkage and
creep time-dependent strains in concrete (Fig. 1), and briefly describes the inherent mechanisms.
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Figure 1. Relationship between various time - dependent strains in concrete [6]
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As for the creep strains, special evidence is given to the definition of the compliance
J(t,t’), representing — under the assumption of linearity of the time-dependent strain with respect
to the applied stress(see section 3) — the total stress induced strain & (7,¢/) (initial strain plus
creep strain) at age ¢ caused by a unit uniaxial sustained stress ¢ = 1 applied since loading age
t’ (Fig. 2), 1.e.:
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Figure 2. Examples of Diagrams of Compliance function J(t,t'), relaxation function R(t,t),
redistribution function, &(t,to,t;), and ageing coefficient y(t,t') for different creep prediction
models and for the average of influencing parameters, time in days with origin of time scale at
2 days. For definition of all variables see: [8,10,11,12]

* Influencing parameters for the graphs

tc : 3 days (if required by the model); #) : 7 days (for the redistribution function &); Type of
cement: N, R, (normal or rapid hardening) (CEB MC90-99), Type I (B3, GL2000); fcx2s:30
Mpa; R. H. (h): 80% (0.8); Volume-surface ratio or effective cross-section thickness 2V/S =
2A4¢/u: 200 mm

«+ For model B3 the following values of further parameters have been assumed:

Ain Eq. (3): 10 sec = 1.16.10"* days; Aggregate content: a =1820 kg/m?; Cement content: ¢ =
400 kg/m> ; Water content: w = 180 Kg/m? ;Curing condition factor: o> =1.2 (normal curing);
Cross-section factor: ks = 1.
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(1) &Lty =c.J(tt)

The compliance J(t,t’) is frequently separated by researchers, and in the definition of
prediction models, into an initial age-dependent strain, normally referred to as elastic strain and
related to a corresponding nominal elastic modulus, being therefore denoted 1/E(¢”), and a creep
strain C(£,¢"), 1.e.:

Q)  Jut)=1/E()+C(tt)

The ACI report underlines the nominal character of such separation and of the
corresponding initial elastic term, as this term contains creep that occurs during the time elapsed
between application of the stress and the measurement of the strain. Therefore, this separation
is discouraged. If the separation is performed, the ACI report evidences the need that the initial
and creep strains be defined consistently, so that their sum corresponds to the correct stress
induced time-dependent strain. At this respect, it must be mentioned that in the only case of the
Bazant-Baweja B3 model presented in the sequel[13,14], an instantaneous age-independent
strain ¢; = 1/Ey is introduced, where Ej is called asymptotic modulus. In this model, £y should
not be regarded as a real elastic modulus, but merely as an empirical parameter, whose
introduction is justified by the observation of the patterns of experimental results for decreasing
stress and measurement durations. Bazant and Baweja indicate that the usual static elastic
modulus E£(¢’) normally obtained in laboratory tests and used in structural analysis corresponds

tory £.0)

(3)  E@)=1J{t'+A,t)

in which the stress duration A = 0.01 day gives values approximately agreeing with ACI

formula: E(t)=4734 \f f(@)withEand £, (f) inMpa

According[1], in what concerns creep, the two components of basic and drying creep are
introduced (Fig. 1). Basic creep is defined as the time-dependent strain under sustained constant
load of a concrete specimen in which moisture losses or gains are prevented (sealed specimen).
It is considered a material constitutive property, independent of the specimen size and shape.
Drying creep is defined as the additional strain in a nominally identical specimen allowed to
dry. As the drying process depends on the size of the specimen, the report underlines that the
measured average creep of a cross section is, on the contrary, strongly size-dependent. As for
the debated problem of the long-term trends and values of creep strains (see section 4 in [1]),
the ACI report admits that drying creep, being caused by the drying process, may be expected
to show a limiting value at long-term, while for basic creep it is remarked that it has not been
determined whether basic creep approaches a final value, even after 30 years of measurement
of sealed specimens.The report recognises that the creep phenomenon and its underlying
mechanisms are very complex, involving a wide series of physical and chemical processes
active at different scales, as evidenced by the significant number of theories appeared in the
literature in the last decades and briefly outlined in the report. The areas requiring additional
study are also indicated. The subsequent parts of the report contain a concise state-of-the-art of
present knowledge of the effects of the single influencing factors on the development of drying
shrinkage and of creep. Factors affecting time-dependent behaviour of hardened concrete are
discussed also in fib documents. They are analyzed in particular in the Structural Concrete
Textbook[8,16], along lines similar to those developed in the ACI 209.1R-05 report. These
analyses form the basis for the CEB-fib prediction models of shrinkage and creep established
by CEB in CEB Model Code 1990 as a progressive update of previous historical editions[3,4]
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and partially revised in 1999 (CEB MC90-99 model), and currently adopted with further
revisions by fib in the just published fib Model Code 2010 (fib MC 2010 model).

According [1] distinction between drying creep and basic creep, which was not operated
in previous CEB MC90-99 model, is considered in the new fib MC 2010 model. In what
concerns long-term creep strains, while declaring that it is still controversial whether concrete
creep approaches a finite value, the fib Textbook[8] indicates that for practical reasons, in
consideration of the fact that in the range of working stresses the rate of creep decreases
substantially with increasing duration of loading, from the view point of the designer it is
however justified to base calculations, in which not the highest level of accuracy is sufficient,
on a “final” creep value. Correspondingly, different from other models, CEB MC90-99[15]
prediction model for creep is characterized by almost horizontal asymptotes for the compliance
curves corresponding to various age at loadings t’ for load durations of the order of magnitude
of the expected service life of important structures. This long-term trend for the compliance
curves was however recently modified in the new fib MC 2010 model: while maintaining an
horizontal asymptotic trend for the drying creep component, a logarithmic function having no
finite value is adopted in this new model for the prediction of the development of basic creep.
As discussed in section 4[1], the long-term trends and values of creep strains are still currently
at the centre of a strong debate.

3. Creep and Shrinkage modelling

According[ 1] several prediction models for creep and shrinkage were proposed in the past
in scientific literature and/or in technical guidance documents of national and international
associations. The document ACI 209.2R-08 Guide for Modeling and Calculating Shrinkage and
Creep in Hardened Concrete[7], published in 2008, outlines the problems and limitations in
developing prediction equations and illustrates and compares the prediction capabilities of four
models: the ACI 209R-92[15], Bazant-Baweja B3[13,14], CEB MC(C90-99[9,16], and
GL2000[17] models, representing, at the date, the most widely diffused prediction models at the
international level among those developed in the past two to three decades. As previously
indicated, CEB MC90-99 model was recently substituted by the revised fib MC 2010 model,
while BaZant-Baweja B3 model is currently in the process of being revised. This ACI Guide
evidences that all these prediction models represent a compromise between accuracy and
convenience, in consideration of the fact that one of the primary needs in structural concrete
design is to dispose of models accessible to engineers with little specialized knowledge of
shrinkage and creep. It is also underlined that, although these models can be used by designers
who wish to predict shrinkage and creep in concrete without testing, for structures that are
sensitive to shrinkage and creep, the accuracy of an individual model’s predictions can be
improved and their applicable range expanded if the model is calibrated with test data of the actual
concrete to be used in the project. The Guide emphasises that, as there was no consensus to
recommend one model, the four models were included in the document. A few basic simplifying
assumptions that are normally accepted for the development of prediction models are presented
in ACI 209.2R-08 and are briefly illustrated in the following. They substantially correspond to
those incorporated also in the fib Model Code and Textbook. For their critical evaluation reference
can be made to these documents and to the referenced literature. As shown in Fig. 1 shrinkage
and creep are considered as additive. Creep strains are determined by subtracting the measured
shrinkage strains on the non-loaded sets of specimens from the strains measured on the loaded
specimens, both sets of specimen being subjected to the same curing and environment conditions
and considered as nominally identical. Within the range of service stresses, i.e. if the applied
stress is less than 40% of the cylindrical compressive strength of the concrete at the age at loading,
creep is considered approximately proportional to the stress. Within this range, it is also assumed
that the agedependent strain responses to stress increments applied at different times may be
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added using the superposition principle[1] for increasing and decreasing stresses, provided
temperature and moisture content are kept constant and the cases of strain reversals, which deviate
from superposition, are excluded. These assumptions correspond to the adoption of an ageing
linear viscoelastic constitutive law for concrete, which is normally considered as an appropriate
tool also for the evaluation of the structural effects of creep and it is adopted as basic reference
assumption in most guidance documents on this specific subject, as shown in the other papers in
this issue of the Journal[1]. The separation of creep into basic and drying creep is adopted in
agreement with the above reported definitions of ACI 209.1R-05 Report. However, it must be
noted that among the models considered by ACI 209.2R-08 Guide only models B3 and GL2000
make the distinction between basic and drying creep. ACI 209R-92 and CEB MC90-99 refer to
a cumulative size-dependent creep strain. Differential shrinkage and creep or shrinkage and creep
gradients are neglected. Considering that the majority of creep and shrinkage data used for the
calibration of the models are based on surface measurements of cylindrical specimens, the
simplifying assumption is accepted that shrinkage and creep strains in a specimen occur
uniformly through the specimen cross section. This is a crude approximation for the drying
components of creep and shrinkage strain gradients within the specimens. According[1] some of
the issues discussed in the ACI 209.2R-08 Guide include: how simple or complex a model would
be appropriate, and what input information should be required; how closely the model should
represent physical phenomena/behaviour; what data should be used for evaluation of the model;
what statistical methods are appropriate for evaluating a model. According[1] except for the older
ACI 209R-92 model developed in the late 1960 and early 1970’s, the other three models presented
in ACI 209.2R-08 have been optimized on the base of the wide set of shrinkage and creep
experimental data gathered in the RILEM database. This database contains 518 creep and 426
shrinkage tests and represents an extension of the initial database, comprising about 400 creep
and 300 shrinkage tests mostly from American and European sources, originally compiled in
1978 at the Northwestern University. This extension was operated in two steps, first by an ACI-
209 subcommittee chaired by L. Panula and then within a subcommittee of RILEM TC-107-CSP,
chaired by H. Miiller. A reduced database, consisting only of 166 creep tests and 106 shrinkage
tests extracted from the RILEM database, was used in Gardner’s studies to optimize his GL2000
model and to compare prediction provisions of the other models incorporated in ACI 209.2R-
08[17]. Recently, after the publication of ACI 209.2R-08, a significantly enlarged database,
named NU-ITI database consisting of a total of 680 (initially 621) tests and approximately 12,000
data points for creep and of 490 shrinkage tests, has been assembled at Northwestern University
by adding to the RILEM database many recent Japanese and Czech data. According[1] the
selection of appropriate data within the database and the criteria to compare and rank the existing
prediction models are discussed in ACI 209.2R-08. Several standard and non standard statistical
criteria are examined, and it is recognised that a lack of agreement exists in the scientific
community on these aspects. The four models presented in this ACI Guide are then evaluated
according to the criteria proposed by Gardner[17] based on plots of the measured values from the
above mentioned restricted database against the corresponding model predictions. The
conclusions of this type of comparison are currently subject to debate at the international level
(see section 4). It is important to note that, in spite of the fair to good ratings attributed in ACI
209.2R-08 on the basis of this comparison to each one of the four models with respect to their
accuracy in matching the experimental results of the database, significant differences are found,
especially in what concerns creep, in the long-term multi-decade trends and values of the strain
vs. time curves predicted by every single model, and in the description of the influence of the age
at loading. Most recently, some revision actions are under way or have been undertaken for two
of the four models presented in ACI 209.2R-08. An updating of Bazant-Baweja B3 model is
currently being proposed[1], in what concerns essentially its long-term responses, with reference
to the present debate on the capabilities of this and other models to predict multi-decade long-
term excessive deflection histories observed for a wide collection of large-span prestressed
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bridges. CEB M(C90-99 model, while being transformed into the recent new fib MC 2010 model,
has been partly revised as indicated in the previous sections, with particular regards to its long-
term trends. No updating action is currently under way for GL2000 model, while an orientation
to abandon the older ACI 209R-92 model in future updated editions of the ACI 209.2R-08 Guide
has been expressed by ACI 209 Committee. According [1] although it can be recognized that the
delayed behaviour of concrete is nowadays a phenomenon better understood, some significant
open problems still remain. As it can be perceived from the preceding presentation, this is true in
particular in what concerns the prediction of creep. Due to the recognized extreme complexity of
the rheological behaviour of concrete evidenced in section 2, modelling its creep properties
essentially on the basis of an interpretation of the underlying physical mechanisms is an objective
that cannot yet be fully reached, even if the studies of these processes have registered significant
progress in recent years. Therefore, current widespread prediction models, as those incorporated
in ACI 209.2R- 08, must still be based, to a non negligible extent, on a phenomenological
approach and on a number of simplifying assumptions, the only exception being model B3, which
is partly based on material science concepts[13,14]. The latest versions of the internationally
harmonized RILEM database mentioned at section 3 represent, at the moment, an indispensable
term of reference for the calibration and statistical evaluation of all these models. The wide and
harmonized effort for the compilation of the various versions of the RILEM database represents
a worthy example of international cooperation. Nevertheless, in spite of this apparently ideal
situation, some non negligible difficulties still exist, especially for creep. The major one consists
in the fact that, while the interest for design of important structures are the effects of delayed
strains of concrete after several decades (e.g. for a 100 years required service life) and the
influence on these strains of extended intervals of ages at loading, most of the data in the database
are crowded into short load durations, and also into short ages at loading. In fact, only 8% of the
existing database includes creep curves for durations of more than 6 years, and only 5% includes
creep curves for durations of more than 12 years. Also, the data in the database mainly refer to
small thicknesses, typical of laboratory specimen, while modern large structures may be
characterized by very thick components (e.g. bottom slabs of cantilever bridges, vertical walls,
cores and mega-columns in high-rise structures and buildings, etc.) showing highly retarded
shrinkage and drying creep deformations with the effects of nonlinear gradients as the volume-
to-surface ratio increases. Further, the limitations of the RILEM database are the following: -
inconsistency of some experimental data and high statistical dispersion in the database,
experimental data referred almost only to creep under constant sustained loads, with very few
data concerning creep recovery upon unloading and the relaxation response to constant
sustained imposed deformations. Overcoming of some of these limitations is not possible, at least
in the medium term. While experimental campaigns to explore the creep behaviour over long
durations, for a wide range of ages at loading and on thick elements, must be encouraged, for the
time being model optimization must essentially be based on the present format of the database
adopting proper statistical approaches to compensate for the bias of data. Eliminating in this
process some sets of the data from the data base, considering these data as non-applicable must
be done carefully and with the consensus of the scientific community.

A problem to be faced is the existence of conflicting approaches and results in the process
of comparing and ranking the presently available creep prediction models with respect to the
RILEM database. Besides the presentation in the ACI 209.2R-08 Guide of different statistical
methods by various authors for comparing and ranking models, a significant comprehensive
critical contribution was given recently by Bazant and Li through a detailed analysis and
discussion of statistical methods of standard and several nonstandard types, and the suggestion of
suitable data weighting criteria required to eliminate the bias due to improper data sampling in
the database. Their proposal consists in basing the statistics of prediction errors strictly on the
method of least squares, considered as the standard and the only statistically correct method,
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dictated by the maximum likelihood criterion and the central limit theorem of the theory of
probability. According to these authors, the ranking of the models with respect to the RILEM
database that ensues from this approach is quite different from the rankings obtained by
nonstandard statistical methods, as e.g. the ranking based on Gardner’s studies, mentioned at
section 3.3[1], adopted in the ACI 209.2R-08 Guide. According[1] as anticipated in section 3, a
major problem is represented by the persistence of significant differences among currently
recommended creep prediction models both in the long-term values and trends, and in the
description of the influence of age at loading. If the confrontation is limited to the three most
recent models incorporated in the ACI 209.2R-08 Guide (namely CEB MC90-99, GL2000 and
Bazant-Baweja B3), a significant discrepancy does in fact exist between the first of these models
and the other two (see Fig. 2). CEB M(C90-99 shows in fact considerably lower long-term values
and, for the reason indicated at section 2, almost horizontal asymptotes for the compliance curves
J(t,t’). The other two models, GL2000 and B3, exhibit significantly higher long-term values and,
if the logarithmic scale is adopted for time as in Fig. 2, sloped diagrams in the long-term (upper
decades of the required service life). They become straight inclined lines in the case of B3 model,
whose basic creep component is characterized by a logarithmic curve in the actual time scale with
no asymptotic final value. A final theoretical value is reached on the contrary by GL2000 model,
although at very long term, far beyond the limits of the required service life. It must be noted that,
according to a few comparisons recently performed, this discrepancy essentially remains in what
concerns the long-term values and trends also if the new just published fib MC 2010 model[12]
is considered instead of CEB MC90-99 model[16]. Although this new model does not show any
more horizontal asymptotes for the compliance curves, but inclined long-term trends in the
logarithmic scale, as the development of basic creep component is also predicted by a logarithmic
function, long-term values and inclinations of creep diagrams are significantly more contained
with respect to the other two models. It is important to note also that, as observed in one of the
papers published in this issue of the Journal[ 1] and shown in Fig. 2, these differences in the long-
term values and trends of the compliance J(%,¢’) are reflected too, and to a larger extent, in the
related structural variables (e.g. the relaxation function R(7,¢’), the redistribution function x(7,0, i),
and aging coefficient x(#,¢’), all of them being defined in Refs.[8,10,11,12], calculated for each
prediction model, which are of importance in the analysis of the structural effects of creep strains.
In fact, these structural variables depend on both time under load ¢ and age at loading ¢/, and
therefore put in evidence also the influence of the different evaluations, in the various models, of
the influence of age #'. The differences in the predictions of creep strain at long-term arise as a
consequence of the above evidenced limitations of the laboratory database and of the different
criteria for validating the models with respect to it. A very important role is played by the criteria
adopted for the extrapolations of the predictions beyond the limits of time of the database. A wide
debate is currently taking place on this last aspect at the international level. In order to overcome
the difficulty due to the RILEM database of laboratory tests being biased toward short creep
durations, a new database incorporating a collection of long-term excessive deflections of
prestressed concrete large-span bridges measured over a few decades was recently established
within RILEM Committee TC-MDC Multi-Decade Creep and Shrinkage chaired by
Bazant[18,19,20,21]. The possibility of using this new data base to improve the material models
for concrete creep is presently under discussion. As the long-term trends of the diagrams of these
multidecade bridge deflections do not appear to approach a finite long-term value, and in most
cases are also characterised by straight or nearly straight lines in the logarithmic time scale, such
trends are considered by shapes of the compliance curves J(%,¢’) of creep prediction model B. A
related proposal is put forward by the same authors to use these data for the validation of this
model and the updating of its parameters — with particular regard to the parameters modelling the
long-term values and trends of the creep compliance — through inverse analysis procedures. At
this respect, it must be underlined that this is not an easy task, if it is intended to model the effects
of all the design, construction and material variables. In fact, the long-term behaviour of large-

184



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

span prestressed concrete bridges and the development in the time of their deflections, that in
some cases may become excessive, depend on a combination of several simultaneously acting
factors, as arrangement and degree of prestressing, stress relaxation in prestressing steel and
amount of friction in cables, creep and shrinkage of concrete in every component of the structure,
live/dead load ratio, construction, loading and prestressing sequences, accidental loadings
during construction, progressive development of cracks, etc. Furthermore, it must be considered
that deflections of prestressed structures are the result of the two opposite actions, external loads
and prestress, and, consequently, the outcome of the difference of two large and variable
quantities. Therefore, they are very sensitive to the uncertainties and errors in the evaluation of
each one of these two quantities. A small change in one of the terms may cause a large variation
in the result. These uncertainties concern in particular the estimation of the prestressing action,
both in its distribution along the tendons and in the prediction of its evolution along the time as
affected by prestress losses. Hence, an analysis of this type may prove to be reliable only if a
sufficiently detailed knowledge of each bridge is available and if consistent and robust mechanical
models and computational programs encompassing all these specific aspects are available.
Appropriate approaches are required, in particular able to combine 3D FEM computational
procedures and related computational codes for the analysis of the structure with reliable
numerical techniques for taking into account all the phenomena related to the materials
(concrete and steel) and their time-dependent responses. For what concerns the concrete creep,
numerical techniques based on rate-type constitutive laws are most adequate from the
computational point of view. An interesting trial application of this inverse analysis process
was recently performed through a refined program for the Palau bridge that was characterized
by significant excessive deflections before its collapse. For this bridge, ample documentation is
available. Some problems still do exist for a satisfactory modelling of the simultaneous
development of cracking in zones of the structure progressively getting into tension consequent
to prestress losses. The implementation of proper cohesive crack models results in
computational obstacles due to an excessive overall program complexity. Therefore, modelling
of progressive cracking in this trial application was done under the crude simplifying
assumption of a reduction for the current time step of the effective incremental modulus, which
includes the effect of creep, when the tensile stress exceeds 70% of the estimated tensile
strength. In what concerns the relative comparison and ranking of two different creep prediction
models for the material through these types of inverse analyses, one possible criteria to be
adopted would consist in applying appropriate minimisation procedures of the so-called
“discrepancy function”, while all other variable material, structural and construction parameters
are kept constant. Finally, in the inverse analysis process proper attention should be given also
to the fact that an erroneous estimation at the design stage of the structure of prestress losses
and/or of other creep-induced stress redistributions, like those due to the effect along the time
of an initial change of structural system (e.g. the continuity connection introduced at mid-span
of cantilever built bridges), may be responsible, in the real structure, of stresses exceeding 40%
of the mean cylindrical compressive strength of the concrete at the age at loading. In fact, in
such cases, a linear viscoelastic creep prediction model is no-longer adequate. Due to the
nonlinearity in the creep strains under high stresses, the deflections of the structure increase far
beyond what linear prediction models could predict.

CONTINUED ON PART 2

REFERENCES
(see Part II)
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MODELING AND CALCULATING OF CREEP IN HARDENED CONCRETE
ACCORDING ACI 209R-92, CEB M(C90-99, GL2000 AND BAZANT&BAWEJA
B3 MODELS (PRACTICAL EXPERIENCE - PART II)

Konstantin Kazakov!, Chavdar Stoyanov?, Doncho Partov?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: To predict the strength and serviceability of reinforced, composite steel-
concrete and prestressed concrete structures, the structural engineering requires and
appropriate description of the mechanical properties of the materials, including the
prediction of the time-dependent strains of the hardened concrete. The prediction of creep
is important to assess the risk of concrete cracking, the migration of stresses from the
concrete to steel part of the reinforced composite structures, which cause the additional
deflections in such type of structures. As discussed in above mentioned provisions,
however, the mechanical properties of concrete are significantly affected by the
temperature and availability of water during curing, the environmental humidity and
temperature after curing, and the composition of the concrete, including the mechanical
properties of the aggregates. Among the time-dependent properties of concrete that are
of interest to the structural engineer, loss of moisture to the environment, and the creep
under sustained load. Drying before loading significantly reduces creep, and is a major
complication in the prediction of creep, stress relaxation, and strain recovery after
unloading. While there is a lot of data on compressive creep, not much data are available
for creep recovery, and very limited data are available for relaxation and tensile creep.
Creep under variable stress and the stress responses under constant or variable imposed
strains are commonly determined adopting the principle of superposition. The limitation
of this assumption are discussed in this paper. The prediction of capabilities of the four
creep compliance models were evaluated by comparing calculated results using example
of steel concrete composite beam from bridge practice.

Key words: serviceability, creep compliance models, prediction of creep, steel-concrete
composite beam, migration of stresses
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4. Modeling and calculating of Creep in hardened Concrete according ACI 209R-92,
CEB M(C90-99, GL2000 and Bazant&Baweja B3 Model, (Practical Experience-Part II)

4.1 Basic Equations for determining the Creep Coefficient according CEB MC90-99
model (EC2)

The CEB MC90 model (Muller and Hilsdorf 1990; CEB 1993) is intended to predict the
time-dependent mean cross-section behavior of a concrete member. It has concept similar to
that of ACI 209R-92 model in the sense that it gives a hyperbolic change with time for creep
and shrinkage, and it also uses an ultimate value corrected according mixture proportioning and
environment conditions. The age at loading fo should be at least 1 day, and the sustained stress
should not exceed 40% of the mean concrete strength f...o at the time of loading fo. Special
provisions are given for elevated or reduced temperatures and for high stress levels. The CEB
MC90-99 model (CEB 1999) includes the latest improvements to the CEB MC90 model. The
age at loading should be at least 1 day, and the creep-induced stress should not exceed 40% of
the concrete strength at the time of loading. The CEB model does not require any information
regarding the duration of curing or curing condition, but takes into account the average relative
humidity and member size. Required parameters:

e Age of concrete when drying starts, usually taken as the age at the end of moist
curing (days);
Age of concrete at loading (days);
Concrete mean compressive strength at 28 days (MPa or psi);
Relative humidity expressed as a decimal;
Volume-surface ratio or effective cross-section thickness of the member (mm or in.);
e Cement type.

The CEB MC90 (Miiller and Hilsdorf 1990), is intended to predict the time-dependent
mean cross-section behavior of a concrete member. It has concept similar to ACI209R-92
model in the sense that it gives a hyperbolic change with time for creep and shrinkage, and also
uses an ultimate value corrected according mixture proportioning and environmental
conditions. The models are valid for normal weight plain structural concrete having an average
compressive strength in the range of 20 MPa< f, ,. <90 MPa. The age of loading #, should

be at least 1 day, and the sustained stress should not exceed 40% of the mean concrete strength
[0 at the time of loading ¢, .The CEB model takes into account the average relative humidity

and member size. Required parameters are: age of concrete when drying starts, usually taken
as the age at the end of moist curing (day); age of concrete at loading (days);concrete mean
compressive strength at 28 days (MPa); relative humidity expressed as a decimal; volume-
surface ratio or effective cross-section thickness of a member (mm) and cement type.

The creep (compliance) function proposed by the 1990 CEB Model Code(,,CEB-
FIP°1991) defined the strain at time ¢ caused by a constant stress acting from time ¢ to time ¢
, 1s given by relationsship:

@ ) Pulbh),
EcmtO(tO) Ecn128

where:- ¢(t,1,) gives the ratio of the creep strain since the start of loading at the age 7, to the
elastic strain due to a constant stress applied at a concrete age of 28 days; £, is the modulus
of elasticity of concrete at the time of loading #,and E_, ,.-is the mean modulus of elasticity

concrete at 28 days (MPa). Hence 1/ E_ , - represents the initial strain per unit stress at loading.
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The creep coefficient is evaluated with following formula: ¢(z,¢,) =¢,B.(t —t,) , where :

by = b BB 501 Blto) = B BB B = 10)3:8(6.7) = B0 B BB (e~ 7):
where: @, =1+1 —%/0.46 3/(%) - 1s a factor to allow for the effect of relative humidity

on the notional creep coefficient. RH is the relative humidity of the ambient environment in %;

_ Som
,B(fcm)_5.3/(10

0.5
j - 1s a factor to allow for the effect of concrete strength on the notional

creep coefficient. S(t,) = ﬁ - is a factor to allow for the effect of concrete age at loading
A+t

on the notional creep coefficient (for continuous process we consider the function).

B(r)=1/ 0.1+(z‘)0‘2 is a function of aging, depending on the age of concrete and it

characterizes the process of aging. 3, (t—1,)=[(t—1,)/ B, +(t—1, )]0‘3 is a function to describe

18
the development of creep with time after loading. g - 150{1 " (1_2 RHJ :lho +250<1500 1s a
100 00

coefficient depending on the relative humidity (RH in %) and notional member size ( /,in mm).
where f, .. = f., +8=the mean compressive strength of concrete at the age of 28 days
(megapascals); and 5, =24, /u= the notional size of member (millimetres) ( A, = the cross
section; and u = the perimeter of member in contact with the atmosphere); f,, is the specified

characteristic compressive cylindrical strength (MPa) below which 5% of all possible strength

measurement for the specified concrete may by expected to fall.
1
Constant Young’s modulus is given by £, . =10* ( - )5 ; Variable Young’s modulus

o 1 53
is givenby: E,, (1)= B °E,,», where E_ , =10*(f.,,)3 and: . = exp{s(l —to—sﬂ , where s

153

= 0.25 for normal and rapid hardening cements. So: E,, (1) = 336190e05[0‘25( ﬁﬂ; #t,.t,) is

0?2

a final creep coefficient of concrete.

4.2. Basic Equations for determining the Creep Coefficient according ACI 209R-92
This is an empirical model developed by (Branson and Christiason)[7] 1971, with minor
modification introduced in ACI 209R-92. The models for predicting creep and shrinkage strains
as a function of time have the same principle: a hyperbolic curve that tends to an asymptotic
value called the ultimate value. The shape of the curve and ultimate value depend on several
factors such as curing conditions, age of application of load, mixture proportioning, ambient
temperature and humidity. The correction factors are applied to ultimate values. Because creep
and shrinkage equations for any period are linear functions of the ultimate values, however, the
correction factors in this procedure may be applied to short-term creep and shrinkage as well.
Required parameters:
e Age of concrete when drying starts, usually taken as the age at the end of moist
curing (days);
e Age of concrete at loading (days);
e  Curing method;
e Ambient relative humidity expressed as a decimal.
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e Volume-surface ratio or average thickness (mm or in.);
Concrete slump (mm or in.);
Fine aggregate percentage (%);
Cement content (kg/m3 or 1b/yd3);
Air content of the concrete expressed in percent (%);
e Cement type.

The design approach presented for predicting creep refers to standard condition and
correction factors for other than - standard condition. The corrections factors are applied to
ultimate values. Because creep equation for any period is linear function of the ultimate values,
however, the correction factors in this procedure may be applied to short —term creep. Required
parameters are: age of concrete when drying starts, usually taken as the age at the end of moist
curing (day); age of concrete at loading (days); curing methods; ambient relative humidity
expressed as a decimal; volume-surface ratio or average cross-section thickness of a member
(mm); cement type; concrete slump in mm, fine aggregate percentage (%), cement content
(kg/m’) and air content of concrete expressed in percent (%,). The last four parameters are not
included in CEB MC90 model. The creep (compliance) function proposed by the ACI 209R-
92 model [1], that presents the total stress-dependent strain by unit stress is given by the
relationship:

5 Jer)= 1 +¢(t’to):1+¢(t’t0)’
E E E

cmt0 cmt0
where- ¢(t to) is the creep coefficient as the ratio of the creep strain to the elastic strain at the

cmt0

start of loading at the age ¢, (days) and E_,,, is the modulus of elasticity at the time of loading
t, (MPa), respectively.

The creep model proposed by ACI 209R-92 has two components that determine the
ultimate asymptotic value and the time development of creep. The predicted parameter is not
creep strain , but creep coefficient ¢(t, t ) ,(defined as the ratio of the creep strain to the initial

elastic strain). The creep coefficient is evaluated with the following formula:
¢(t, to) =¢.pB. (t —1, ), where: ¢(t, to) is the creep coefficient at the concrete age ¢ due to a load

applied at the age 7,;( t—t,) is the time since application of load; ¢, is the ultimate creep

coefficient. For the standard conditions in the absence of specific creep date for local aggregates
and conditions ,the average value proposed for the ultimate creep coefficient ¢, is equal to 2,35.

For conditions other than standard conditions the value of the ultimate creep coefficient
¢, =2.35 needs to be modified by six correction factors, depending on particular conditions.

where: ¢, =2.35y, ;and: ¥, =¥, .oV xnVeusVesVewVea' Ve =1.256,""" - corresponds to (¢, )
in CEB MC90, is a function of aging, depending on the age of concrete and it characterizes the
process of aging; 7, =1.27-0.67h for h>0.40is the ambient humidity factor, where the

relative humidity 4 is in decimal -correspond to ¢,, CEB MC90;
Vers :%(1 +1.130028307 S)}) (corresponds to f3,in CEB MC90),where V is the

specimen volume in mm’ and S the specimen surface area in mm”, allows to consider the size
of member in terms of the volume-surface ratio;
Vs =0.8240.00624s is slump factor, where s =75 mm is the slump of fresh concrete;

Ve, =0.88+0.0024y is fine aggregate factor, where y =40 is the ratio of fine
aggregate to total aggregate by weight expressed as percentage; y,, =0.46+0.09a >1 is air
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content factor, where a=21s the air content in percentage.
B.(t—1,)= [(t —1,)"" 110+ (11, )0'6} - is a function to describe the development of creep with

time after loading and is equal by t=36500 days and to= 60days to: 0,982004. The secant
modulus of elasticity of concrete E at any time f,of loading is given by

cmtQ

E,.,=0,043p"/f . MPa;where p, is the unit weight of concrete (kg/m*) and f,,, is the

met0
mean concrete compressive strength at the time of loading (MPa).The general equation for
predicting compressive strength at an time ¢ is given by f,,, =[t/a+bt]f,,,.where f, . is

the concrete mean compressive strength of 28 days in MPa; a (in days) and b are constant and
t 1s the age of the concrete.

4.3. Basic Equations for determining the Creep Coefficient according
Gardner&Lockman 2000

The model presented herein corresponds to the last version of the GL2000 model
(Gardner 2004), including minor modifications to some coefficients and to the strength
development with time equation of the original model developed by Gardner and Lockman
(2001). It is a modified Atlanta 97 model (Gardner and Zhao 1993), which itself was influenced
by CEB MC90. According to Gardner and Lockman (2001), the method can be used regardless
of what chemical admixtures or mineral by-products are in the concrete, casting temperature,
or curing regime. The predicted values can be improved by simply measuring concrete strength
development with time and modulus of elasticity. Aggregate stiffness is taken into account by
using the average of the measured cylinder strength and that back-calculated from the measured
modulus of elasticity of the concrete. The compliance expression is based on the modulus of
elasticity at 28 days instead of the modulus elasticity at the age of loading. This model includes
a term for drying before loading, which applies to both basic and drying creep. Required
parameters:

e Age of concrete when drying starts, usually taken as the age at the end of moist
curing (days);
e Age of concrete at loading (days);
Concrete mean compressive strength at 28 days (MPa);
Concrete mean compressive strength at loading (MPa);
Modulus of elasticity of concrete at 28 days (MPa);
Modulus of elasticity of concrete at loading (MPa or psi);
Relative humidity expressed as a decimal;
e  Volume-surface ratio (mm).

It is modified Atlanta 97 model 1993, which itself was influenced by CEB MC90-99. The
compliance expression is based on the modulus of elasticity at 28 days, instead of the modulus
of elasticity at age of loading. This model includes a term for drying before loading, which
applies to both basic and drying creep. Required parameters: Age of concrete when drying
starts, usually taken as the age at the end of moist curing (days); Age of concrete at loading
(days); Concrete mean compressive strength at 28 days (MPa or psi); Concrete mean
compressive strength at loading (MPa or psi); Modulus of elasticity of concrete at 28 days (MPa
or psi); Modulus of elasticity of concrete at loading (MPa or psi); Relative humidity expressed
as a decimal; and Volume-surface ratio (mm or in.). The creep (compliance) function proposed
by the (Gardner and Lockkman 2001), is composed of the elastic and creep strains. The elastic
strain is reciprocal of the modulus of elasticity at the age of loading E_,,, and the creep strain

‘mto

is the 28 day creep coefficient ¢,(z,z,) divided by the modulus of elasticity at 28 days E,,, ;. The
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creep coefficient ¢y (z,¢,) is the ratio of the creep strain to the elastic strain due to the load applied
at the age of 28 days. So:

1 L1,
©  J(nt,)= (Il 0);
EcmtO (tO) Ecm28
where: E_,, is the modulus of elasticity of concrete at the time of loading ¢, ; £, -1s the mean

C

modulus of elasticity concrete at 28 days (MPa); 1/ E_ - represents the initial strain per unit

mt0
stress at loading. ¢(t,t,) gives the ratio of the creep strain since the start of loading at the age
t, to the elastic strain due to a constant stress applied at a concrete age of 28 days; The 28-day
creep coefficient ¢y(2,¢,) calculated using the next formulae:

03 B ~
) Ty ) o5 s 0s6nty——led s |
(t=t,)" +14 fp  (t=1,)+7 (t—t,)+0,12(V/S)

The creep coefficient includes three terms. The first two terms are required to calculate
the basic creep, and the third term is for the drying creep. At a relative humidity of 0,96 there

is only basic creep. There is no drying creep. @, , is the correction term for the effect of drying

s (1:1,) = D (1)} 2

0,5

0,5
before loading. If 7, =7.;®(,)=1; when: 1, > 1. @(z) :[l_( (4, —1.) J ] ;t, =age

(t,—t,)+0,12(V/S)?

of concrete at loading, (days); z. = age of concrete when drying starts at the end of moist curing,
(days). To calculate relaxation, ®(z.) remains constant at the initial value throughout the
relaxation period. For creep recovery calculation, ®(z.) remains constant at the value at the age

of loading. If experimental values are not available the modulus of elasticity E,,, at any time ¢

mt

is given by : E_,, =3500+4300,/f.,., ,where the strength development with time can be calculate
from the compressive strength using the equation : f,,,, = 4,%.f.,.2s - L his equation is a modification

of the CEB strength-development relationship. So ,Bezexpli%(l—\/?g}; where s =0,4 is

CEB(1993) style strength —development parameter and g, relates strength development to

cement type. Relationship between specified and mean compressive strength of concrete can
be estimated from the equation: £, ,.=11f+5,0.This equation is a compromise between

recommended equation of ACI Committee 209 (1982) and ACI Committee 363 (1992).1t can
be noted that this equation does not include any effects for aggregate stiffness or concrete
density. Instead of making an allowance for density of the concrete ,is preferable to measure
the modulus of elasticity. To further justify the present model, it is desirable to clarify the
differences from other models, which are presented in this paper. According (Bazant&Baweja
1993, 2000) [1,2] many basic features of Model GL are questionable on the basis of the current
understanding of the mechanics and physics of concrete shrinkage and creep, and violate the
guidelines published by a RILEM Committee. Some of them are as follows: disagreement with
diffusion theory, the effect of age on creep according this model is far too weak and too short-
lived, the creep coefficient for the additional creep due to drying is given in this model by a
curve that does not have a bounded final value, the creep recovery curve calculated according
to the principle of superposition is violated by the GL model (Bazant&Baweja 2000).

4.4. Basic Equations for determining the Creep Coefficient according
Bazant&Baweja B3 Model
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The Bazant-Baweja (1995) B3 model is the latest variant in a number of shrinkage and
creep prediction methods developed by Bazant and his coworkers at Northwestern University.
According to Bazant and Baweja (2000), the B3 model is simpler and is better theoretically
justified than the previous models. The effect of concrete composition and design strength on
the model parameters is the main source of error of the model. The prediction of the material
parameters of the B3 model from strength and composition is restricted to portlandcement
concrete with the following parameter ranges:

e 0.35<w/c<0.85;

o 25<alc<13.5;

e 17 MPa<fem28 <70 MPa (2500 psi < fem28 < 10,000 psi);

e 160 kg/m3 <c¢<720kg/m3 (270 Ib/yd3 < ¢ <1215 Ib/yd3),
where fcm28 is the 28-day standard cylinder compression strength of concrete (in MPa or psi),
w/c is the water-cement ratio by weight, ¢ is the cement content (in kg/m3 or 1b/yd3), and a/c
is the aggregate-cement ratio by weight. If only design strength is known, then fcm28 = fc' +
8.3 MPa (fcm28 = fc' + 1200 psi). The Bazant-Baweja B3 model is restricted to the service
stress range (or up to about 0.45fcm?28). The formulas are valid for concretes cured for at least
1 day. Required parameters:

e Age of concrete when drying starts, usually taken as the age at the end of moist
curing, (days);
Age of concrete at loading (days);
Aggregate content in concrete (kg/m3 or 1b/yd3);
Cement content in concrete (kg/m3 or 1b/yd3);
Water content in concrete (kg/m3 or 1b/yd3);
Cement type;
e Concrete mean compressive strength at 28 days (MPa or psi);
e  Modulus of elasticity of concrete at 28 days (MPa or psi);
e  Curing condition;
e Relative humidity expressed as a decimal;
e Shape of specimen;
e  Volume-surface ratio or effective cross-section thickness (mm or in.).

4.5. Numerical example

For determining the creep coefficient, according the models presented in the previous
paragraph is now applied to a simply supported beam, subjected to a uniform load, whose cross
section is shown in Fig. 3.
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Figure 3. Composite beam with cross-section characteristic
4.5.1. Parameters cording EC2

E, =32.10* MPa, E,=2,1.10° MPa, A, = 8820 cm*, A, =383,25cm’*,n = E

- =6,56

c

I, =661500 cem?, 1, =1217963 )7 em?, r. = 23,039 cm, r, = 80,829 cm, r =103,868 cm,
A, =2453,05cm’, I, = 4536360 ,758 cm®*.M , =1237 kNm N,.,=846,60 kN, M, = 27,56 kNm

2\ -
E A, (1+ A;r H = 0,060545358 , 4,, = {1+ %} = 0,922950026

a a

M, , =330,13kNm, A, = {1+

hy=2A4C /u=300 mm; f, :150[1+(1.2*80/100)18}h0/100+250:915,82<1500

53 . 1
B(f)=—] =306 B(t,)=———| =0,422309218
(~fcm /10) fom=30 01 +(t0) 1,=60
P 1- RH /100 \ 130143
0.46 3 (h0 /100) J—

& = b B(S.) B(2,) =1,3014.3,06.0,422309218 =1,681755242
.(36500—60)=0,9925811; ¢_, .00 = 4,5, (36500 —60) =1,669278468

4.5.2. Parameters according ACI 209R-92
E =2,8178.10" MPa, E,=2,1.10° MPa, A, =8820cm*, A, =383,25cm*,n= E,

c

1, = 661500 cm®, 1, = 1207963,7 cm*, r, =25,407cm, r, =78,463cm, r =103,870cm,

=17,452

A, =1566,8248cm?, I, = 4420140,76 cm* .M, =1237kNm, N, =837,286 kN, M, = 24,716 kNm

2
M,, =338,05kNm, A, = {1 L EA, (1+ Ar

E A

a a

-1
j:l =0,068220902, 4,, = [1 + Ao } =0.93155

a a - a
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Mean 28-day strength: f. .. =33,3MPa; ( f,, s =33,0MPa ,according to CEB MC90-
99). Mean 28-day elastic modulus £, =28178MPa ;(E,, ., =32009MPa , according
to CEB MC90-99). p, =2345 kg/m’;

E (t)=E, (t,)= E.ppy = E sy = 0,043.2345,[33,30 = 28178(MPa), according to ACI

209R-92. ., =1.25¢,""" corresponds to A(t,) = 0,771059985 for ty=60 days;

Yern =1.27-0.67h for h=0,80=0,734; y = %(1 +1.13¢H013079)1) =0,6975, where
V/S=150; y., = 0.82 +0.00624s =1,018; where s =75 mm
Yoy =0.88+0.0024y =0,976; where w =40; y, , =0.46+0.09« 21 ;is air content

factor, where; =27, , =1; B.(36500—60) =0,982004..
By: t=36500 days and to 60days; 3. (1—1,)=| (1=1,)"* 110+ (r1,)"" |

Now the next results are as following:
¢u = 2357/c ;¢u = 2357/0 ’ }/c = yc,tO}/c,RHyc,vsyc,s7/0,1//7/0,0(

=2,35.0,7710.0,734.0,6975.1.018.0,976.1=2,35.0,39218613=0,9216337437x0,982004=
0,9050516

4.5.3. Parameters according G&L.2000
E, =2,8014.10* MPa(4,060,590psi), E,=2,1.10° MPa(30,450,000 psi),

E
A =8820cm> (1411 in%), A, =383,25¢cm> (61in®),n = -=7,496

c

I, =661500cm*(16934,4 in*), I, =1207963,7 cm” (30924 in*), r, = 25,50cm (10in),
r,=178,37cm(31in), r =103,870cm (41in),

A4, =1560,82cm’ (250in*), I, = 4415813,859 cm* (113045in*),

M, =1237kNm (10957677 Ibf in), N, , = 840,50kN (189112 bf),

M, =24,7206 kNm (2189821bf .in) ; M, , = 338,386kNm(29975141bf .in),

2\ -1
Ay = {l+ gcAc (l+ A;r j:| =0,068593645, 1, = |:l + gclc } =0,931921295

N

a““a a aa

For: #, =60 days and ¢, =36500 days;

05 0,5

pi1,) =| 1-| —" ; Or:
(1, —1)+ 0,120 )
S
0,5 0,5
(’j(t"):[l_[mo 306)0_03?2(150)2) ] =[1-0,104828483 = 0,89517516]"° = 0,946135041
p— + ,

Now we can calculate the 28-day creep coefficient ¢ (z,4,) using the next formulae:
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| (t—t0)0’3 Toos, (E=t) Los 2 (t-t,) 0,5_
22— () ()" +2,5(1- 1,086/ (—————)
§ (1=36500,1,=60) =g(r,)| (TR h(m)*T (=) +0,12(

| (t—t0)0’3 Toos, (E=t) Los 2 (t-t,) 0,5_
22— () ()™ +2,5(1- 1,086/ (—————)
§(1=36500,1, =60) = g(r,)| ()4 L (=) HT (=) +0,12(

(36500 —60)"*

#(t)| (36500 60)" + 14 o0 a0, S L0608 S
= . p— > +

- 0,5
(36500—60)+7 (36500 — 60) +o,12(150)2)

A

=0,946135041.2,327165999 = 2,201813298

e )[1, 250536+0,341532223+0, 735633725}

4.5.4. Parameters according B&B2000
4.5.4.1. Compliance function:

(7 J(8,8,) =q, + Co(8,8,) + C, ((2,4,2,)
is e average compliance function at concrete age ¢ caused by a unit uniaxial constant stress
applied at age to, incorporating instantaneous deformation, basic and drying creep; g; is the
instantaneous strain due to unit stress (inverse of the asymptotic elastic modulus) that is, in
theory, approached at a time of about 10 second; C,(#,7,) is the compliance function for basic

creep; C,((¢,¢,,¢.) is the additional compliance function for drying creep; and ¢, z., and #, are

the age of concrete, the age drying began or end of moist curing, and the age of concrete loading
in days, respectively. The instantaneous strain may be written gq;=1/Ey, where Ey is the
asymptotic elastic modulus. The use of Ey instead of the conventional static modulus E.» is
convenient because concrete exhibits pronounced creep, even for very short loads duration. Ey
should not be regarded as a real elastic modulus, but merely an empirical parameter that can be
considered age independent. Therefore, the instantaneous strain due to unit stress is expressed
. 1 -
in Eq. (A-38)[1]. ¢,=0,6/E_ —0,6/27318MPa =21,963.10 Pa
the basic creep is composed of three terms: an aging viscoelastic term, a nonaging viscoelastic
term, and an aging flow term: C,(t,t,) = q,.0(t,t,) +g;.In[1+ (¢ —¢,)" ]+ q,.In(t/¢,) ; where:
q2.0(t,to) is the aging viscoelastic compliance term.

g, =185,4.10°.409°°.33.30™" =159,90.10°° jD
a

concrete mean compressive strength at 28 days fe.2s (in MPa) are required to calculate the
parameter ¢g> in Eq. (A-41)[1].; O(tto) is an approximate binomial integral that must be
multiplied by the parameter g2 to obtain the aging viscoelastic term:

; According to this model,

; The cement content ¢ (in kg/m?) and the
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1

ot,t)=0,(t )[1+(Qf—(t°))’<’o>]7<’o>~ Equations (A-43) to (A-45)[1] can be used to
B 2 ) e

approximate the binomial integral: where:

0, (1) =[0.086(z,)"° +1,21(t,)*°T";  by: 10 =28: Opio-2s=0,18178; 19 =60;
Ori0=60=0,1302; r(t,) =1,7(¢,)"" +8; F(tg) =1,7(t,)""" +8=10,535;
F(ty,) =1,7(t,)""* +8=10,778;

Z(t,1)) = (1, )" In[1+ (1 - to)oyl] ;

7(36500,28) = (28)°.In[1+ (36500 —28)*'1=10,19844 ;

Z(36500,60) = (60)™.In[1+ (36500 —60)"']=0,17432 ;

— 1 1
_ 9O yanyien o 8178014 (L1878 yoss o _g.1761
7(36500,28) 0.19844

90,(60) y fﬁ -
Z(36500,60)

0(2,1,) = 0(36500,28) = O (28)[1+(

0O(t,1,) = 0(36500,60) = O, (60)[1+(

1
w)lows]_lmm =0.1296;

0.17432
qs . is the non-aging viscoelastic compliance parameter, and g is the aging flow
compliance parameter. These parameters are a function of the concrete mean
compressive strength at 28 days fcm?28 (in MPa ), the cement content ¢ (in kg/m3), the
water-cement ratio w/c, and the aggregate-cement ratio a/c.

=0.1302[1+¢(

4, = 0.29(w/ ¢*).q, = 0.29(0,50)*.159,9.10° = 2.89767 —— ;
MPa
g, =20.3*10°(4.23)"" =7.397*10°° # ; Now: by: t=36500; t,=28 follows:
a

C,(t,1,) = C,(36500,28) = q,.0(t,t,) + q,.In[1+ (t —1,)" 1+ g,.In(¢ / t,) =

=159.9*%10°*0.17610+2.897*107° *1.350377 + 7.397036*107° *7.172865 =
1 ;. (A-40)
=28.171*%10° +3.912042*10°° +53.05766*10° =86.140*10°°

Now: by: t=36500; t,=60 follows:
1

C,(t,t,) = C,(36500,60) =20.2323*107° +3.911*10™° +47.420*10™° =72.064*10™° P ;
a

'Pa

The compliance function for drying creep is defined by Eq. (A-48). This equation
accounts for the drying before loading. Note that drying before loading is considered only for
drying creep:

(A-48)  C,(t,1,,t,) =qg5[exp {—8H(t)} —exp {—8H(z‘0)}]”2

In Eq. (A-48), ¢5 is the drying creep compliance parameter. This parameter is a function
of the concrete mean compressive strength at 28 days fcm?28 (in MPa or psi), and of eshoo, the
ultimate shrinkage strain as given in Eq. (A-32).

(A49) g 0,757, , Mo 10T
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H(t) and H(to) are spatial averages of pore relative humidity. Equations (A-50) to (A-53) and
Eq. (A-36) are required to calculate H(¢) and H(?o).

(A-50)  H(t)=1-(1-h).S(t—1.)
(A-51)  H(t,)=1-(1-h).S(t,~1.)

where S(z — tc) and S(to — tc) are the time function for shrinkage calculated at the age of concrete
t and the age of concrete at loading 7o in days, respectively, and s is the shrinkage half-time

(A-52) S(-t)= tanh[(-—<)""?]

Tsh

ZLO _tc

(A-53)  S(t,—t,) = tanh[(-—=)""]

Tsh

Compliance function for drying creep: The compliance function for drying creep is
defined by Eq. (A-48). This equation accounts for the drying before loading. Note that drying
before loading is considered only for drying creep:
C,(t,15,1,) = gs[exp{~8H (1)} —exp {~8H (t,)}]"> = 419.827*107° *0.0341 = 14.323%10 ; (A-48)[1].

In Eq. (A-48), ¢5 is the drying creep compliance parameter. This parameter is a function
of the concrete mean compressive strength at 28 days fcm28 (in MPa ), and of eshoo, the ultimate
shrinkage strain as given in Eq. (A-32)[1]. ¢, =0,757.1,, s "“"11"" = 419.827.10°.1/ MPa
(A-49)[1]; H(¢r) and H(to) are spatial averages of pore relative humidity. Equations (A-50)[1] to
(A-53)[1] and Eq. (A-36)[1] are required to «calculate H(f) and H(t).
H(t)=1-(1-h).S(—1,)=0.805876; (A-50)[1]; H(t,)=1-(1-h).S(,—t,)=0.9722808 ; (A-
51)[1]; where S(¢ — ) and S(# — t.) are the time function for shrinkage calculated at the age of
concrete ¢ and the age of concrete at loading #y in days, respectively, and tsn is the shrinkage

half-time. S(t—1.) = tanh[(" L)1 where: t=7; (A-52)[1];

Ton
r,=0,08567"% f 0P [2k,(V/S)] =2725.477067 ; Now:
J(t,t)) =g, +Cy(tsty)+C, (t,t,,1.) =(21.963+63.569 +14.323)*10° =99.85508 %10 ;
Next  step: o(t,t)=E *J(t,t,)—1=27318%99.855%10° -1=1.72783;  and:
l+o(t,t,) 1+1.727
Ecm,t, 27318

Comparing the creep coefficient between EC2, ACI209-R2 , G&L2000, and B&B2000
we see that the deferent between them is very large.

According EC2: 36500460 = 1, 069278468 :
Broseson -0 = 0,905051651. » o ding G&L2000: brn et
=1,72783

J(t,t)= =0.000099824 =99.824*107° ;

According ACI209-R2:
=2,201813298

According B&B2000: Pres500.1,=60
Concluding Remarks and Recommendations
According [1] the most relevant recent international guide documents on factors affecting

creep and shrinkage and the related prediction models have been presented in Part 1 and Part 2
of the article. An undesirable situation of persisting model uncertainties has been evidenced, as
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reflected in particular in the significant differences in the long-term predictions of currently
recommended concrete creep models, in terms of both long-term values and shapes of diagrams
of the creep compliance J(t,¢’) vs. time. Unanimous criteria to remove these discrepancies are
still lacking. All actions that may help overcoming this undesirable situation should be
encouraged, namely: -enhance the studies in the physics of the material; -perform long-duration
tests; -further explore the possibilities of updating present models that were calibrated on the
basis of the RILEM laboratory database referring, in addition, to the database under
construction of multi-decade bridge deflections. Besides these actions, a few counteractive
measures may be suggested in order to reduce, for each specific project, the unfavourable
consequences of present model uncertainties, in particular in case of important andsensitive
structures. In what concerns the structure, the proper countermeasures to be adopted at the
design and construction stages to mitigate the unfavourable effects of creep and shrinkage
depend to a large extent on the structural type. As a general recommendation, structural systems
characterised by high deformability due to excessive slenderness or too low restraining
conditions (e.g. the presence of a mid-span hinge instead of final bending continuity in
cantilever built bridges) should be avoided. Also, as evidenced already [1] in section 4.4,
attention should be paid at the design stage to avoid stress levels in the concrete, under
sustained actions (loads and prestress), exceeding the limit of 40% of the of the mean
cylindrical compressive strength of the concrete at the age at loadings in order to avoid stress-
strains nonlinearity in the creep response. For the high-rise concrete or hybrid steel and
concrete buildings, the range of possible design and construction remedial measures is much
narrower and consists mainly in passive actions They include detailing structural and non
structural elements to accommodate absolute and differential displacements, maximisation of
spans between columns and core and/or vertical geometrical compensations in order to reduce
long-term slopes due to differential shortening, design provisions to reduce differential
shortening due shrinkage and creep among vertical structural elements like optimization of plan
and member geometry to obtain both comparable levels of stress and drying rates, optimization
of reinforcement or adoption of composite steel-concrete sections in vertical elements, retarded
erection of steel columns with respect to cores. The effectiveness at long-term of some of these
actions is still waiting for confirmation, in particular in the case of super-tall buildings, due to
the rather recent introduction of the use of high strength concrete instead of steel members in
this type of structures. For a correct estimation of the predictable effects of all these
countermeasures applied to the structure at its design and construction stages appropriate
computational approaches for the analysis of structural effects of time-dependent behaviour of
concrete are required.
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EXPERIMENTAL TESTS OF CONNECTORS FOR TIMBER-CONCRETE
COMPOSITE STRUCTURES

Lukas Velebil!, Petr Cerveny?, Jan Jochman?, Petr Kuklik?, Robert Jara5,
Jan Posta®, Martin Hataj’

University Centre for Energy Efficient Buildings
of Czech Technical University in Prague, Czech Republic

Abstract: The stiffness and strength of the connectors between the timber and concrete
part of the cross-section have a great influence on the load capacity of the timber-
concrete composite structures. The connection parameters can be described by the shear
strength and the slip modulus of the connectors used and determined by push-out tests.
This paper presents the experimental results of 47 push-out tests performed on three types
of connectors: pressed punched metal plates, glued metal plates, and screws with plate-
shaped heads. The specimens further differed by a concrete slab which was made of either
conventional strength grade concrete reinforced with steel mesh, or high-performance
concrete reinforced with carbon reinforcement, basalt reinforcement, or dispersed steel
fibers. The value of maximum load capacity, slip between timber and concrete, and failure
mode was analyzed for all specimens and summary results were discussed. The obtained
results showed high shear strength and stiffness of the connectors and proved their
possible use for timber-concrete composite structures.

Key words: Timber-concrete composite structure, Punched metal plate connectors,
Screw connectors, Push-out tests, Shear strength, Slip modulus

1. Introduction

Timber-Concrete Composite structures (TCCs) are considered as an effective alternative
to conventional reinforced concrete ceilings or to traditional timber-beam ceilings. They
represent an elegant technical solution for increasing the strength and mechanical properties
of the structures, see [1], [2]. The solution includes a timber beam and a concrete slab placed
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above it, where both parts are connected by special shear connectors. There can be an
intermediate layer between the beam and the slab. Concrete slab is reinforced (usually by classic
steel cross bar). This creates a system that takes full advantage of all the benefits of both used
materials. Wood is used as the main load-bearing material in tension and bending, the concrete
slab is stressed in compression and is also used to increase the spatial rigidity, to improve
acoustic properties and to increase fire resistance.

The total load-bearing capacity of the composite system depends a lot on the shear
strength of the connectors. Mechanical properties of the shear connectors are determined by
special push-out tests, see [3], [4]. These tests are performed on small test specimens. The
results of the tests are a shear strength and slip modulus of connectors.

2. Experimental analysis
The subject of the experimental analysis was the execution and evaluation of push-out
tests of timber-concrete specimens.

2.1. Test procedure

The load procedure was carried out according to standard EN 26891 [5]. The load diagram
is shown in Fig. 1 on the left. The value of maximum estimated load capacity Fest Was
determined on the basis of preliminary tests to create a load diagram. The specimens were
placed in steel test equipment during the experiment, see Fig. 1 on the right. The test equipment
ensured the surface support of the concrete slab as well as the free vertical displacement of the
timber beam. The specimens were loaded from above with a vertical compressive point force.
Polyamide friction-reducing plates were inserted between the timber beam and the steel test
equipment.
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Figure 1. Load diagram (left), test specimen with attached sensors placed
in the test equipment (right)

The values of applied loading force, slip between concrete and timber part of the cross
section and failure mode were monitored for all specimens. The slip between concrete and
timber was measured by potentiometric linear transducers with measuring range 75 mm placed
on both sides of the timber beam. The values of 10 % and 40 % of the maximum estimated load
capacity and the corresponding values of the joint slip were used to determine the slip modulus
kser. The characteristic values of load capacity and slip modulus were calculated according to
standard EN 14358 [6] from the measured values.
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2.2. Test specimens

A total of 47 test specimens were subjected to push-out tests. Test specimens were divided
according to connector type between timber and concrete into three groups (pressed punched
metal plates, glued metal plates, and screws with plate-shaped heads), see Fig. 2.

Figure 2. Connectors installed in the timber part of the cross-section before concreting:
pressed punched metal plates (left), glued metal plates (middle)
and screws with plate-shaped heads (right)

The hot-dip galvanized steel plates S280GD+Z275 had a length of 210 mm and were
pressed between pairs of timber prisms made of SST C24 with a cross section of 80 x 280 mm,
or glued with Xepox F epoxy adhesive to a groove in prism with a cross-section of 140 x 280
mm. As an alternative to steel plates, screws with plate-shaped heads 8,0 x 160 mm were used.
The screws were mounted in pairs at an angle of 45° and 135° to the axis of a timber beam made
of SST C24 with a cross section of 140 x 280 mm. The specimens further differed by a concrete
slab, which was made by concrete strength grade C30/37 reinforced by steel mesh 6 x 100 x
100 mm or by basalt reinforcement, high performance concrete (HPC) with carbon
reinforcement and ultra-high performance concrete (UHPC) with dispersed steel fibers. The
experimental program of push-out tests is summarized in Tab. 1.

Table 1. List of test specimens

Concrete |Thickness | Cover layer | Reinforcement Connector Quantity
- [mm] [mm] - - pcs
C30/37 60 15 Steel mesh Screws 5
C30/37 60 15 Steel mesh | Pressed punched metal plate 5
C30/37 60 15 Steel mesh Glued metal plate 5
C30/37 60 15 Basalt Pressed punched metal plate 5
C30/37 60 15 Basalt Glued metal plate 5
HPC 40 10 Carbon Screws 2
HPC 40 10 Carbon Pressed punched metal plate 5
HPC 40 10 Carbon Glued metal plate 5
UHPC 40 10 Steel microfibers | Pressed punched metal plate 5
UHPC 40 10 Steel microfibers Glued metal plate 5
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All test specimens were conditioned in a standard laboratory environment. Along with
push-out tests, material tests of used concrete, wood and connectors were performed. Material
tests confirmed the assumed strengths.

3. Results and discussion

The specimens with pressed punched metal plates failed by a snip in the metal plate in
the first row of teeth at the interface of timber and concrete. The snip in the metal plate was
caused by exceeding the maximum possible plastic deformation of the plate material. The
specimens with glued metal plates failed by adhesive rapture of metal plate from the groove in
timber beams. The specimens with screws with plate-shaped heads failed, when the plastic
joints were formed in the screws. Wood and concrete remained intact in all specimens. The
failure modes of connectors can be seen in Fig. 3.
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Figure 3. Test specimen after push-out tests: pressed punched metal plates (left), glued metal
plates (middle) and screws with plate-shaped heads (right)

The curves describing the dependences of the joint slip on applied loading force are
presenting in Fig. 4 — 6. For better clarity, only one curve corresponding to the average course
is shown on the graphs for each type of connector and type of reinforcement.
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Figure 4. Comparison of different types of reinforcement - pressed punched metal plates
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Figure 5. Comparison of different types of reinforcement - glued metal plates
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Figure 6. Comparison of different types of reinforcement - screws with plate-shaped heads

The summary of the push-out tests results is shown in Tab. 2. and Tab. 3. The values are
given for a steel plates with a length of 210 mm and for one pair of screws.

Table 2. Average and characteristic values of the test specimens maximum load capacity

Reinforcement
Basalt Carbon Steel Microfibers

Faxave | Fmaxk | Fmaxavg | Fmaxk | Fmaxavg | Fmaxk | Fmaxave | Fmaxk
[kN] [kN] [kN] [kN] [kN] [kN] [KN] [kN]
Pressed plates| 74.63 | 47.78 | 34.76 | 30.70 | 71.12 | 26.80 | 33.81 | 29.88
Glued plates | 41.82 | 2993 | 3587 | 31.26 | 46.34 | 37.03 | 39.05 | 2691
Screws - - 15.02 - 20.81 13.79 - -
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Table 3. Average and characteristic values of the test specimens slip modulus

Reinforcement
Basalt Carbon Steel Microfibers
kser,avg kser,k kser,avg kser,k kser,avg kser,k kser,avg kser,k

[KN/mm]|[kN/mm]|[kN/mm]|[kN/mm]|[kN/mm]|[kN/mm]|[kN/mm]|[kN/mm]
Pressed plates| 1050.20 | 964.44 | 185.24 | 107.50 | 1541.62|1023.85| 51.70 | 49.22
Glued plates | 440.90 | 338.64 | 305.17 | 201.16 | 230.89 | 197.05 | 268.13 | 182.41
Screws - - 13.46 - 11143 | 40.53 - -

The highest load capacity of the investigated combinations was achieved by specimens
with pressed punched metal plates in combination with basalt reinforcement and the highest
stiffness was achieved by specimens with pressed punched metal plates with steel mesh.

Conclusions

Within the experimental analysis, 47 push-out tests were performed, in which the
influence of three types of connectors between the wood and concrete part of the cross-section,
three types of concrete and four types of concrete slab reinforcement were investigated.

The highest values of load capacity and stiffness were achieved by pressed punched metal
plates in combination with basalt or steel reinforcement. The failure of the specimens with
pressed punched metal plates was caused by achieving the maximum possible plastic
deformation of the plate materials.

Concrete slabs of the usual strength class of concrete with steel or basalt reinforcement
can be made with a thickness of about 50 - 60 mm. HPC and UHPC with carbon reinforcement
or steel microfibers can be made from a thickness of about 30 - 40 mm. However, due to the
fire and acoustic parameters of the ceiling panel, a thickness of 40 mm may not be sufficient.
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ASSESSMENT AND VULNERABILITY OF MASONRY BUILT HERITAGE
Radomir Folic', Nadja Kurtovic Folic?, Milos Cokic?

University of Novi Sad, Serbia

Abstract: Masonry structures are very vulnerable under seismic actions. These
constructions very often represent structures of architectural heritage, so they require
special treatment in their management. They are also the subject of many research
projects related to vulnerability assessment, condition assessment and design proposals
of interventions on it structure. By these interventions it is important to ensure the
appropriate safety of the construction, but also to preserve their authentic architectural
values. This paper discusses few evaluation methodologies for assessing old masonry
structures without confining with reinforced concrete (RC) vertical elements. Newer
assessment methodologies for the vulnerability evaluation, design intervention, proposed
in NIKE, MARS, PERMATURE Eu Project and performance-based design are
considered. Application and validation of the methodology to a case study will be
explained. The purpose of the paper is to contribute its seismic risk mitigation.

Key words: Built heritage, Masonry Structures, Assessment, Vulnerability, Methodology

1. Introduction

Masonry historical buildings are very sensitive and vulnerable under seismic actions.
Very often these structures are of unreinforced masonry (URM) and more vulnerable then new
one (confined and reinforced masonry). Bearing walls constructed in brick lie in lime or cement
mortar unknown quality which influenced and this conditioned study damage and failure
mechanisms and lesson from past earthquake. Masonry is heterogeneous materials which
depend of quality of units and joints and have high specific mass, low tensile and shear strength
and low ductility. The behaviour of URM depended on the rigidity of the floor diaphragm and
connection between the diaphragm and walls. However, in this paper we not consider structures
with flexible floor diaphragms but only structures with stiff floor structures. These older
structures tend too be at seismic risk. Contemporary method for prediction behaviour and assess
condition of structures is seismic vulnerability/fragility assessment.

The evaluation of the seismic vulnerability of masonry structures in the preservation of
the cultural heritage focused on estimation of their load bearing capacity against horizontal
loads. Key aspect is the material properties and nonlinear effects, the morphology of the
structural elements, their connections, the stiffness of horizontal diaphragm and the building
condition [1].
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In this paper a short survey of literature technical issues pertaining to the seismic of
historic buildings and review various methods assessment of conditions, and design methods
of retrofitting of this structures.

2. Methodologies of assessing URM buildings and review of literature

Documentation related to the action of an earthquake through history and procedures in
planning objects for the protection of facilities to preserve the legacy from decay was analyzed
in [2]. The importance of organized protection of architectural heritage is evidenced by the
formation of research projects in Europe NIKER [3], PERPETUARE [4], MARS [5], and other.
General aspects of cultural heritage and natural disasters were analyzed in [6] and with the
analysis of heritage damage in seismic areas in [6-9]. Experiences of seismic protection of
cultural heritage buildings after the earthquake in Kraljevo are presented in [10].

Damage mitigation was discussed in [11] and [12]. The seismic risk of cultural heritage
is discussed in [13]. Risk analysis of cultural/historic buildings is presented in [14], an
assessment seismic performance this structure is subject of paper [15]. Beside fore mentions
assessment and vulnerability and procedures for diagnosing the condition, are the subject of
papers [16 — 19], and behaviour heritage structures [1] and [15]. Paper [18] the vulnerability
and the risk assessment (walls, vaults and domes) of two samples of churches are presented,
similar as in [1].

The vulnerability of masonry historic buildings was discussed in [20], [21] and [22]. The
design of seismically resistant masonry buildings was discussed in [23], [24]; Codes [25-26].
Pushover analysis for seismic evaluation of masonry wall is subject of paper [27]. Nonlinear
modelling of seismic response of masonry structures consider in [28 — 30]. A state-of-the- art
review related deformation capacity of reinforced masonry walls subjected to in-plane loading
give paper [31], modelling and analysis of this structures and simplified analytical method [21].
Rehabilitation and strengthening of masonry structures consider in papers [32] and [32]; and
retrofitting in [33]. A significant contribution to the experimental research of architectural
heritage was made by IZIIS from Skopje, especially on the vibro-platform (Shaking Table
Testing), cited toward [2].

The recently project MARS largely introduces NLDAs for deriving fragility curves
approach will be adopted made up of the following main steps [5]:

1. Identification of building classes and Classification of building types

2. Modelling of the existing buildings and nonlinear material properties

3. Non-linear static analyses

4. Definition of the relationship “structural response—damage level”

5. Assessment of fragility curves

Seismic vulnerability

assessment methods
I

Empirical | Hybrid I *m
(EM) (HM

)
1'_ _ B |
Detailed Simplified
(DAM) (SAM)
1
| 1 |
™~ 7 P
Collapse Capacity Fully
mechanism spectrum | displacement
based based based
(CMB) (CSB) \__ (FDB)

Figure 1. Seismic vulnerability assessment methods classification, after [21]

207



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

In order to guarantee consistency and continuity between analytical and empirical results
first step and the methodology are adopted for deriving analytical fragility curves. The
peculiarities of the seismic behaviour of buildings pose important problems in establishing a
correlation between the intensity of future earthquakes and the damage they produce, with all
the uncertainties inherent in the knowledge of the conditions that determine the hazard and the
vulnerability.

To these are added those related to the exposed assets as well as the social implications
of an event, which make the assessment of indirect losses and socio-economic impact
particularly complex.

Structural modelling is a difficult task because there is a large number of factors that have
the influence on the behaviour of the masonry structures, such as dimension and anisotropy of
the bricks, joint width and arrangement of bed and head joints, material properties of both stone
and mortar, and quality of workmanship [5], [16] and [21]. Macro-modelling (masonry as one-
phase material) (Fig. 2b), and Simplified micro-modelling (masonry as a two-phases material)
(Fig. 2c). According to these procedures, which represent the intermediate approaches, the
properties of the mortar and the unit/mortar interface (masonry as a two-phase material). This
approach leads to the reduction in computational intensiveness, and yields a model, which is
applicable to a wider range of structural systems. Detailed micro-modelling (masonry as a three-
phases material), (Fig. 2d) continuum elements whereas the unit—-mortar interface is represented
by discontinuum elements.

To achieve/obtain the damage control, in a building under seismic action, is a complex task.
There is several response parameters related to it and the most important ones are: deformation,
relative velocity, absolute acceleration and plastic energy dissipation. A damage index is Damage
index; A performance-based numerical methodology (developed at the Pacific EE Research -
PEER) and Fragility curves. The fragility curves give the relation between the intensity measure
(IM) and the damage measure (DM) to structural and non-structural elements [22].

Principal modelling strategies of masonry are micro and macro modelling. Micro models
are divided into detailed and simplified. Detailed consist of unity + mortar + interface. In
simplified only unit and joints Fig. 2.

Models for URM analysis are:

e cquivalent frame model,

¢ rigid macro-block model, and

¢ Finite element method (FEM) [9].
The stability of massive walls usually defies analysis by complex methods. These structures
have withstood major earthquakes in the past, and damage records are known [2].

Interface
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Figure 2. Masonry modelling strategies: (a) Masonry sample; (b) One-phase macro-
modelling; (c) Two-phase micro-modelling; (d) Three-phase micro-modelling, after [16]

An even more important form of research refers to determining the consequences of an
earthquake. For each of these macro elements, depending on their typology and connection with
other parts of the structure, it is possible to identify the manner of damage and the mechanism
of collapse [9]. During the review it is necessary to define [2]:
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e division into macro elements,

e damage level (on the 0-3 scale),

e vulnerability of a building to a specific mechanism, in relation to the specific
structural details.

Based on the principles and recommendations from ICOMOS, as well as on other similar
works citied in [17], a restoration methodology for UMS has been developed. The following
eight distinct steps are included:

Step 1: Historical and experimental documentation, (more of this is given in [2]);

Step 2: Characteristics of the structural materials (compressive/tensile strength, modulus
of elasticity and Poisson ratio);

Step 3: Structural model

Step 4: Actions: different loading cases have to be taken into consideration, including the
seismic actions for the structures built in seismic areas.

o a,
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Figure 3. Plastic-damage constitutive law (CL) for masonry: tensile uniaxial stress-strain, and
plastic-damage CL for masonry: compressive uniaxial stress-strain, relationships [21]

Step 5: Analysis: using input data of the previous steps a FE Analysis is performed and
stresses (normal-shear)—displacements at the joints of the mesh are calculated, minimal before
any repair and/or strengthening.

Step 6: Failure criterion and assessment: a failure criterion must be established for the
definition of the damaged regions of the structure, connecting with Step 2 and will be used as
an input to carry out the analysis.

Step 7: Repairing and/or strengthening decisions and reanalysis, according to the results
of Steps 5 and 6, all the damaged regions are repaired and/or strengthened.

Step 8: Explanatory report is the last step, as a result of the proposed methodology, where
all the collected information, the diagnosis, including the safety evaluation, and any decision to
intervene should be fully detailed.

The investigations were focused on the problem of the correct a priori identification of
the geometry of the structural elements, since it represents the first step in the application of
this approach. As validation tool for the FE modelling technique, a numerical approach was
adopted; it was based on the execution of nonlinear static analyses on more accurate Finite
Element (FE) models applying them to walls with irregular opening patterns.

3. Case study analysis

3.1. Geometric and material properties of the structure

The subject of the analysis is a unreinforced masonry (URM) building (Fig. 4) with 3
levels (ground floor+2 stories). The plan view and the 3D model of the structure are shown in
Figure 4. The length of the spans in both directions is displayed in Figure 4, left. The height of
each story is 3.6 which make the total height of the building 10.8 m. In order to simplify the
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modelling and calculation process, soil-structure interaction is not included in the calculation
and design. Material properties of URM (f’» = 10.34 Mpa, f; = 2.00 MPa, E = 9307.92 MPa)
for structural walls and concrete C12/15 (fc = 12.00 Mpa, f; =2.16 MPa, E = 27000 MPa) have
been adopted for model analysis [34]. Thickness of URM walls is 36 cm and the adopted
thickness of the floor structures is equal to 12 cm and it modelled as a concrete (C12/15) plate.

1965
115, 220 10Q 220 220 215 220 220 10Q 220 115,

80
80

685

1480

60 445 690

690

Window heights: 1.65m
Door heights: 2.55m

113, 220 100 220 130, 160 365 220 100, 220 113

Figure 4. a) Building plan; b) Numerical model

3.2. Loads and actions

The loads acting on the structure are as follows: permanent loads (G;) — self-weight of
structural elements and an additional permanent load; the variable-live load (Q;). The adopted
value of the permanent constant load is g, = 3.0 kN/m? and the load intensity of the variable-
live load amounts ¢ = 3.0 kN/m? on all floors except the roof, where they amount gg = 1.0
kN/m? and gz = 1.0 kN/m?.

3.3. Modal analysis

Modal analysis was performed to determine the fundamental periods of vibrations of the
system and its modes. Values of the fundamental period of vibration in direction X is equal to
T1x=0.087 s, and in direction Y it is equal to 77,y =0.071 s.

3.4. Structural Model (assumptions and simplifications)

14 A 14
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8 8
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Figure 5. Material properties of URM (left) and concrete C12/15 (right) [34]
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In models for post-elastic analysis of structural response to the removal of individual
vertical elements, the following assumptions and simplifications were used:
e The calculation includes the effects of second order logic (P-A4);
e To describe the nonlinear behaviour of the material, the nonlinear properties of the
material were used to describe the behaviour of the URM walls (Fig. 5, left) [34];
e Floor structures are modelled as rigid diaphragms;
e The UMR walls are modelled as the multi-layer shell elements, with nonlinear
behaviour.

4. Results and discussion

4.1. Nonlinear Static Analysis

The results of nonlinear static analysis (NSA) for mass-proportional load distribution are
shown in Fig. 6. To calculate damage state (DS) threshold values, it was necessary to do a
bilinear approximation of NSA pushover curve, using Equivalent Energy Elastic-Plastic
(EEEP) method and determine yielding (Sdy,Say) and ultimate capacity (Sdu,Sav) points on
capacity (spectral displacement — spectral acceleration) curve of SDOF system for both
directions.
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Figure 6. Capacity curves and their bilinear approximation
for X (left) and Y (right) directions

4.2. Calculation of Fragility Curves

Damage of a structural system may be quantified through threshold performance points
(small damage — SD; moderate damage — MD; extensive damage — ED; complete damage —
CD), which are determined according to [35] for seismic fragility analysis, where ups = SdP5
and uy = Sdu/Sdy (Table 1).

Table 1. Seismic structural DS threshold values, according to [35]

DS SD MD ED CD
Sdy +0.25-
0.7-Sd Sd Sd
UDS Y Y (SdU- de) U
OLN,DS 0.25+0.07-In(uy) | 0.2+0.18 In(uy) | 0.1+0.4-In(uy) | 0.15+0.5-In(uy)

wxps™ [mm] 2.764 3.949 6.193 12.925
ox.Lv.ps [mm] 0.333 0.413 0.574 0.743
uy.ps™ [mm] 1.797 2.567 3.083 4.634
oy.Ly.ps [mm] 0.291 0.306 0.336 0.445
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In case of the calculation of fragility curves, using spectral displacement (Sd) as a referent
intensity measure (Sd) value for the DS threshold [35], the fragility functions are calculated as
analytical cumulative distribution functions (CDF) for lognormal (LN) distribution:

InIM — Ill%wsi)

M
OLN|DS;

) Posin (191, oi05) =

where @ is the cumulative distribution function of the standard normal distribution, ,ui% ps; and
a,f% ps; are the mean and standard deviation of LN distribution values shown in Table 1.
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Figure 7. Fragility curves for X (left) and Y (right) direction

4.3. Discussion of the results

The results of the analysis indicate a different response of the structural system,
depending on the main directions (X and Y) adopted for the pushover analysis. The response of
the structural system is stiffer in the Y direction, in relation to the structural response in the X
direction (Fig. 6). This is also reflected on the results of the analysis of fragility curves, which
is shown in the Fig. 7, left (for X) and Fig. 7, right (for Y) direction.

5. Intervention on URM

The flow chart that defines the sequence of actions that determine the decision whether
structure will be repaired, removed or partial removed [11].

The bibliography lists the norms and Regulations that are applied in Europe from the set
(EN 1998) [32-33;] which refers to earthquake engineering Interventions on the construction of
URM buildings are wider considered in [2]. It is stated: “R. Zarni¢ summarized the
contemporary experience of preservation in his report on heritage monument protection
technologies in Slovenia. The concept of remediation of the wall includes a set of measures that
establish a rigid response as a reaction of the building to the earthquake excitation. He proposed
the following technical measures necessary to establish the stability and earthquake resistance
of the heritage masonry buildings: consolidation of foundations; joining walls and floor
structures; reinforcement of walls by pointing joints and/or grouting cracks; reinforcement of
wall vaults; systematic renovation of existing floor structures or their replacement with new
ones; renovation of timber roof structure, repair and strengthening of non-structural elements.

In practice, there are various types of protection methods, from those that require strict
adherence to traditional crafts and techniques to those that introduce completely new materials
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and structural systems [32-33]. Particular attention has been paid to the least intrusive and best
quality connections between old and new materials. A significant novelty in the field of
preservation of architectural heritage was the emergence and use of fibre-reinforced polymers
(FRP). Their development was very fast, from twisted fibres to fabrics of practically unlimited
dimensions/geometry. In the restoration process of cultural property structures, from the effects
of earthquake actions, the use of FRP is almost irreplaceable today.

Reviewing initial considerations

Y
Selection of the objective of retrofit
- Conventional objective

- Performance based objectives

\ 4
Obtaining information of the building

- Data collection

- Condition assessment

1
v v

Seismic evaluation
- Preliminary evaluation

—>
- Detailed evaluation -+

Decision to retrofit No

Building adequate or
Yes | Building to be demolished

Figure 8. Flow chart for decision whether structure will be repaired or removed

Conclusions

The following recommendations should be respected: Carefully study the built heritage
prior to designing and performing interventions on it is very important; the use of adequate
materials and technologies for the execution of works is, also, important. Innovative materials
that do not compromise the authenticity of the building can also be used; it is necessary that
their composition and manner of application be such that they can meet the basic principles of
protection of the built heritage. Each intervention should be designed so that it provides only
the minimum necessary for survival, acceptable only with a minimal loss of the existing
building fabric. If new materials are used, it is necessary to choose those that are compatible
with the expression, appearance, texture and shape of the original [32].

The International Council Monuments and Sites (ICOMOS) also provide guidelines for
the preventive protection and restoration of cultural property endangered by earthquakes, which
follow the basic principles and recommendations for the protection of the built heritage. It is an
ongoing process in which individual conclusions are gradually changing, following the modern
development of new knowledge in the fields of seismology, seismic engineering, materials,
technologies and techniques.

The retrofit process a general term that may consist of a variety of treatments, including:
preservation, rehabilitation, restoration and reconstruction [33]. Preservation is defined as the
process of applying measure to sustain the existing form, integrity, and material of historic

property.
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It is necessary to prevent excessive damage to the supporting structure and injuries to

people during a designed earthquake. In order to achieve the target performance, a techno-
economic analysis is necessary. It is therefore expected to identify and secure funding.
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ASSESMENT OF ENGINEERING DESIGN AND TECHNICAL INNOVATION
OF STAMBOLOYV’S BRIDGE IN VELIKO TARNOVO

Radosveta Kirova-Delcheva!, Doncho Partov>"

Independent researcher
* University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: The historical monument Stambolov’s bridge in Veliko Tarnovo, which features
outstanding architectural design and innovative Pratt- truss single-spanned, open
spandrel arch iron structure an innovative truss structure as well as cutting-edge
technology of installation is left without maintenance for almost thirteen decades. The
cultural monument, which contributes essentially to the extraordinary atmosphere in the
historical part of the Bulgarian touristic centre, deserves the focus of the scholarship as
well as adequate rehabilitation.

Key words: statically determinate Pratt-truss, single-span arched open-spandrel iron
riveted bridge, joint-rod, Stefan Stambolov, Veliko Tranovo, historical environment

1. Historical context

The Stambolov’s bridge, which is the favorite touristic shooting-pictures bellevue of
Veliko Tarnovo, elegantly dominates the panoramic view of the picturesque historical town of
the Old Bulgarian capital.

Soupenir de Tirnooo, e grapd Pont. Due de (o slile,

a) _ 1 ¥ o - b)
Figure 1. Stambolov’s bridge: a) Postcard from the turn of the 20" century b) view from
Asenevtsi’s monument, 2021 (photo by R. Kirova)
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Establishment of the modern railroad network connection was a fundamental part of the
government of Stefan Stambolov® (1887-1894), the statesman born in Veliko Tarnovo, who
transformed the former Ottoman province into a modern state. [1] [6]

The Stambolov’s bridge was constructed as a symbol of the modern infrastructure and
industrial development of Veliko Tarnovo, the former capital of the medieval Second Bulgarian
Kingdom* and an important hub of the Bulgarian Revival, where the political and public life of
the autonomous Bulgaria was concentrated in the end of the 19™ century. The iron arched bridge
that crosses the steep and rocky river gorge of Yantra in a single span, connected and supported
the urban development of the new western-end situated center of the town of Veliko Tarnovo,
shaped by the construction of the Secondary school for girls and the City Garden. [5] The
elegant iron highly technically elaborated structure of the Stambolov’s bridge it Veliko
Tranovo, that later become element of an innovative infrastructure railroad facility of two
railroad stations, two tunnels and two railroad bridges, pioneered the construction of metal
bridges’s railroad construction in Bulgaria. [11] [12] [13]

Figure 2. Stambolov’s bridge: a) detailed view from the north, 2021 (photo by R. Kirova) b)
detail of the node, 2009 (photo by Mandev, Partov)

2. Technical description of the Stambolov’s bridge

The iron arch bridge features single arched span of total length if 8160 cm was based on
two solid stone masonry foundations anchored in the rocky banks of the river and served two-
way pedestrian, livestock and motor traffic.

The statically determinate Pratt-truss’single-span arched open-spandrel iron riveted
structure of the Stambolov’s bridge of joint - rod system compounds of a horizontal upper deck
and a lower arch chord, which are connected via a grid of compressed vertical members and
falling tension diagonals, which slope down to the centre. The joint compressure and tension
statics behaviour of the truss is ensured by the transversal ribs placed in the middle of the truss
fields, which link the main truss elements — the upper chord and the lower chord of "U-shaped
cross section and the truss grid. The elaborated and highly precise design of the Stambolov’s

3 Stefan Stambolov (1854-1895), was a Bulgarian politician, journalist, poet, lawyer, the revolutionary successor
of Vasil Levski and leader of Stara Zagora uprising (1876), who served as consecutively as a deputy, chair of the
parliament, Prime Minister ((1887-1895) and regent. Due to his launching of a an independent, balanced to the
Great powers, course of Bulgarian foreign policy, as well as his economic achievements Stambolov was referred
to as "the Bulgarian Bismarck".

# Veliko Tarnovo was capital of the medieval Second Bulgarian Kingdom in the period (1185-1393).

5 The Pratt truss was invented in 1844 by Thomas and Caleb Pratt and was a common configuration for iron
railroad bridges a in the United States between 1844 and the early 20th century, due to the practical lending of
these statically determinated bridges to long spans up to 250 feet (76 m).
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bridge features a connection of the verticals and diagonals and the two truss belts via rivets
without node-plates.

The distance between the axes of the two main parallel Pratt-type trusses is 560 cm, while
the total width of the upper pedestrian and double motor bridge’s deck of total width of 730 cm
including the iron railing. The height of the two main parallel Pratt-type trusses varies between
860 cm at the middle point of the rise and 120 cm at the abutments of 7 m height. The rise of
the arch is 37 m. The structures of the both trusses consist of 26 iron prefabricated sections.

a)
Figure 3. Corrosion of the bridge structure: a) detailed of the track structure from below, 2009
(photo by Mandev, Partov) b) detail of the horizontal beams, 2009 (photo by Mandev, Partov)

a) b)
Figure 4. Corrosion of the bridge structure: a) the contact with the masonry foundation, 2009
(photo by Mandev, Partov) b) detail of the arched lower chord, 2009 (photo by Mandev, Partov)

The cross-section of the upper and lower truss chords consists of two composed T-shaped
riveted structural elements placed 320 mm axially from each other. Each T-shaped element
compounds of two flange L-shaped iron profiles with dimensions of 80/80/10 mm and a strip
iron stem plate with dimensions of 20/500/2 cm. The outside flanges and stems are additionally
reinforced with riveted strip iron plates. The construction of the two main chords in the form of
open box-shaped sections allows combination with the vertical and diagonal elements of two-
partite combined profiles of "I" cross section.

The ribs consists of two unequal riveted corner L-profiles with dimensions respectively
of 70/120/7 cm and 70/120/7 cm linked with a 10 mm-thick iron plate. The diagonals and their
flanges enter the 300 mm-wide slot between the stems of the upper and lower chord of the truss.
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The fixture of the verticals to the chords is interrupted of the diagonal’s stems, while the riveted
lateral flanges embrace the chords externally.

The truss nodes of the upper chord are connected by crossbeams of "I"-shaped sections
of 1200 mm height, interconnected by longitudinal beams of "I"-shaped sections of 600 mm
height, which bear the upper track of thin prefabricated panels, overlyed by thin asphalt and
concrete flooring.

The upper chord is anchored to the stone masonry foundations steel by a fixed cylindrical-
joint bolt, while the footing of the lower chord is realized through a bearing joint bolt. The
spatial behavior of the Stambolov’s bridge is realized by horisontal X-shaped bracings that
connect the upper and lower truss chords and by vertical X-shaped bracings that link the truss
the verticals. [8] [11] [12] [13] [14] [15]

3. Building history of the Stambolov’s bridge

The Stambolov’s bridge, which set the beginning of construction of metal bridges in
Bulgaria, was fabricated in Austro-Hungary by “Rudolph Phillip Wagner”°, whose owner at
the time of construction in Veliko Tarnovo, Ritter von Leon was focused mainly on bridge
constructions. “Rudolph Phillip Wagner” participated actively in construction of modern
Bulgaria, contributing to various architectural and infrastructure objects as the first and the only
church in the company’s portfolio — the Bulgarian church “St. Stephan” in Fener, Istanbul, the
railings and the sculptural decoration of Lion’s and bridges and the monument of Vassil Levski
in Sofia. [2]

The Stambolov’s bridge was contracted by Stoyan Gerganov’, a non-academically
educated, innovation-biased architect of high technical competency and comprehensive
practical overview on design and construction from concept to on-site realization, who designed
and constructed for Tarnovo’s social elite residential, industrial and infrastructure objects that
constituted the modern cityscape. [3]

The period of fabrication and transportation in Veliko Tarnovo of the elements of the
bridge by “Rudolph Phillip Wagner” is unknown, but the on site realization of the bridge took
circa two years as it started in 1891 and finished on the next 1892. [16]

Stoyan Gerganov, who also built Trapezitsa train station and another solid masonry
bridge in the region, demonstrated remarkable up-to-date structural knowledge and technical
competence as he managed the erection of the wooden scaffolding that supported the
installation of the prefabricated bridge iron elements and their correct on site assemblage as
well as the stone masonry foundations. Stoyan Gerganov was able to summon a team of
craftsmen, skilful in the cutting-edge technology of riveting to assemble the prefabricated
bridge structure on site, thus demonstrating experience in bridge construction and on site
organization.?

® The company was established by Rudolph Phillip Waagner(1827-1888) in 1854 in Wien, Ritter von Leon bought
it in 1880 and merged it with his own bridge construction company in Graz, where most probably the sections of
the Stambolov’s bridge were prefabricated. In 1905 the company merged with the distinguished cast-iron
producing company of J. Biro and A. Kurz, the name of the company was changed to “Waagner-Biro” in 1924.
Since its establishment the company had produced and constructed, and recently refurbished, a great of public
buildings and bridges all over Europe. [2]

7 Stoyan Gerganov (1865-1906), non-academically educated architect and building entrepreneur was born in
Kereka, Dryanovo and started his career at the age of 24. Gerganov designed and contracted a number of eclectic
European styled residential houses that shape the modern architectural outlook of the historical part of Veliko
Tarnovo, the first modern hotel “Boris”, the brewery of Paskalev’s family, the Stambolov’s bridge and the wooden
lighthouse beer pavilion in the City Garden, etc. [4] [16]

8 Ironically, the career of Gerganov was fatally connected with the construction of another bridge of solid masonry
construction in the region of Veliko Tarnovo, whose scaffolding was damaged by the flood in 1897, the misfortune
cause the bankruptcy and eventually the death of Stoyan Gerganov. [3] [16]
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Figure 5. View from the south of the Stambolov’s bridge (R. Kirova)

Each of the 26 bridge structural elements of considerable weight was lifted with special
equipment to its project position and fixed with metal rivets. The process of riveting was
facilitated by the maintenance of several hearths on the wooden scaffolding, where the
craftsmen heated the metal. The work was not easy at all, the craftsmen were exposed constantly
to the heat of the hearths and worked under the threat of accidents. The most serious accident
happened a couple of days before the construction was completed, as the last metal arch
segment that weighed several tons, dropped in the river from a height of 30 meters in the process
of its installation. Fortunately, the accident caused any human casualties, but construction
process had to cease because it was impossible to pull back the heavy element from the river,
but it was ordered to be prefabricated again.

The iron structure was dyed in grey paint, which probably played a role as a fire resisting
protection.

Stambolov’s bridge provided pedestrian, livestock and motor two-way traffic, that later
facilitated the incorporation of the Buruna peninsula within the urban fabric of the town.

The innovative bridge structure was accomplished by the simple and modernistic railing
of modular design by the Italian architect Giovanni Mossuti, who had settled in Veliko Tarnovo
and served as a city architect.” Unlike the lavishly decorated precast iron banisters of the Lions’
and Eagles’ bridges in Sofia for instance, the railing of the Stambolov’s bridge, designed and
executed in perfect coordination is composed of “I” cold-bent profiles and two modules fit
exactly the axe of the Pratt truss, features of rather industrial aesthetics. The “X” shaped
repetitive design mimics the bridge truss X-shaped bracings. The end-axe of each module is
topped of a small sphere, which marks the only whim of the plain and elemental railing. The
modules of the stone railings at the river banks repeat the same module as the iron.

As the archive photos show, the severe economic crisis in Veliko Tarnovo left the bridge
without lighting until the mid-20™ century.

4. Technical maintenance in the course of operation of the Stambolov’s bridge
Although the bridge was officially launched along with the inauguration of of Veliko
Tarnovo’s train station and railroad connection in 1900, the bridge was obviously in operation

? Giovanni Mossuti was an Italian architect who worked as a town architect in Veliko Tarnovo in the late 19th and
early 20th centuries and for whom there was any biographical data berofe his arrival in Veliko Tranovo. Author
of the Monument to the Hanged in Veliko Tarnovo (1883), the design of the railings of the Stambolov’s Bridge in
Tarnovo (1892), the Monument-ossuary in the Dryanovo monastery (1895), the Catholic Church "Sacred Heart of
Jesus" in Gostilya, Dolna Mitropolia municipality, Pleven (1904).
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earlier as it was mentioned in the special issue, dedicated to the opening session of the Fourth
Great National Assembly in 1893.

The solid bridge structure, as well as the rest of the constructions of Stoyan Gerganov,
survived several strong earthquakes — the Tarnovo’s earthquake in 1913 of magnitude of 7.2 on
Richter scale, the Vranca earthquake in 1977 of magnitude of 7.0 on Richter scale (measured
in the epicenter of Vranca, Romania), the Strazhitsa earthquake in 1986 of magnitude of 5.7 on
Richter scale.
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Figure 5. Detail of the railings designed of G. Mossuti (R. Kirova)

In 1932 the military pilot Petko Popganchev swooped under the 40-meters wide arch of
the Stambolov’s bridge with DAR-1A biplane of 8.90 m wingspan directing to the north, facing
the steep banks of the river gorge. He performed a right turn in order to manage to transform
falling into rising flight.

In the 1970s the bridged panorama of the historical town of Veliko Tarnovo was
challenged by the brutalist articulated impressive volume of the Interhotel “Veliko Tranovo”
on the bank of the town and the Art Galery on Buruna, both designed by the outstanding
Bulgarian architect Nikola Nikolov, forming unique ensemble.

A note in the local newspaper “Obstinski vesti” from 1935 read that the bridge
maintenance included re-painting in a couple of years, the question for renovation of the bridge
that had carried the pedestrian, livestock and motor traffic for 40 years, was set. From the
1970suntil 1998, the bridge used to bear the main motor vehicle traffic to the university of
Veliko Tarnovo. Nowadays the Stambolov’s Bridge a favourite track for the roller-bladder
skating, bungee jumping and shooting of pictures for the tourists.

The Stambolov’s bridge actually continued to function without any amendments until
today, as the traffic on it was limited to pedestrian in 1998 and the crowding of people was
prohibited to avoid coincidence with the time of reverberation of the bridge, after the official
note of “Wagner-Biro” about its warranty expiration.

A surveying of the bridge steel structure demonstrate severe corrosion and decay of the
iron structure, which was not maintained for a number of decades since the 1980s. In the mid-
1990s a project for rehabilitation of the bridge was approved, but was left without execution. [7]

Conclusion

The Stambolov’s bridge features an advanced static design, light, elegant and openwork
silhouette, an innovative truss structure and cutting-edge technology of installation of 1890s
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thus representing an outstanding engineering, architectural, historical and cultural value.
Stambolov’s bridge serves as mise-en-scene of Velko Tarnovo’s extraordinary townscape and
fit invariably the historical environment balancing the huge volume of modernistic Interhotel
of Nikola Nikolov, featuring remarkable durability. The extraordinary value as historical
monument of the almost 130-years old bridge, which used to serve and still continues to serve
pedestrian without any rehabilitation until today, is underestimated and at risk and deserves the
attention both of engineering and architectural researchers and practitioners.

REFERENCES

[1] Dzhonev, A. Makedonia v zhelezopytnata politika na Bulgaria (1978-1918), Kjustendil,
2008, 21-95

[2] Ivanova, B. Bulgarskiat arhitekturen kompleks na Zlatnia rog, Paradigma, Sofia, 2018,
46-48

[3] Kirova-Delcheva, Radosveta, Building Materials and Technologies of Stoyan
Gerganov ‘s Building Entrepreneurship and Design Activities in Tarnovo (1889-1906):
Continuity and Innovation. Proceedings of the International Scientific Conference
“Material and Tangible Heritage”, EMO Etar, Faber, V. Tarnovo, 2019, 271-93

[4] Kirova-Delcheva, R. In-between two Atlantic Crossings: Early Period of R.S.
Gerganoff, Art Readings 2021 Proceedings, Perosnalia, Institute of Art Studies, BAS,
2021, 198 - 207

[5] Kirova-Delcheva, R. Modernizmyt vyv Veliko Tarnovo mezhdu dvete svetovni voini:
nepoznatoto litse na plostada s “Pametnika na pobedite”, Architecture, issue 3-4, 2020
55-60

[6] Mateev, E. Dyrzhavnikyt Stefan Stambolov, Sofia, 1992

[7] National Documental Archive, National Institute for Inmovable Heritage Protection,
Dossier of the Stambolov’s bridge, VT-337-103-11

[8] Nikolov, R., Georgiev, V., Partov, D. About The Bridge Construction Practices Using
Incremental Launching Method And Bulgarian Experience, Proceedings of the
International Scientific Conference of Construction And Architecture VSU'2019

[9] Nikolov, R., Evlogiev, D. Partov, D. The History of the “Iron Bridge” in Lovech,
Proceedings of the International Scientific Conference of Construction And
Architecture VSU'2020, 265-274

[10] Partov, D., Donchev, V. and Momchilov, M.. Reconstruction of the 80-year-old steel
bridge structures and their implementation in a road bridge over the Lom River.
Proceedings of the 5th International Conference on Bridges across the Danube, Novi
Sad, Serbia, 2004, 317-324

[11] Partov, D., Dinev D. Bridge Engineeering in Bulgaria. Handbook of International
Bridge Engineering, eds. Chen, W., L.Duan , Boca Raton: CRC Press, 2013, 247-293

[12] Partov, D., Grekov, P., Kantchev, V. Specific Features of Historical Structures of
Buildings and Road Facilities in Bulgaria in 19th and In the Beginning of 20th Century
International Journal of Engineering and Technical Research (IJETR), Volume-8, Issue-
6, 2018, 1-9

[13] Penev, V. Stamboloviat most. Road, issue 2, 2001, 8-10.

[14] Pytevoditel na grad Veliko Tarnovo i okolnostta mu, eds. L. Filipov, L,, D. Bagrilov, H.
Saparov, velikotarnovsko druzhestvo “Trapezitsa”, Veliko Tranovo, 1907

[15] Stamboloviat most, Obstinski vestnik, Veliko Tarnovo, issue 6, 06.04.1935, 1

[16] State Archive Veliko Tarnovo, fund 1161 Tsonyo Gerganov, op. 1, a. u. 5, 17-25, a. u.
41,21-22

222



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

OIIPEJEJISHE HA KOPABUHATA B PABHUHATA HA 3UJJIAHA CTEHA,
YCUJIEHA C BEPTUKAJIHU UBULIU OT FRP MATEPUAJIN

Anrton lopoaomos!, Auurta XanapyuaesaZ, Illernp I'pexon?

Bucwe cmpoumenno yuunuwe ,,Jlrooen Kapasenos*, Cogus

CALCULATION OF THE IN-PLANE STIFFNESS OF A MASONRY WALL,
STRENGHTENED BY VERTICAL FRP STRIPES

Anton Gorolomov!, Anita Handruleva?, Petar Grekov?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: A formula for calculation the in-plane stiffness of a masonry wall,
strengthened by vertical (and if needed horizontal) FRP stripes is investigated in this
study. This formula can be used in computer modeling of such structures — definition of
bending stiffness modifiers.

Key words: stiffness, strengthening with FRP, strengthening of masonry structures

1. BbBeaenne

VYcunBanero ¢ FRP marepuanu e edekTHMBEH CHBPEMEHEH HA4yWH 3a yCHJIBaHE Ha
CTOMaHOOETOHHHU M 3UJaHU KOHCTpYKUuH. [Ipumepu 1 Hacoku 3a TaxHaTa ynorpebda uma B [1],
[2] 1 apyrw.

IIle pasrienaMe cTeHa, yCcuieHa ¢ BepTukainHu usuiu ot FRP npe3 paBHo pascrosiHue,
UBUIMTE ca pa3loJIOKEHH egHa cpeury Apyra. HamrexHure nedpopmManuu Ha HAaTHUCK, B
CJICZICTBHE HA TIOCTOSIHHU BB3JICHCTBHS 110 BpEME Ha YCHUJIBAHETO ca MPUETH 33 IPEHEOPEKUMO
Maniku. Cuutame, ye XxopuzoHTaaHute uBuim ot FRP ca opazmepenu taka, ue ma rapaHTupar
HEpa3pylIEHHUE OT CPSI3BAHE.

3amayara € 1a ce OIpesely KOpaBHHATa Ha TaKaBa CTEHA 4Ype3 IMPUBEACH MHEPLHUOHEH
MoMeHT. TpyaHOCTTa Ha 3a7ayara e, ue TpsiOBa ¢ o0ma popmyia ga ce 00XBaHe MbPBO KaKBa

! Anron T'oponomos, ac., unk.-apx., Crpoutenen gpakynrer, BCY “JI. Kapagenos”, yi1. “Cyxononcka” 175,
rp. Codust; e-mail: tonyngor@gmail.com,

Anton Gorolomov, Assist. Prof., Eng.-Arch., Department of Building Constructions, USEA “L. Karavelov”,
Sofia, 175 Suhodolska str.; e-mail: tonyngor@gmail.com.

2 Anrura XaHapynesa, 1011, A-p, urk., Ctpourtenen pakynrer, BCY , JI. Kapasenos®, yi. ,,Cyxomosncka® 175,
rp. Codust; e-mail: anita_handruleva@vsu.bg

Anita Handruleva, Assoc. Prof., PhD, Eng., Department of Building Constructions, USEA “L. Karavelov”,
Sofia, 175 Suhodolska str.; e-mail: anita_handruleva@abv.bg

3 Tletwp I'pexos, jgo., A-p, urk., Crpoutenen dakynrer, BCY ,,JI. Kapagsenos®, yi. ,,Cyxomoncka® 175, rp.
Codus, petargrekov@gmail.com,

Petar Grekov, Assoc. Prof., PhD, Eng., Department of Building Structures, USEA “L. Karavelov”, Sofia 175
Suhodolska str.; e-mail: petargrekov@gmail.com
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Opoiika OT Te3H UBHUIIH IIIE ,,cPAbOTAT’ MPHU CHOTBETHA BUCOYMHA HA HATHCKOBATAa 30HA M BTOPO
TEXHUAT MPUHOC Ja ce 00XBaHe B enHa GopMyia, yI0O0HA 32 KOMIIOTHPU3UPAH aHAIU3 (110
BB3MOKHOCT Jla ce M30erHaT LHKIM 3a IO-JIECHO BKapBaHe B cpema Ha Microsoft Excel,
Harpumep). [Tomo6en tum 3amaya, HO 32 CTOMaHOOCTOHHM CE€YeHHS (M3KIIOUBaHE HA OCTOH B
OITbHHATA 30Ha, HE € TPETUPAH BbIIPOCA 3a YCUJIBAHE) MMa HanpuMmep B [3]

M3non3Banu ca CaAeaIHUTE O3HAUCHUS:

w — mupounHara Ha FRP usuiure

s — 0coBOTO pazcTosinue mexay FRP uBuiure

n — Opoii cnoese ot FRP, monaranu eauH BbpXy Apyr OT €AHATA CTpaHa Ha CTEHATa

tf — HoMuHaHA nebennHa Ha equH ciioii FRP

Ef — monyn Ha enactuunoct Ha FRP

Eb— Moayn Ha enacTUYHOCT Ha 3ugapusTa

b — mmpounHa Ha 3uaa

| — npiDKMHA HA 3UIa

z1 — pa3cTosiHuE OT ONMBbHATHS Kpail Ha CTEHaTa JI0 OCTa Ha IIbpBaTa BEpTUKATHA UBUIIA
ot FRP

Z1 — pa3CTOSIHUE OT OIIBHATHS Kpail Ha CTEHATa IO OCTa Ha i-TaTa BEPTHUKAJIHA UBHIIA OT
FRP

m — Opoii Ha ombHaTUTE FRP nBHim

X — BUCOYMHA Ha HATUCKOBaTa 30HA

—/] —=/] — /] — /]
P NS : L Z’
7 7

®urypa 1. O3HaueHus

2. OnpenesisiHe HAa MPUBeeH HEHTHP HA TEKeCTTA HA YCUJIEHA CTEHA C olpe/esieHa
ABJIKUHA HA HATHCKOBATA 30HA

Jlebenmunara Ha aBata ciost FRP, mamumpamm ce emun cpemry npyr, e t* = trn.2.
[IpuBenenara nebenuHa KbM MaTepHall TYXJICH 3H] €:

(1) t=trn.2.E¢/Ep
KoopaunaraTa Ha IEHTHPa Ha TEXKECTTA CIPAMO OIbHATHS PBO Ha CTEHATA €:

X
YAz i, t.w.zi+x.b.(l—5)

(2) Ze = =

Y A; Y tw+xb

[IspBO, HEKA onpenenum Opost Ha omrbHaTHTe FRP nBuim m.
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3) m = roundup (l _xs_zl ; O)

KbJIeTO roundup € oneparop 3a H3KapBaHE Ha pe3yiTara OT JeJICHETO, 3aKphIJIeH Harope,
a Opoli 3HaIM cliej] IeCeTUYHATa 3areTas, yka3zaH cien ,,;”, B ciydas (0 0o3HayaBa 1510 YHCIIO.

Otram, Heka cbOOpa3uM, 4e CyMHUTE MOraT Jia ce MPEICTaBAT W 0e3 W3MOJI3BaHE Ha
[IUKJIMYEH aJITOPUTHM B IIpOrpama:

m _ m

(4) Zi:l t'W'Zi - t'W'Zizlzi

Kato B3emeM npensuj, ue
(5) z2=271+ 18, z3=271128, zZa = 21135, ...
MO>KEM J1a HaruiieM oomara Gopmya, e

Zn =121+ (n-1).s

ToraBa

6) tw.YM zi=tw.(mz +s.XmM)

Karo uznonssame ['aycoBa cyma, a MIMEHHO:

(7) ‘{Z;li = 1 + 2 + 3 + -4 (m — 1) — 1+(m—1) (m _ 1) — m(T;l—l)
Otrtam
@)  tw.(mz +s 3500 =tw. (mz + m(m_l))

Bropata cyma OT M3pasa 3a IIeHThpa Ha TEKECTTa €:
9) ntw=mtw
Crie1oBaTeNHO 3a IIEHThPa HA TEKECTTA CE MOJTyyaBa:

m(m-1) X
tw.(m.zq+ > )+x.b.(l—5)

(10)  z .=

m.t.w+x.b

ToBa Beue e JieceH 3a ynmoTpeda m3pas, BKIOYBAI B ceOe CH M3KITIOYBAHE HAa OIBH (32
3umapusATa) u Ha HaTuck (3a FRP-10), paboren 3a mpon3BosHa cTeHa.

3. Onpegessine HAa IPUBEJACHUs] HHEPIHOHEH MOMEHT Ha YCHJICHATA CTEHA
[IpuBeaeHUT HHEPLIMOHEH MOMEHT CIIPSIMO OC, IEPIEHAUKYJIIPHA CIPSIMO HaIbKHATA
OC Ha CTCHATa U MUHABAIlla ITPE3 LICHTbpa Ha TEXECTTa, €:

3
(1) I="2+bx(I-3-z)%+ X" t.w(z, -z,
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AHanorudHo Ha npeavinHaTa TO4YKa, HEKa CC OIIMTaMC J1a U3pa3sruM CyMaTa Taka, 4c aa

HC CC HaJlara M3moJI3BaHC HAa MUKIIMYHU aJITOPUTMH.

(12) Ritw(z,—z)? =t wil,(z. — z)*

(13)  SPy(Ze — 202 = (2o — 20)% + (Ze — 22)2 + -+ (Zc — Zm)?

(14) zo=z1+1s,23=211+2s, 24 = 71+3s, ..., Zm = Z1 + (m-1).8
Ottam

(15)  XEy(zc—2)% = (2. —21)* + (2. — 21— 5)* + -+ (2. — 2, — (m — D)s)?
Kato B3emeM npensuj, ue

(16) (2. — 2z, —ns)? = (z, — 2,)* — 2.(z, — z,).ns + (ns)?

TO

(172) zﬁl(zzc -z)? =m. (zc2 — 221)2 —2.(z,—21).(s+25s+3s+--(m—1)s) +
1*+2+3*+--+(m—-1)°).s

(18) Y™ (z.—z)*=m.(z,—21)® —2.(z, — z1).5. X" i + s2 Y i
[IepBara cyma mie pazsueM kato ['aycoBa cyma:

(19) ¥mli=1+2+3+.+(m-1)="2"2
3a pa3BuTHE Ha BTOpaTa CyMa IIe Moj3Bame No3Harara opmyna:

(20) 12422 432 4 ... 4 2 = 2@D@n+D
6
Cie1oBaTenHo

(m-1)(m-1+1)2(m-1)+1) _ m(m-1)(2m-1)
6 6

2l Ymli2=12+22+ ..+ (m—-1)?%=

CrnenoBarteiiHo

(22) YNz —z)? = m(z. — z1)* — 2.(z, — Z1)-S-$ + sz.w
3a NHEPLMOHHMS MOMEHT I10JTy4aBaMme:

m(m-1)
2

3
23) I= % +b.x (l — g — zc) + t.w(m(z, — z1)* — 2(z, — z4).5. +

SZ ' m(m-1)(2m-1)

. )
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4. KoepunuenT Ha MoaAu(pUKAIMSA HA KOPABUHATA B IPOrpaMeH NMPOAYKT
AKO cTeHaTa € MOJeIMpaHa KaTO XOMOT€HHO CEYEHUE ¢ KOPAaBUHHU XapaKTEPUCTUKH HA
3usapusi, KOpaBUHaTa Ha Or'bBaHE B paBHUHATA CE MPOMEHS C KOCUIIUEHT

I 112
24) k= rbYE
N3Boan

[Ipennoxenara popmya e ynooHa 3a pabora — KoeUIIMEHTHT K, u3uncien no Gopmyina
24 ce 3amaBa kato modifier Ha ce4YeHUETO B MPOTPAMHHS MPOIYKT, C KOMUTO ce MOAEIHUpa
KOHCTpyKuusaTa. HenocraTsk e, 4e e ¢opmyiara e IpuiIokuMa caMo IpU €JHAKBU WBHUIH,
Pa3MoOJIOKEHH TIPE3 PABHH PA3CTOSHHSL.
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AHAJIN3 HA BJIMSTHUETO HA APMHUPAHE BBPXY YCTOMYHUBOTO
INOBEJAEHUE HA HEYKPEIIEHU 1bI'OBU CTOMAHOBETOHHHA
EJIEMEHTU HATOBAPEHU U3BbH PABHUHATA CHU

Bacua Hukodaos!, lamursp J{umurpos?

Yuusepcumem no apxumexmypa, cmpoumeincmeo u ceodesusi (YACI), Cogus

ANALYSIS OF THE EFFECTS OF CONCRETE REINFORCEMENT OVER
STABILITY OF UNBRACED REINFORCE CONCRETE ARCH ELEMENTS
LOADED OUTSIDE OF THEIR PLANE OF REFERENCE.

Vasil Nikolov!, Dimitar Dimitrov?

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: Arch structures are extremely efficient for spanning over average to high
distances. Due to that they find more widespread used in different structural designs,
bridge construction for example. Modern arch structures have slender form with precise
manufacturing and significant material quantities reductions. That leads to major
influence over the stability of the structure capacity as design criteria. One of the key
factors of the behaviour of reinforced concrete elements is the amount of provided
reinforcement. The aim of the presented analysis is to quantify the significance of the
reinforcement over the behaviour of reinforced concrete arch elements, loaded out of
their plane of reference. Comparison analyses are made with complex models with
different reinforcement ratio and with application of FEM.

Key words: Arches, Stability, Finite Element Method, FEA

1. BbBeenne

[IpenBua HaMperHaToTo ChCTOSHUE, IBIUTE MMAT TOJSIM SKOCTEH KamanuTeT. ToBa e
SICHO M3pa3eHO NMpPU CTOMAaHOOETOHHM KOHCTPYKUMHU. B ciencrBue, IbroBUTE KOHCTPYKLUHU
MO3BOJIABAT MIPEMOCTBAHETO HA TOJIEMH OTBOPHU C MaJIKU rabapuTH Ha HAMPEUHOTO CEUEHUE.
ToBa kareropusupa IBIOBUTE KOHCTPYKIIMU C OMACHOCT OT 3aryba Ha ycrtoiumBocT. Karo
OCHOBEH MapamMeThp Ha YCTOMYMBOCTTAa Ha KOHCTPYKIMATA € HEHaTta MoJaTiuBocT. B

! Bacun HukoJI0B, HHX., KaT. ,,MacuBHM KOHCTpyKimu“; CtpoureneH pakynrer, Codus 1164, 6yn. Xpucro
Cwmuprencku Ne 1; e-mail: v.tz.nikolov@gmail.com;
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2 Jlumutbp JIuMUTPOB, IPOQ. 1-p, HHK., KaT. ,,MacusHu KoHCTpyKumu“; Ctpoutenen daxynrer, Copus 1164,
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TEOpHATa HA CTOMAHOOETOHA PSJIKO CE Hajlara TOYHO ONPE/IEIISTHE HA HEXOMOTCHHHUS XapaKTep
Ha CTOMaHOOCTOHHHTE €JIEMEHTH U ThPCEHE Ha TAXHOTO MOBEIeHUE. B paMKkuTe Ha TeopusiTa
Ha YCTOMYMBOCTTa TOBa IOBEJACHHE MOXE Jla MMa KIIOYOB XapakTep, BIHUSENl BbPXY
KpUTHYHATA HOCHMOCIIOCOOHOCT Ha eleMeHTHTe. Hacrosmata Tema mpeactaBs MOAPOOCH
aHaJIM3 Ha YCTOWMYMBOTO MOBEJICHHUE HA IbI'OBU KOHCTPYKIIMH C ONPEACIIIHE Ha 3HAUEHHUETO Ha
CTeneHTa Ha apmupaHe. [Ipwimarallku KOMIJIEKCHH MOJIETM C MaKCHMaJHa TOYHOCT Ha
MOBEJICHUETO HAa KOHCTPYKIIMSTA CE MOCTUTa KOPEKTHA ChIIOCTABKA 32 yCTOMYUBOTO OBEACHUE
Ha JBTUTE MIPU PA3TUYHHA CTCTICHU Ha apMUpaHe.

2. [TapameTrpu Ha aHaM3a

Pasrnexxmanata KOHCTPYKIHSI € C MapamMeTpH, OTroBapsiia Ha TUMWYHA T€OMETpPUYHA
KOH(pHrypamus 3a HOCEIXM MOCTOBU ABrd. Pasrieman € OTBOp ¢ MOAMOPHO Pa3CTOSHHUE OT
60[m], mpeMoCTeH ¢ KpbroBa Abra u cTpeiika Ha xprata 30[m].

Hampeunoro cedyenue e moadOpaHo Ha 0a3a TUIWYHU 3a MOJO0OHA T€OMETPHS JTBrOBU
KOHCTPYKIIUU C OTJIE]] PEaTHO MPUIIOKUMHU pe3ynTaTtu. Pasmepure My ca ¢ BBHIIEH rabaput
3,2[m] Ha 2,2[m] u necOenunara Ha creHara ¢ 0,4[m]. [logOpaHoTo cedeHue rapaHTHpa
HEo0XolMMaTa HOCUMOCIIOCOOHOCT 332 BCHUKU SIKOCTHU MPOBEPKHU.

o~ied

30.0

0.4

60.0 _ 04 1.4 04
, P

®urypa 1. [lapamerpu Ha aHanM3MpaHaTa NOCTAHOBKA
Karo kitouoB kpuTepuii Ha aHanKM3a € U3M0JI3BaHO KOJIMYECTBOTO apPMUPOBKA B HATIPEYHO

Y HaJUTB)KHO HampaBiieHUe Ha eaeMeHTUTe. C 1ell ChIIOCTAaBsIHE Ha PE3YJITaTUTE Ca U3CIICIBAaHU
KOH(UTypalyy OT Pa3IMYHU BapUaHTH Ha HAJUTHKHA M HAIIPEYHA apMUPOBKA.

Baepuanna B HaJAL:KHO HaMpaBieHe Baepuanua B HanpedYHo HanpaBJeHue
ix'-xli’?"b‘lil—'-} T
TN 3
5 HagnbiHa apMUpoBKa X Hanmpeuyna apmupoeka
* Asmax=0.1472[m"] : A, 11=0,0096[m?)
e . =D 0, | TR :
E -3 Psmax=%4,00% | Py [“:L‘ZZ,UU‘:%J
- —0018 2 | o S : 2
AN A L =(0.0184 | 1 B z
£ P ll.l_lhnflm | .! | Apyn=0,0012[m?]
E 3 i ¥ 0 b | = 260,
E Ps il 0,50% 1 |l|_lm.l“—ll,£,|’fg
fed i iad] | ] 1
2.2 ) 2:2

¥ f

®urypa 2. Bapuanuu Ha KOJIM4ecTBaTa BI0XKEHA apMUPOBKA
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3. AHAJIMTMYHA OCTAHOBKA

3a mpoBeXxAaHe Ha aHaJIM3UTE C MAaKCHMaIHa TOYHOCT € U3MOJI3BaH MPOrpaMeH MPOAYKT,
0asupan Ha MKE ¢ mmmpoka 6a3a ot kpaifHu eJIeMeHTH. 3a IeNTUTe Ha aHallu3a ca U3IMOI3BaHu
o0eMHU KpailHu eneMeHTH U ¢udpy OT MPHTOBU KpailHU eleMeHTU. Bpb3kara Mexay aBaTta
BUJIa KpallHU €JIEMEHTH € ujeaan3upana karo abcomoTHa. [IpoBeieHnTe aHanM3m ca CTPUKTHO
HEJIMHEWHU U U3UCKBAT aHAJIMTUYHU YCIIOBUS C TEOPUATA HA YCTOWYMBOCTTA U MJIACTUYHOCTTA
(reoMeTpuYHA U MaTepUaTHA HEIMHEHHOCT).

3a u3rpaxkiaHe Ha WJeaIM3UpaH aHATUTUYEH MOJIEN Ha IMOCTAaHOBKAaTa ca M3IMOJI3BaHU
00eMHU eJIeMEHTH C II'BJICH Ha0Op CTETNCHH Ha CBO0O/Ia U MEXKIMHHU TOYKH 32 UHTEPITIONAIUS
Ha pe3yJTaTUTE 3a €JEeMEHTH C KPUBMHA. 3a HAealn3upaHe Ha apMHUPOBBUYHHUS CKENeT ca
U3I10JI3BaHU MTPHTOBH efleMeHTH. [IpbTOBHUTE €JIEMEHTH ca C OIPOCTEHH ypaBHEHUS Ha CBOOOIa
¥ N103BOJISIBAT €MHCTBEHO OCOBH HampexxeHus. Mex 1y elleMeHTUTE € MpUeTa ITbJIHA Bpb3Ka Ha
B3aMMO/IEIICTBHE, BOJCIIO 0 ITpUEeMaHe Ha MPEAIOCTaBKaTa 3a UaeaiHa Bpb3Ka MEeX1y OeToH
u cromaHa. CLEeIJIeHHEeTO MeX/1y MaTepHalluTe € UTHOPUPAHO U Bh3MOKHOCTTA 3a 3aryba Ha
CIIeTIJICHHE HE € OTYeTeHa. V3moy3BaHeTo Ha mojo0Ha KOMOMHAIMS OT €JIEMEHTH TO03BOJISIBA
I'BJIHOTO M3CJIe/IBAHE HA HAIPErHaTOTO ChCTOSIHUE Ha €JIEMEHTa U HErOBOTO MOBE/ICHNUE.

it
12

il

{4

| Ty

[

A
A

@urypa 3. Moaenupana reoMeTpus B aHATUTUYHUS MOJIEIT

3a mpocneAsBaHe Ha TpPaHUYHUTE HANpPEXKEHUs] W KOPEKTHO IIOBEJEHUE Ha
KOHCTPYKIHUATA € U3MOJ3BaHa MaTepuaiHa HEJIMHEHHOCT. 3a M3rpakJaHe Ha HEJIMHEHHOTO
MOBEJICHUE Ha MaTepualuTe € MpuiokeHa Moaudunupana teopus Ha Mop-Kymnon. Ts e
MPUIOKMMA 32 aHAIM3U C MaTepUaIHa HEJTMHEHHOCT 32 MaTepUaly ¢ pa3iivKa B IOBEJCHUETO
IIPU OITbH W HATUCK. Taka ce MOoCTUra U3KI4YBaHe Ha OeTOHA MPH JAOCTUTaHEe Ha MyKHATHHO-
oOpa3yBalu HanpexeHus/neopmarnu. 3a apMUpPOBbYHATA CTOMAaHA Ce TIpUeMa CUMETpUYHA
nuarpama. ApMUpOBKaTa B HaTHCKOBAa 30HA C€ BB3MpHEMa, 4e He ryom ycronuuBocT. Kato
KPUTEPHH Ha pa3pyllIeHUe ca Bb3IPUETH BCUUKU I'PAaHHIIM Ha HaNpexXeHus/aeopmarinm, KakTo
3a CTOMaHara, Taka U 3a OeToHa.
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Fafaria guarpama Ha foron "C45/55" caraacee BAC EN1992 PafoTHa HArpaMa Ha ApMUpORBYHE CToMaEHa "BI00C ceraacHo §C EN1992

— ETHEROR e m— HaTrican e

®urypa 4. PaboTHu auarpaMu Ha HEJTMHEHHOTO MTOBEJICHNE HA MATEPHAITUTE

[locraHoBKaTa € aHalW3WMpaHa B Cpella HA TE€OMETpPUYHA HEJIMHEWHOCT. BbBeneHo e
BPEMEBO-CTHIIKOBO ClIeJicHE Ha ae(popMHpaHO CBCTOSHHUE C IOCTEIICHHO HapacTBaHE Ha
HATOBAapBaHETO. 3a OMpeielisiHe Ha reOMEeTpUYHATa HeIMHEHHOCT € U3M0JI3BaHa TeopHsTa Ha
Jlarpansx ¢ penaTHBHA 3aBHCUMOCT 32 iepopManuuTe KaTo QYHKIIHS Ha Ha4aTHaTa TeOMETPHSI.
ToBa mo3BossiBa npocieasBane Ha JedopMalii 0T KOHKPETHO TOBAPHO ChCTOSIHUE.

Scale: 1: 186.11 e

Zoom: 50.6631 P . W
Eye: (-0.671478, -0.634213, 0.383265) g
Eigenvalue analysis e

Analysis: A2 - Buckling
Loadcase: 2:Loadcase 2, 2:Mode 1 Load Factor = 84.4041 ,

Results file: Arch_1~A2 - Buckling.mys P
Eigenvalue: 84.4041
Load factor: 84.4041 P \
Amplification factor: 1.01199 Vi |
Error norm: 39.1458E-9

Maximum displacement 1.0 at node 97 f 1
Deformation exaggeration: 5.0 \

Peak/value entity; Displacement iy
Peak/value component: DY (Units: m) s
Peak range(%): 10.0 i/
Peak/value maximum 1.0 at node 97 i/
Peak/value minimum 0.0 at node 1

®urypa 5. [lebopmupano crcTosiHUE

[Ipnito’keHOTO HaTOBapBaHE € XOMOT'€HHO, PABHOMEPHO Pa3Npe/ieNieHO BbB BEPTUKAIHO
HarpasieHue. ToBapbT € AeUHUpaH KaTo KOHCEPBAaTHUBEH U JePUHULIUATA My € Oa3upaHa Ha
r700aTHOTO HAIpaBJIeHHEe Ha cwiiaTa. HaTtoBapBaHETO HE MPOMEHsI CBOETO HAINPaBJICHUE B
3aBHCUMOCT OT JeopMmupaHara cxema. Te3u MpeanoCTaBKu rapaHTHpaT SICHO Mpocieauma
3aBUCHMOCT MEX/y HATOBapBaHE U Ae()OPMHUPAHO CHCTOSHUE.

231



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

T T L T
durypa 6. ToBapHH CbCTOSTHUE NMPUIIOKEHU B aHAJTUTUYHATA MIOCTAaHOBKA

[TocpencTBOM mpomsiHa B MapaMeTpuTe Ha AeduHUpaHaTa apMHUPOBBYHA MpeXka Ha
¢uOpoBHs MOJIEN ca U3TOTBEHH MHOXKECTBO aHAIM3H. 3a BCEKH aHAIM3 € MOAOPaHO pa3IMyHO
KOJIMYECTBO aPMHUPOBKA B HA/UTHKHO U B HAIIPEYHO HAIIPABJICHUE.

Karo ¢opma Ha 3aryba Ha yCTOMUMBOCT € BB3NpHETa MbpBAaTa CTHIIKA OT MOJAJICH
aHaJM3, BOJEIIA JI0 3ary0a Ha yCTOWYMBOCT M3BBH paBHHMHATA Ha abrara. /lepopmupanoro
CBCTOSIHUE € Je(PUHUPAHO Upe3 JIeCTa0MIN3Kpala Cuia B CbOTBETHATA ITOCOKA.

4. Pe3yaraTu oT aHAIH3a

Pesynarature ca mnpencraBeHu B TpaduyeH BUA 3a BCAKO TOBApHO CBHCTOSIHHE U
reoMeTpuyHa KOHPUTypanus. Beska nHANBUAyaIHA TUarpaMa Ha MOBEJACHHUETO MPEACTABIIsABA
3aBHCUMOCT JedopMaluu-HaToBapBaHe. J[narpamMure ca mojyuyeHu ype3 HEITUHEIHO CThIIKOBO
HATOBAapBaHE M OTYHTAHE Ha abcomoTHUTE AeopMmanuu B cucTtemaTa. Beska nuarpama mma
CJIETHUTE OTIIMYUTEIHHA 3aBUCUMOCTH:

e 30Ha C JIMHEWHO HW3MEHEHHWE Ha 3aBUCUMOCTTAa HaTOBapBaHe-AePOopMaIuu
(M3pazsiBa CTAaTUYHOTO MOBEJICHNE HA KOHCTPYKIIUATA);

e 30Ha C HEIWHEHHO HM3MEHEHHE Ha 3aBHUCHUMOCTTa HaToOBapBaHE-IehOpMaIluu
(U3pa3siBa nmOCTHraHETO Ha KPUTHUYHUTE IapaMeTpd Ha YCTOWYMBOCT WM
HEJOCTaThbUYHA HOCHUMOCIIOCOOHOCT Ha eJeMeHTa. llpeaBua peamuzupaHuTe
nedopMauu U HampexeHUs] B KOHCTPYKIUATA, Pa3pyLICHUETO e ONpeens KaTo
3ary0a Ha yCTOWYHBOCT);

e Touka Ha Oudypxarus (IIpexogHOTO TOBapHO CHCTOSIHUE BOCIIO 0 IPOMSHA Ha
KOHCTPYKLHUATA OT YCTOMYMBO B HEYCTOMYMBO CBCTOSIHHE. Toykara Ha
Oudypkanus ce Bb3MprUeMa KaTo KOPECIOHANpaIa ChC 3aryodara Ha YCTOMYMBOCT
U ce MpueMa KaTo AeQuHHUpaIia KpUTHIHHS TOBap);

e Jlerpamanus Ha HOCUMOCIOCOOHOcTTa (30Hara wW3pa3siBa 3HAYUTEITHOTO
HapacTBaHe Ha JAeopmaluTe NpU MHUHHMAIHO WJIM HYJEBO HapacTBaHE Ha
HaToBapBaHeTo. Jlehopmanmu peanuszupaHu B Ta3W 30HA C€ BB3MPHEMAT KaToO
pa3pylIeHo ChCTOSIHUE Ha IbIOBUS €JIEMEHT).
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®durypa 7. 'paduuna 3aBUCUMOCT Ha pe3yJITaTUTE OT aHAIM3a
Ha OTHOLIEHUETO TOBap-Aedopmaum.

CepriocraBka Ha BCHYKHM T'€OMETPUYHM I1apaMETpU € HallpaBeHa 4pe3 IpylNUpaHe Ha
JrarpaMuTe Mo HalpevHa U HaJUThKHa apMupoBKa. Ha 6a3a noiydeHuTe pe3yaTaTtu ce BUXKIA,
4ye BapHalyiATa Ha HaIlpeyHaTa apMHUPOBKA HE BOJHU 10 3HAYMMO U3MEHEHHUE Ha IOBEICHUETO
Ha KOHCTPYKIUATA.
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®durypa 8. /luarpamMu Ha yCTOMYUBOTO TTOBEACHUE B 3aBUCUMOCT OT HAUTHXKHUS KOSPHUITUEHT
Ha apmupane. (Cvnocmaexkama Ha Mooenrume ¢ 8apuayus 8 HadJIbICHAMA APMUPOBKA
e npeocmasgena 3a Hanpeuen koeguyuenm na apmupare 0,50%)

AHanu3bT IIOKa3Ba, 4€ HAAJIb)XHATa apMHPOBKa BOAW A0 3HAYWUTCIIHA pasjinika B
YCTOI\/'I‘-II/IBOTO MOBCACHUC HA KOHCTPYKIUATA. AHaJII/I3I/IpaHI/I5I AWaIa3oH IMOKa3Ba KPUTUYHHUTC
CHJIM KaKTO CJICABA.

Taoauua 1. OtHolIeHNE K

PUTUYHA CUJIa — KOGQUIIMEHT Ha apMUpaHe

Koeuumenr P L5% | 2,0% | 25% | 3,0% | 35% | 40%
Ha apMHpaHe [%0]
Kpurnina Fer 11833 | 2061 | 2210 | 2312 | 2381 | 2432
cuia [kKN/m’]

[IpenBun mnpeacTaBeHUTE pe3yiATaTH HW3MEHEHUMETO Ha KpPUTHUYHATa CHJIa CIPAMO
Ha/UTHKHUS KOe(DUIIMEHT Ha apMupaHe € HennHeiHo. [Ipuemaiiky TnHeiiHa nHTeproIanus 3a
MEXJIUHHUTE CTOWHOCTH C€ TrapaHTUpa, 4Ye MNPUONMKEHHUETO € B Ioj3a Ha CUTYpHOCTTA.
[TomoOHO BB3NpUEMaHE MPEICTaBs 3aHUKEHN CTOMHOCTH Ha KpUTHYHUS TOBap. CHIOCTaBSIMKI
TPAaHUYHHUTE CTOMHOCTH CE OIpejesieHa N3MEHEHHE B KpUTHIHUTE ToBapu oT S99[kN/m’] 3a
JUana30H Ha HAIBXKEH KoeduimeHT Ha apmupane ot 1,5% 1o 4,0%. (2,5% paznuka).
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®durypa 9. Jluarpamu Ha yCTOMYMBOTO MOBEIEHUE B 3aBUCUMOCT OT HAIIPEYHHs KOS(UITHEHT
Ha apMupane. (Cvnocmaexkama na mMooenume ¢ 8apuayus 8 HaNpPeuHama apmuposKa
e npeocmagena 3a 2,50% apmupane 3a HAOTLICHAMA APMUPOBKA.)

[IpenBun HarpaBeHaTa ChIIOCTABKA CE BUXKA, Y€ CTENIEHTA HAIIPEYHO apPMHUPAHE HE BIIUSE
Ha YCTONYMBOTO MOBEJCHNE Ha KOHCTPYKIMATA. Bapuamusara B KpUTHYHA CHIJIa € MUHUMAJIHA.
[Tonmyuyenara 3aBUCMMOCT KPUTHUYHA CHJIA-BIIOKEHA apMHUPOBKa € 00paTHO MPOIMOPLHOHATIHA U
B HEJI0Ka3yeMO MalIbK JUara3oH.

N3Boan

[Ipensua rabaputuTe Ha eIEMEHTUTE, TPAHUYHUTE HANPEKEHHs ce€ JOCTHraT OT o0Ia
nepopmanus Ha enemeHTa. HammunuTte ycykBarenHu aedopManuu Ha €JIeMEHTa He ca
KpuTH4HU. HamykBaHe OT yCykBaHE HE c€ JOCTUIa IpEeAH pa3pyLIeHHE OT CTpaHa Ha
ycroifunBocTTa. B cnencTBue, Ha KOETO BIMSHHETO Ha BIOXEHATa yCyKBaTeJIHa/HallpeyHa
apMHpOBKa HsIMa 3HAYUMO OTHOLIEHHE KbM KPUTUYHMS ToBap. I1o OTHOIIEHNE Ha HAIBKHATA
apMHPOBKA 3aBUCUMOCTTA B AHAJIU3UPAHUS JUANA30H MOXKE Ja C€ IMPEACTaBH 110 JABa HA4YMHA.
IIpu mpuera pedepentHa croifHocT Ha apmupane 1,5%, ce HaOmIomaBa HapacTBaHE B
kputnuHata cuia oT 10% 3a Bceku 1,0% yBenuuenue Ha xKoepuiueHta Ha apmupane. [Ipu
npueta pedepeHTHa cToiHOCT Ha apmupane 4,0%, ce HabmoaBa craj B KpUTHYHATA CUJIa OT
13% 3a Bceku 1,0% moHmkeHne Ha KOePUIIMEHTa HAa apMUpaHe.
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[IpencraBeHnuTe 3aBHCHMOCTH ca JaJeHH 3a CTPOMHO KyTHEOOpa3HO CeYeHHE.

[IpencraBeHuTe KoehUIIMEHTH Ha apMUpaHe ca MPEyBEJIWYEHH MOpaJAu THHKHUTE CTEHU Ha
KyTusara. ClieICTBUE Ha KOETO MPEICTABEHUTE U3BOM Ca B M0J13a HA CUTYPHOCTTA, pUlaraHu
3a HIMPOK AMAINA30H OT €JIEMEHTHU C Pa3InyHU CEUCHUS.

Bbaaromapuoctu
ABTOpPBT M3Ka3Ba 0J1aro1apHOCTH KbM OpraHU3aTOpUTE Ha GopyMa B BH3MOKHOCTTA Ja

npeacTaBu cBos Tpyd Ha 21-Bata Mexnaynapogna Kondepenmuss mo CTpouTencTBo u
Apxurekrypa BCY“2021.
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IF'EOTEXHHUYECKU NTPOBEPKH HA ITbTHU HACHUIIN
B CbOTBETCTBUE C HOPMATHUBHATA BA3A
N INPOEKTHU MEPKHU 3A TAXHOTO YAOBJIETBOPABAHE

Jlena MuxoBa!

Yuusepcumem no apxumexmypa, cmpoumeincmeo u ceodesusi (YACI), Cogus

GEOTECHNICAL CHECKS FOR ROAD EMBANKMENTS ACCORDING
TO THE CODES AND DESIGN MEASURES TO THEIR SATISFACTION

Lena Mihova!

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: Ultimate Limit States (ULS) and Serviceable Limit States (SLS) geotechnical
design for motorways’ embankments is performed according to Eurocode and Bulgarian
standard for road design/2018. Checks of slope stability at basic and seismic load
combinations are made. Settlements of embankments and ground are determined taking
into account the process of soil consolidation in the cases of high water level. For this
purpose the Terzaghi’s consolidation theory is applied. Different strengthening measures
are undertaken to satisfy the requirements of the codes — building of a rock layer at the
base of the embankment, using of geogrids, chemical strengthening of the soil. Analysis
is made of alternative design conceptions.

Knrwouoeu oymu: road embankment, slope stability, settlement, soil consolidation,

strengthening of the soil, geogrid

1. BnLBeaenue
OpasmMepsiBaHETO Ha ITBTHU HACHUIM CHOpe]l JeHCTBallaTa HOpMaTuBHA ypenda y Hac -

EBpoxon u Hapen6a PJ1-02-20-2/2018 [1]-[7] — BkiIrouBa mpOBEpKH MO KpalHU TPaHUIHHU
cbeTostHust (ULS) m excrmoarauvionHu rpaHudHu cberosinug (SLS). Ilpu nbTHH Hacumnm
MEpPOJaBHU Ca MPOBEPKHUTE 32 YCTOWYMBOCT M AepopMalMi HAa HACUIIHOTO TAJIO M 3€MHAaTa
ocHoBa. KoHnenmunre Ha HOpMaTUBHATa 0a3a, MPSIKO CBbP3aHU C TE3U MPOBEPKH, Ca PA3BUTH
ot aBroputre Muxosa [8], KocroBa [9], [10], [11], Cymait [12], [13], [14]. MexaHu4uHOTO
noBe/ieHre U eEeKTHT Ha 3a3]paBsiBaHE HA HACUIIM U 3€MHA OCHOBA HA aBTOMATUCTPaJN Y HAC
ca u3cnensanu ot Muxosa [15], [16], MuxoBa&KepenueB [17], UBanoBa&Bumanos [18],
Kerenchev&Mihova [19].

B nacTosimara myOnaukarnus ce u3BbpIIBa CPABHUTEIICH aHAJIN3 HA TIOBEJICHUETO Ha JBa

HACHUIIa Ha aBTOMAaruCTPajay y Hac IIPYU pa3JIMuYHU BapUAHTU HAa KOHCTPYKLMATA HA HACHUIIA U HA

! Lena Mihova, Prof., PhD, 1 Hr. Smirnenski Blvd., Sofia, Department of Geotechnics, UACEG;
e-mail: 1_mihova@yahoo.com
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3eMHaTa OCHOBA — B €CTECTBEHO CBCTOSHME U MpPHU 3a3[paBUTEIHU MEPKU (MEXaHHYHA
cTabunu3anus U Bjaraie Ha reompexu). HatoBapBanero ot mbTeH TpapuK BbPXY HACUIIUTE €
ompezeneHo o ncepaocraruueH moaen LM1 ot EBpokon 1 [1], koiiTo ce checTou OT Oe3kpaeH
paBHOMEpHO pasnpeneneH upuieH ToBap (cuctema UDL) u 1ByoCHU ChCpeIOTOUEHU TOBapH
(rangem cuctema TS) BBpXy ycinoBHH mbTHU JIeHTH. C 1en aganThpaHe HA HATOBAPBAHETO
LM1 xbM 2D uucnenute monenu, ToBapute ot cucremute TS u UDL ce cynepnonupar u ce
MPUBEXKIAT KbM €KBUBAJICHTCHH UBUYHU TOBAPH — 3a IIbTHH JICHTH WJIH 32 LISUTOTO IIBTHO IIATHO.

Pemenusara ce wm3BbpmBar kato 2D anamusum mo MKE (anamm3m Ha paBHUHHA
nedopMariusi) 3a HAMPEYHH CEUSHUs Ha HACUTIUTE U ChOTBETHUTE UM 3€MHU OCHOBH C TIOMOIIITA
Ha codryepa Plaxis 2D.

2. 'eoTexHUYECKO Opa3MepsiBaHe 32 001112 YCTOMYMBOCT HA MbTHU HACUIIH
2.1. Meroanka Ha opa3MepsiBaHe 3a 00112 YCTOHYMBOCT HA MbTHU HACUIIN
Opa3smepsBaHeTo 3a 00I11a YCTOWYMBOCT U3IBJIHIBA CICAHUTE U3UCKBAHUS:

e 1I3BBpIIBaA CE 32 MEPOJIAaBHU TNIOOATHHU XTb3TaTeIHH MOBBPXHUHYU Ha HacHUIa U 3eMHaTa
OCHOBa 32 OCHOBHA U 3eMeTpbhCHA KOMOMHAIIMS Ha HaTOBapBaHe. Pemenusra ca no kpaiftHo
rpannyHo cbeTosinue ULS, Tun GEO cniopen EBpokoa 7 u ce mpoBeXaaT ¢ U3UUCIUTETHU
CTOWHOCTH Ha BXOJHHUTE MapaMeTPH, C BbBEKIAHE HA YACTHHU KOS(UIIMEHTH HAa CUTYPHOCT
3a IMapaMeTPUTE MO OTHOIICHHE HA TEXHUTE XapaKTEPUCTUYHHA CTOMHOCTH.

e [Ipu ocHOBHa KOMOMHAIMS Ha HATOBapBaHE 3a YACTHUTE KOCPHUIIMEHTHU Ha CUTYPHOCT C€
npusaara KOMOMHATUBHUAT MeToa DA3, ciopen KOWTO XapaKTepUCTHYHUTE CTOMHOCTH Ha
SAKOCTHUTE [TapaMeTPH HA IOYBATa, UMEHHO TAHT€HCHT Ha bI'bJIa HA BBTPEUIHO TPUEHE tg @

U KOXE3WsITa ¢ Ce PeAyLUpaT ¢ YaCTHU KOCPUIIMECHTH Yo = yc = 1,25, HATOBapBaHETO OT
MOJIE3€H TOBap — MIbTEH TpadukK (HEOIAronpusITeH, HEMOCTOSIHEH) CE YMHOXKaBa C 4YacTeH
koepuiueHT yo = 1,3, a HaTOBapBaHETO OT COOCTBEHO TETJIO MOYBa (HEOIATOMPHUITCH,
MTOCTOSTHEH) C€ YMHOKaBa C yacTeH koeduiment yg = 1,0.

e [lpu 3emeTpbcHa KOMOMHAIIMS HA HATOBAapBaHE XapaKTEPUCTUYHUTE CTOMHOCTH TaHTe€HCa
Ha bI'bJla Ha BBTPEIIHO TPHEHE tg® U KOXE3UATa ¢ CE pelylHpaT ¢ YaCTHU KOe(HUIIMEHTH

Yo = yc = 1,25, HaToBapBaHUsATa OT IbTEH TpadUK U OT COOCTBEHO TErjo MOYBa ce

YMHO)KaBaT C 4acTHU KoeuueHTu yq = ye = 1,0.
e (Ceu3MHYHUTE HHEPLMOHHU CWJINM CE€ MpuiaraT IMCEBIOCTATUYHO B XOpPU3OHTAIHA M
BEpPTUKAJIHA TIOCOKA U ce onpeaenart cnopen EBpokon 8 [5], [6] choTBeTHO 11O hopMynHTeE:

(2.1) Fu=05.0.5W,
(2.2) Fy=+0,5. Fu,

KBJETO: (¢ € OTHOILIEHUETO Ha HW3YUCIUTEIHOTO 3€METPBCHO YCKOPEHHE M 3EMHOTO
YCKOpEHHE 3a paiioHa Ha 00eKTa crope1 KapTaTa 3a CEM3MUYHO pallOHUpaHe 3a IepuoJl Ha
noBTapsieMocT 475r. B cboTBeTcTBHE ¢ EBpokos 8; S — koedunneHT Ha amrutnuKaIms,
KOWTO 3aBHCH OT TUIIA 36MHA OCHOBA; W — TEroTo Ha XJIb3raiara ce mo4YBeHa maca.

e Pemenuero 3a yCTOMYMBOCT HA HACUIUTE CE€ U3BBPIIBA IO METO/1 HA PEAYKIUS Ha IKOCTTA
Ha Cpsi3BaHE Ha MoYBaTa, IPU KOWTO C€ OMpeens peayKIHOHHOTO YUCIOo Mys, ¢ KOETOo €
HEO00XO0IUMO J1a Ce peAylupaT IKOCTHUTE apaMeTpH Ha MoYBaTa - TAHT€HCA Ha BI'bjia HA
BBTPEILIHO TPUEHE tg® U KOXE3UsiTa ¢ — 3a J1a Ce pealu3upa XJIb3raTesiHa MOBbPXHUHA.
Penykumonnoro uncno My ce uaetuduuupa ¢ KoepuIMeHTa Ha CUTYPHOCT Fs cpemry
3ary6a Ha ycroituuBocT. LleneBarta cToifHOCT Ha Fs = My 3a yCTOHYMB TepEeH, KaKTO MpU
OCHOBHA, TaKa M IIPH 3eMETPbCHA KOMOWHAITUS HA HATOBapBaHe, € > 1,0.
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2.1. [IpoekTHU MepPKH 32 OCHTYPsSIBAHE HA YCTOHYHBOCTTA HA MbTHH HACUTIN
[lenechobpa3Hu ca ClIeIHUTE MEPKHU 3a 3a3/paBsBaHC HA HACHUIIHMTE IO OTHOIICHHE Ha
o0maTa UM yCTOHYHBOCT:
e Upes usrpaxkaaHe Ha 3aMECTBAIIl TUIACT B HACKITA OT MaTepHall C BACOKH CTOMHOCTH
Ha SKOCTHH MapaMeTpu — 0anacTpa, TPOIIeH KaMbK;
e Upes Birarane Ha reOCMHTETUYHN MAaTEPUAJIM B OCHOBATA M 10 BUCOYMHA HA HACHTIA.

2.1.1. Ilpumep - opa3mepsiBaHe 32 yCTOMYHUBOCT Ha MbTeH Hacun HA AM ,, Tpakus“
npu kM 347+845,38

CobcraBeH € 2D momen mo MeToJ Ha KpalHHWTE €JIEMEHTH 3a HampeuHusl nmpodus Ha
pasriicKaannd HaCu. ITouBenuTe BUIOBC Ca MOJICIIUPAHU KATO CJIACTO-INIACTUYCH MaTCpHral 1o
Mop-Kynon. B Tabnwia 1 ca najgenn CTOHHOCTH Ha TOYBEHH MTapaMeTpH 3a T1acToBere oT dwur. 1.

Taoauna 1. XapakTepucTUYHU CTOMHOCTH Ha ITOYBEHH MapameTpu
N apaKTepHC THYHH CTOHHOCTH
[TTTACT N TIITACT Ne OfemHo Terno ¥ | bren Ha BETpenmo

(kN/m’) Tpuexe @ (°)
2 Hacum 0T TpomeH KaMbE 18,88 30,25

Koxesun C (kPa)

Hacum 0T 9aKeaecT [IHHEeCT ACEE 10 ebeH 4axka
3a/3b noap 20,17 36,00
C IMHHECTO-NIECHHIIE 3aTBJEHTCIT

4b Hacum 0T roHa, KepeMHIeH0-4epEeHA, VIUTETHEHA 18.00 14,16 10,20
4a Hacim 0T r/mHa, KepeMHTeH0-IepEeHa, PAzyIUTETHEHS 18,00 14,16 10,20
3 Timma, cHeo-KadAea 1940 32.80 10,90
6 I'mHa, npaxoEo-NeckE4IME:, DekoEa 18.40 2220 21,70
7 TTpaxoE IMHECT MACHE, CHEO-3EJIEH 17.60 17.30 3920
8 TIpaxoEc-necEYIHEA ITHHA, KEPEMHIEHD YepECHA 18,80 22.60 35,70
9 TIAceE, cpemHOZBPHECT 18.50 3420

0,0 50 10,0 15,0 20,0 25,0 30,0 5,0 40,0 45,0 50,0 55,0 80,0 5,0 [m] 70,0

ae248kPa [ J | aw2eskPe
10,0

= 2
m] = ﬁg —
5,0
0,0 _(aj_
@ 7
e H = 2

®urypa 1. [Ipopun va AM ,, Tpakus‘“ npu km 347+845,38:
WM3uucnurenna cxeMa Ha HE3a3/IpaBCH IIBbTCH HACUII

®urypa 2. [Ipopun na AM ,, Tpakus“ npu km 347+845,38 - He3a3apaBeH:
Xirp3raTesieH MeXaHU3bM IPH OCHOBHA M 3eMETPhCHA KOMOWHAIIHSI HA HATOBapBaHE,
neUHUpaH Ype3 CKOPOCTTa HAa HapacTBaHE Ha CpsA3BAILUTE JeQOopMaluu
(TI0-BHCOKHUTE CTOMHOCTH Ca B YepBEHATa raMa)
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N3cneaBana e ycTOHYMBOCTTA HA HACUIIA TIPU CIIEIHOTO 3a3/paBsiBaHe (Qur. 3):

e IsrpaxngaHe B ropHaTa 4acT Ha Hacuma Ha 3amectBan] muact (2,0m/8,0m) ot
TPOIIICH KaMBbK, apMUpaH C Tpu 1iacta reompexa (mpe3 0,40m mo BHCOUYMHA),
BCEKH C M3YUCIUTEIHA SKOCT Ha onbH Nd = 30 kKN/m;

e JIOMBIHUTENHO M3TPaXKJAaHE M0 BUCOYMHA HA OTKOCAa HA 3aMeCcTBallla MBUIA OT
TPOLIEH KaMbK € IIMpOYHHA 2,5m, apMupana ¢ 9 niacra reompeska (mnpe3 0,85m no
BHCOYMHA), BCEKU C U3UMCIUTENHA SIKOCT Ha ormbH Nd = 30 kN/m.

TPOLIEH KaMbK /‘&
3.Nd npes 0,40m N :E

L= Bm -//' 2

9.Nd npes 0,85m
L=25m

TDOWeH
KaMBbK

++ At ek
L = = =

Nd =30 KNim - 134McnuTenHa onbHHAa AKOCT Ha reoMpexaTa

®urypa 3. [Ipopun va AM ,, Tpakus‘ npu km 347+845,38:
N3uncnuTenHa cxema Ha 3a3/[paBeH IbTEH HACHII

®urypa 4. [Ipopun na AM ,, Tpakus npu km 347+845,38 — 3a31paBeH HACHIL:
XIrp3raTeNieH MEeXaHu3bM IPH OCHOBHA U 3eMETPhCHAa KOMOWHAIIMS Ha HATOBApBAaHE,
neuHUpaH Ype3 CKOpOCTTa Ha HapacTBaHe Ha CPsA3BALIUTE JeopMaIuu
(TTO-BUCOKHUTE CTOMHOCTH Ca B YepBEHATa TraMa)

Ta6auna 2. Koeburnmentu Ha curypaoct Fi 3a mpodun Ha AM ,, Tpakus‘ mpu km 347+845,38

F; 3a ocHoBHA KOMOMHAIIHS F 3a 3eMeTpbcHAa KOMOMHALIHSI
Hesazapasen Hacun 3a3/paBeH HACHUI Hesazapasen Hacun 3a3/1paBeH HACHUI
0,684 1,170 0,627 1,087

B®3 ocHOBa Ha pe3yntaTute OT TabnMLa 2 clieBa U3BOABT, U IIPH He3a3ApaBeHUS HACUTT
HE € YJOBJIETBOPEHA IIPOBEPKaTa 3a YCTOWYMBOCT HAa HACUIIA KAKTO IPU OCHOBHA, TaKa U MpH
3eMeTpbhCHa KOMOWHAIM Ha HaToBapBaHe. [Ipu pasriexaaHus BapuaHT Ha 3a3/paBsiBaHe Ha
HacuIa Koe(UUUEHTHT Ha CUTYPHOCT Fs cpeliy 3ary0a Ha yCTOM4YMBOCT Ha HacUIla HapacTBa ¢
40% u npuema CTOHHOCTH >1 KakTo MpU OCHOBHA, TaKa W MPHU 3€METPbCHA KOMOMHALIUS Ha
HaTOBapBaHe, KOETO 03HAauaBa, Y€ yCTOMUMBOCTTA HA HACHUIIA € OCUTypEHa.
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3. I'eoTexHuuecko opa3mepsiBaHe 3a 1e)OpMalUU HA MbTHU HACUITH
3.1. Meroauka Ha opa3mepsiBaHe 3a JeopManu HA MbTHU HACUITH
MeTtonukara Ha opa3MepsiBaHe 3a 1eopManuu ChabpKa CICTHUTE TTOCTAHOBKU:

Pemienusita ca o ekcrjaoaTaliioOHHO TpaHUYHO cheTosiHUE SLS criopen EBpokon u
ce TPOBEXKJaT 3a OCHOBHA KOMOWHAIMS HAa HATOBapBaHE C XapaKTEPUCTUUYHU
CTOMHOCTH Ha BXOJHUTE MapaMeTpH,

3eMHATa OCHOBA CE€ OrpaHWYaBa JI0 IbIO0YMHATA HA aKTUBHATA 30HA H,, KOSITO ce
ompeJens OT yCIoBHETO [7]:

3.1) 0,50,=0;

KbACTO: gy Ca BEPTUKAJTHUTEC HOPMAJIHNU HAITPEIKCHUA B 3EMHATA OCHOBA OT I'€OJIOKKHU TOBAP; 0z
- BCPTUKAITHUTC HOPMAJIHU HAIPCIKCHUA B 3CMHATAa OCHOBA BCJICACTBUC HA HATOBAPBAHCTO OT

Hacuiia.
[ ]

3a ciyyanTe Ha HEBOJOHACUTEHA 3€MHA OCHOBA B I'PaHMIIMTE HA aKTMBHATa 30Ha
Ha CIIraHe, OLIEHKaTa 3a JeopMaluu ce U3BBbpIIBA IPU IMPEIIocTaBKaTa, 4ye
negopmManuuTe OT COOCTBEHO TErJI0 Ha HAacHIa Ce€ pealu3upar Hu3LsIo B
eKCIUIOATallMOHEH NEepUOJ, NPU KOETO T€ ce CYNEpHOHUpaT ¢ JepopMaluuTe OT
nbTeH Tpaduk. Ta3u npearnocTaBka € B IOCOKa Ha CUTYPHOCTTA IIPH OLIEHKAaTa, Thi
KaTo MPAKTUYECKU €JHA YacT OT JieopMallMUTE OT COOCTBEHO TEIJIO HAa HACHIIA 111e
CE pealu3upar oOllle B CTPOUTENIEH IEPUO.

3a ciayyauTe Ha BOJOHACUTEHA 36MHA OCHOBA CE M3BBPIIBA aHAJIN3 HA PA3BUTHUETO
Ha Je(OpMalUUTE BbB BPEMETO 10 TEOPHATA Ha (PUIATPALIIOHHATAa KOHCOJIUALINS.
W3BBppuIBaT Ce MPOBEPKU 3a A0COTIOTHU M OTHOCUTENHH CIIATAHUS U XOPU3OHTAIHU
IIPEMECTBAHNUS HAa HACUITHOTO TAJIO U 3€MHAaTa OCHOBA.

CnsraHero Ha Hacuna ce€ OLIEHsBa KaTo IPOLEHT OT BUCOYMHATA MY Hiuacun.
ExcniepTHO € mpuera rpaHMYHa CTOHMHOCT Ha CIIATAHETO B EKCIUIOATAllMOHEH
nepuon Srp =1% HHaCHn 5

CepriiacHo [7] OTHOCUTEIHUTE CISATAaHMUSI MEXKIY BEPTUKIM B JaJECH HAlpedyeH
npodui OT MarucTpaiaTa He TpsiOBa 1a ca mo-rojemu ot 0,2%.

3.2. Koncoaugamnusa Ha 3¢eMHATAa OCHOBA

3a 3eMHa OCHOBA C BUCOKO HUBO Ha IIOYBEHUTE BOIU U HAJIMYUEC HA I'N'TMHECTU IJIACTOBE
Ce YCTaHOBSIBa BPEMETO 3a 3aTUXBaHE Ha JedopMalluTe Yype3 MpuiiaraHe Ha ce TEOopHusiTa Ha
Tepuaru 3a eqrHOMepHA GUITPALIMOHHA KOHCOIUAALHS.

ITo popmyma (3.2) ce onpenenst BpeMeTO ¢ 3a CTENeH Ha KoHconuaanus U, B 3aBUCUMOCT
OT BCIIMYUHUTE:

daxTopa Bpeme T — oTumTa ce oT rpaduka Ha dur. 5;
kKoeduueHTa Ha konconuaanus Cy — onpenens ce o popmymna (3.3);
IbJDKWHATA Ha JIPCHAKHUS BT Hr.

(32) T=Cvt/Hu,

(33) Cy=kE/yw,
(34) U=s(t)/sx ,

KBJETO: kr — KoepuuMeHT Ha (uaTpanus; y» — 00EMHO TErjo Ha BojaTa; s(f) — cisrase 3a
BpEME [; S — CTAOMIIM3UPAHO CIISTaHE.
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®durypa 5. 3aBucUMOCT MeXy cTeneHnTa Ha konconuaanus U u ¢akropa Bpeme 7 [20]

3.3. [IpoekTHN MepKH 32 yA0BJEeTBOPSIBAHE HA M3MCKBAHUATA 3a 1edopManum HA
MbTHH HACUIH

[Tpunaratr ce ciegHUTE CTAOMIM3MpAIIM MEPKH, LESIIM 3aKOpaBsBaHE Ha 3eMHaTa

OCHOBA Ha HACHUIIUTE:!

e MexanuyHa cra0wimM3anus Ha 3e€MHATa OCHOBA MOCPEICTBOM H3TpaXJaHe Ha

3aMecTBalll IJIaCT OT HECBbP3aH CKaJieH MaTepuall;

° XHUMHUYHA CTaGI/IJII/BaI_II/I}I Ha MOBBPXHOCTCH IUIACT OT 3¢MHATa OCHOBA YpPC3 BKAPBAHC

Ha XHUIPABJIMYHO CBBP3BAIIO BCIICCTBO. CBETOBHHUSAT OIUT MokKa3Ba, 4¢€ IIpu

CTa0MIIM3aLKs C XUIPABINYHO CBHP3BAIIIO BEIIECTBO HA Pa3IMYHU MIOYBH C€ TOCTUTA

yBeIM4aBaHe Ha E-Mo/ysia Ha o4Barta, T.€. KopaBuHara il, ot 3 1o 10 metu [21-24].

SlkocTHUTE MapaMeTpu Ha 3a3/paBeHara MoYyBa ChIIO HAPACTBAT, KaTO BI'BIBT HA

BBTPEILHO TPUEHE HapacTBa 110 2 IbTH, a KOXE3UATA - 10 4 1 moBeue bTH. M3rpaxaa

Ce CJIOM ChC 3HAUUTETHA KOPABHUHA, HO ChC CUITHO 3aHMYKEHA BOJOMPOITYCKIIUBOCT.

e  Crabuiuzanus ¢ apMUpaH TPOIIEHOKAaMEHEH IIJIacT, 3aMECTBalll HOBbPXHOCTHA YacT

OT 36MHAaTa OCHOBA.

3.4. Ilpumep - opa3mepsiBaHe 3a JeopManuu HAa MbTeH Hacunm Ha AM ,, Xemyc*
npu km 95+680

3.4.1. U3caenBane Ha nedopMaNUMTEe HA HACUIIA NIPU €CTECTBEHA 3¢MHA OCHOBA

Ha ¢ur. 6 e noka3ana n3uuciauTeNIHaTa CXeMa Ha HacuIla ¥ 3eMHaTa OCHOBA, a B TaOJIUIa
3 ca mageHu CTOMHOCTUTE Ha o4yBeHUTe napamerpu. CbreraBeH e monen no MKE.

-26.00 -18.00 0.00 18.00 268.00 54.00 T2.00 20.00
|‘||||| |||||‘|||||

18.00 | 1 2
_ so] S0 (kPa)
_ 20 30
. saaieil (e
1 ! = ._.3®®
0.00 | HIMB 4 @ 4
] @ X
] ®
18.00
1 2

®durypa 6. [Ipopun va AM ,, Xemyc* ipu km 95+680:
EcrecTBeHa 3eMHa OCHOBA — U3YUCIUTEIHA CXEMa
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Taoauna 3. XapakTepuCTUYHU CTOMHOCTH HA TOYBEHH MapamMeTpu

Ne Buj nousa y (kKN/m?) 0 (%) c (kPa) E (MPa)
1 A-1 (3oHa A) 20 28 18 95

2 A-2 (30Ha b) 20 26 21 65

3 A-3 (3ona B) 20 24 28 65

4 JlenyBuanHa riaomHa 21 22 58 20

5 [Ischrunnk 24.6 46 225 820

BbB Bpb3Ka ¢ U3CIIEBAHETO CE BHBEKIAT CIICAHUTE O3HAYCHUS:
S1 — abCoNOTHO cliAraHe Ha MTHOTO TIJIATHO MPU OAHKETA;
S>— abCOIOTHO CIsiraHe Ha ITBTHOTO IJIATHO MPH Pa3/ICIMTEIHATA UBHIIA;
Smax — MAKCUMAaJIHO abCOJIIOTHO CIIITaHe Ha MMBTHOTO IUIATHO;
0 = (Smax — S1)/L — MaKCUMaJHO OTHOCHMTEIHO CJIAraHe Ha IBTHOTO IUIATHO, KbIETO L €

XOPHM30HTATHOTO Pa3CTOSHUE MEKTY BEPTUKAINTE HA Smax U S1;

S0,max — MAKCUMAITHO a0COJIFOTHO CJISITaHE Ha TEPEHHATA TIOBBPXHOCT

Swacun = (Smax — So,max) — AOCONIOTHO ClIITaHE HA MaTepHala Ha HACHUTIA;

Uy max — MAKCHMAaJTHO aOCOJIOTHO XOPU30HTAIHO MIPEMECTBAHE B OCHOBATA HA HACHUIIA;

d — nmpnbovrHA B 36MHATa OCHOBA HA PEATM3MPAHO MAKCUMATHO a0COIIOTHO XOPU30HTAITHO
peMeCTBaHE.

[*10 2 m]
0,00
. -15,00
Y -30,00
| 45,00
X Total displacements u, -50,00
Maximum value = 1,396%10% m -75,00

Minimum value = -0,08501 m -
-50,00

®urypa 7. [Ipopun va AM ,, Xemyc* ipu km 95+680:
EcTrecTBeHa 3eMHa OCHOBa — BEPTUKAJIHU TPEMECTBAHUS

=102 m]
ool M .
- = 14,00

Y
2,00
-4,00
Total displacements u,
x . _10:[)0
-16,00

Maximum value = 0,01842 m
Minimum value = -0,01570m

®urypa 8. [Ipopun na AM ,,Xemyc* npu km 95+680:
EcrecTBeHa 3eMHa 0CHOBA — XOPH30HTAIHH IPEMECTBAHUS
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BepT{lKaﬂa BEpTHKana
2

10m

i 11,75 m ’ )
-0,0700-—% ] /
S1
uy [m]
-0,0800

2 /
-0,0900 - Smax=82 .
0,00 100 Distance [m] 20,0
®durypa 9. [Ipopun va AM ,, Xemyc* ipu km 95+680:
EctectBena 3emHa ocHoBa — CisiraHe Ha MTHOTO IWIATHO (TI0 JrHMS 3-3 0T ¢ur. 6)

AN //
-0,0400 - \ /
-0,0600 - \ /

/
\\ /
-0,0800 = S0,max

0,00 10,0 200 300 40,0 50,0 60,0
Distance [m]

®urypa 10. ITpodun npu km 95+680:
EcTtecTBeHa 3eMHa OCHOBA — CJIITaHE HAa TEPEHHATA OBBPXHOCT (110 JTUHUS 4-4 oT ur. 6)

Ta6auua 4. [Ipopm Ha AM ,,Xemyc* npu km 95+680:
EcrecTBeHa 3eMHa OCHOBA — KOHCOJIMJIAIIMOHHY ITapaMEeTPH Ha 3eMHATa OCHOBA

Bpewme ¢ (d) 3a crenien Ha
kr Har G koHcoauaarus U (%)
(m/d) (m) (m?/d)
50% 80% 100%
0,864.10* 11,0 | 0,1728 140 365 1400

Ta6auua 5. [Tpopmn Ha AM ,,Xemyc* npu km 95+680:

EcrectBena 3eMHa ocHOBa — ieopmanuu npu crenel Ha koncouuaamus U = 100%
S1 S2 Stmax 0 SO,maX Shacun Ux max d
(cm) | (cm) (cm) (%) (cm) (cm) (cm) (m)
7,0 8,9 8,9 0,19 7,8 1,1 1,8 2.4

244



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

3.4.2. M3caenBane Ha fepopManiiuTe IPH MEXaHNYHO CTAOMIM3UPAHA OCHOBA
MexannuHaTa cTaOMIIM3aLuUs C€ ChbCTOU B M3rPaX/JaHEe Ha 3aMEeCTBAlll IJIACT OT CKaJIeH
Mmatepuan ¢ gebenuHa 3 m, ¢ moxyn Ha nedopmanus E = 100 MPa (¢ur. 11).

72.00 50.00

18.00 | 1 2
. s0| 50 (kPa)

0.00 | HMNB

16
2350)
@ @ HECBBP3aH CKANeH Matepuan
4

coefentHa 3m

@ % 1 7
®

|
. -
X
ra
on
|

12.00 |

1 2
®urypa 11. [Ipodpun vHa AM ,,Xemyc* npu km 95+680:
MexaHn4HO cTa0MIN3UpaHa 3eMHAa OCHOBA — M3UUCIUTEIHA CXeMa

[=10 m]

0,00
-12,00
-24,00
+ -36,00
-43,00

Total displacements u,

X

Maximum value = 1,416%10 *m . -60,00
Minimum value = -0,07104m 72,00

®urypa 12. [Ipodpun va AM ,,Xemyc* npu km 95+680:
MexaHn4HO CTa0MIN3UpaHa 3eMHA OCHOBA — BEPTHUKAIHHU NTPEMECTBAHUS

(=10 m]

,—MM - 14,00

e _L\_\ 8,00

-4,00

X Total displacements u,, . -10,00
-16,00

Maximum value = 0,01616 m
Minimum value = -0,01401m

®urypa 13. [Ipodwmr vHa AM ,,Xemyc* ipu km 95+680:
MexaHU4HO CTa6I/IJII/IBI/IpaHa 3€MHa OCHOBA — XOPU30HTAJIHU NPCMCCTBAHU A
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BepTuKkana BepTVKana
1 2

10 m

\ 11,75 m ]
1\q
31\
-0,0600
uy [m] | /

-0,0700 2 /

e —”
- Smax-22—
0,00 10,0 Distance [m] 20,0

®@urypa 14. [Ipodwur va AM ,,Xemyc* ipu km 95+680:
MexaHnyHO cTa0MIN3HpaHa 3eMHA OCHOBA —
CJISITaHE HA IMMBTHOTO MIATHO (110 JuHUs 3-3 ot dur. 11)

AN /
uy [m] { \ //

-0,0400 \
P

-0,0600 ~.
T T —S0,max T T T
0,00 10,0 20,0 30,0 40,0 50,0 60,0
Distance [m]

®urypa 15. [Ipodun va AM ,, Xemyc* ipu km 95+680
MexaHuyHO cTabUIN3MpaHa 3eMHA OCHOBA —
clIsiraHe Ha TepeHHaTa MOBBPXHOCT (10 uHuA 4-4 oT dur. 11)

Ta6auua 6. [Tpopm Ha AM ,,Xemyc* npu km 95+680:
EcrecTBeHa 3eMHa OCHOBA — KOHCOJIMJIAIIMOHHY ITapaMETPH Ha 3eMHATa OCHOBA

Bpewme ¢ (d) 3a crenien Ha
kr Har G koHcoauaarms U (%)
(m/d) (m) (m?/d)
50% 80% 100%

0,864.10 8,0 0,1728 75 193 741

Ta6auua 7. [Ipopun Ha AM ,,Xemyc* npu km 95+680:
MexaHn4HO cTaOMITM3UpaHa 3eMHA OCHOBA —
nedopmaruu npu crerneH Ha KoHcomuaanus U = 100%

Sl Sz Smax 9 SO,max SHaCI/IH ux,max d
(cm) | (cm) (cm) (%) (cm) (cm) (cm) (m)
5,6 7,1 7,1 0,15 6,1 1,0 1,6 3.4
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3.4.3. UzcaenBane Ha nedopManuuTe NPH CTA0WIN3ANMS ¢ AaDMHPAH C TeOMPeRH
TPOLIEeHOKAMeHeH MIaCcT

-3E.00 -18.00 a.00 18.00 800 F£.00 oo S0.00

TN PN T Y T Y R R R

ABYPEqos0 apMHpaH nnact
OT HECEBP3aH MaTepHart
! {:3} c Aebemma 1.0 m

/4 € reompexa EA= 15874 kN/m

®urypa 16. [Ipopun va AM ,,Xemyc* npu km 95+680:
Crabmm3upaHa 3eMHa OCHOBA C apMHUPaH C TEOMPEXH 3aMeCTBaIl] IIacT

=103 m]
5,00

-10,00

-25,00

-40,00

-55,00
x Total displacements u,

Maximum value = 1,353%10 2 m 70,00
Minimum value = -0,08244m

-35,00

®urypa 17. [Ipodpun vHa AM ,,Xemyc* npu km 95+680:
Crabmm3upaHa 3eMHa OCHOBA C apMHpPaH ¢ TEOMPEXH 3aMECTBaIl IIacT —
BCPTUKATIHU MPCMCCTBAHUA

(10 m]

,—.mﬂlﬂ_ﬂm!!!hm_\ - 14,00

il e
3,00
Y 2,00
-4,00
Total displacements u

X Maximum value = 0,01724m -10,00

Minimum value = -0,01481m
-16,00

®urypa 18. [Ipodwmr va AM ,,Xemyc* ipu km 95+680:
CrabunusupaHa 3eMHa OCHOBA C apMHUPaH C TEOMPEKH 3aMECTBAIl] TJIACT —
XOPU30HTAJIHU PEMECTBAHUS
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BepTVKana BepTUKana
1 2

-0,0600

-0,0800 /

u, [m] | \¢
y S1 /
-0,0700 /
2 P
SmaxS2

0,00 10,0 Distance [m] 20,0

®urypa 19. [Ipopun vHa AM ,,Xemyc* npu km 95+680:
CrabuinsupaHa 3eMHa OCHOBA C apMHUPaH ¢ T€OMPEXKH 3aMeCTBalll MIacT —
ClIATaHe Ha MFTHOTO MIATHO (1o nuHUS 3-3 oT dur. 16)

-0,0200 \ //
uy [m] T /
-0,0400
-0,0600
: N
. N
T T ~So Max = T T
0,00 10,0 200 300 40,0 50,0 60,0
Distance [m]

®urypa 20. [Ipopun vHa AM ,,Xemyc* npu km 95+680:
Crabmn3upaHa 3eMHa OCHOBA C apMHpPaH ¢ TEOMPEXH 3aMeCTBaIl] IIacT —
clIraHe Ha TepeHHaTa MOBBPXHOCT (110 TuHUS 4-4 oT ur. 16)

Taoauua 8. [Ipopun va AM ,, Xemyc* ipu km 95+680:
Crabwim3upaHa 3eMHa OCHOBA C apMHUPAH C TEOMPEKH 3aMEeCTBAII] MJIacT —
KOHCOJIMJAIIMOHHY TapaMeTpy Ha 3éMHaTa OCHOBA
Bpewme ¢ (d) 3a crenien Ha
kr Har G koHcoauaarus U (%)
(m/d) (m) (m?/d)
50% 80% 100%

0,864.10% | 10,0 | 0,1728 116 301 1157

Ta6auua 9. [Tpopm Ha AM ,,Xemyc* npu km 95+680:
Crabuimu3upaHa 3eMHa OCHOBA C apMHUPAH 3aMeCTBaII] TUIACT —
nedopmaruu npu crerneH Ha KoHcomuaanus U = 100%

Sl Sz Smax 9 SO,maX SHaCI/IH Ux,max d
(cm) (cm) (cm) (%) (cm) (cm) (cm) (m)
6,5 8,2 8,2 0,17 7,3 0,9 1,7 2,7
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3.4.4. O600menue Ha pe3yJaraTure 3a Aegpopmannu Ha npoduia Ha AM ,, Xemyc*

npu kM 95+680

Taoauna 10.
I (1) 3 S max 1%H, HaCHI 0 QFP ux,max
odua e€MHa OCHOBaA
P (cm) (cm) (%) | (%) | (cm)
EcrecTBena 8,9 0,19 1,8
KM
95+680 MexaHuYHO CTa0WIN3HpaHa 7,1 8,2 0,15 0,20 1,6
Crabmim3npaHa ¢ TeOMpPExRH 8,2 0,17 1,7
Ta6auuna 11. IIpodun km 95+680: CteneH Ha KOHCOIH AT
t(d) t(d) t(d)
3emia ocHoBa sa U=50% | 3a U=80% | 3a U=100%
EctecTBena 140 365 1400
MexaHUYHO CTaOWIIM3HpPAHa 75 193 741
Crabuan3upana ¢ FeOMPEKH 116 301 1157

CTOMHOCTUTE HAa MAaKCHMAJIHOTO a0COJIFOTHO CJISITAHE HA MBTHOTO IUIATHO Smax B
tabmuna 10 ca ompeneneHu 0€3 pPEOyKIUs 3a aKyMyJIHPaHOTO CIISTaHE B
CTPOUTEJIEH TIEPHO/I, KOETO € MMOCOKA HAa CUTYPHOCTTA.

[Ipu BcuuKM BapyaHTH Ha KOHCTPYKIMS Ha 36MHATa OCHOBA HA IbTHHS HACHUI
MIPOBEPKHUTE 3a Ieopmariu ce yI0BJICTBOPSIBAT CIIope]] n3uckBanusTa Ha Hapenba
[7].

[IpencraBennuTe BapuaHTH Ha CTAOWIM3allMsg HA 3E€MHATa OCHOBAa peayIupar
nedopManuuTe Ha MHTHOTO 1aTHo oT 10% mo 25%.

HamansBaneto Ha ne0GenwHaTa Ha KOHCOJHMIMPAIIUS TJIMHECT TUIACT B 3€MHATa
OCHOBa 4pe3 4acTUIHOTO My (~30% oT nebenmHaTa) 3aMecTBaHE C HECBBP3aH
JIpeHa)KeH Marepuai, peaynupa 2 IMbTH BPEMETO 3a KOHCOJHWJAIWS Ha 3eMHATa
OCHOBA.

Bbnpeku, ye u3cieaBaHeTo MOKa3Ba HECHIIECTBEHA PEAYKIIUS HA AePOpMAIUHATE
Ha MHTHOTO IUIATHO MPU BIAraHe HAa TE€OMPEXH B OCHOBATA HA HAcUMa, TO3U
BapUaHT Ha CTaOWJIM3AIMs UMa BAKEH IBITOCpPOUYEH e(DEeKT Ha OrpaHWYaBaHE HA
CTPaHUYHOTO ,,pa3fiMBaHe’ Ha Hacuma OT JACHCTBUETO Ha XOPHU3OHTAIHHUTE
HalpeKeHUs1 B TSUIOTO HA HAcuma OT COOCTBEHOTO TErJio Ha Marepuaja H

JAUHAMUYHOTO HAaTOBAPBAHC OT IIbTHUA Tpaq)mc.

3aKja4eHue

B crarusrta ca mpenctaBeHU KOHLETIIMUTE 32 T€OTEXHUYECKO Opa3MepsBaHe Ha MbTHU
HACUIIM U U3BHBPUIBAHCTO Ha HCOGXOI[I/IMI/ITG IMPOBCPKHU Ha 6a3aTa Ha 4YHUCJICHU MOACJIN Ha
Hacurute mo MKE. JlageHu ca pe3ynataTd OT pelICHHSATAa Ha JBa HANpPE4YHH Mpodria Ha
ABTOMAarucTpain, KaTto ca NOCOYCHU AJITCPHATHBHU BAPUAHTHU HaA 3a3/IpaBsIBAHC HA HACUITHUTC
KOHCTPYKLIUH C 1IeJT YIOBIETBOPSBaHE HAa U3MCKBaHUATA HA HOpMaTUBHATA 0a3a. AHAINU3BT Ha
pe3ynTaTtuTe MOo3BOJIsIBa Ja ObJe HampaBeHa OICHKAa Ha IEeNeChOOpa3HOCTTa HA BapUAHTHUTE.
W3cnenBanero qompuHacs 3a ONTHMHU3MpPAHE HAa KOHCTPYKTHBHHMTE PEHICHHsS] HAa TO3U THUII

CHOPBKEHUS.
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HAKOU NPUHIOUIIN ITPU CTPOUTEJIHO-KOHCTPYKTUBHOTO
ITPOEKTUPAHE HA CTOMAHOBETOHHMU PE3EPBOAPH 3A BOJA

Cranucaas lBerkos!, I'eopru SInues?

Bucwe cmpoumenno yuunuwe ,,Jlrooen Kapasenos*, Cogus

SOME PRINCIPLES IN THE DESIGN OF REINFORCED CONCRETE
WATER TANKS

Stanislav Tsvetkov!, Georgi Yanchev?

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: The technical-economic and architectural-structural specifics for a similar type
of structures, are representing requirements that determine the format and their
functionality. Along with the implementation, the obligatory aspect is the automated
construction design. The report aims at - the effective solutions of bars of reinforcement,
by terms of adequate use of a particular software product, as well as the prerequisites in
the preparation of a computational model.

Key words: R.C. water tank, FEM software, internal forces, reinforcing bars

1. BbBenenune

CTpouTencTBOTO HA CTOMaHOOETOHHHTE PE3EPBOAPH 3a ChXPaHEHHUE Ha BOJA, B TTOCJICTHO
BpEMe 3aroyBa Jia ce ,,chb0yxkaa“, mpeaBu MpoOIeMUTe C KPU3UCHUTE TIOJIOKEHUS 3a MUTEHHA
¥ TIpoMHIIJIeHa BoAu. ToBa Boau 10 (hakTa, ue MPOCKTAHTUTE-KOHCTPYKTOPH TPsAOBa 1a ObaaT
3ao3HaTH C OCOOCHOCTUTE HAa AaHAM3UTE HA TEe3W CHOPHKEHUS U BB3MOKHOCTUTE 3a
KOHCTPYHPAHETO UM.

2. e Ha U3cJIeIBAHETO

I[OKJIa,Z[’bT pasricxkKaa OCHOBHHUTC CICMCHTH Ha BKOIIAHUTC CTOMaHO6€TOHHI/ITe
IWJTUHAPUYHU pe3epBoap 3a Boaa (dur. 1), ¢ uaes 3a KOMIIOTHPHHA aHAJIM3H, KaTO ca JaAcH!
KOMEHTapH 32 BbBEXKJAHE B CIICIUATU3UPaH copTyep M Bb3MOXKHU TPEIIKU MPHU aHAIU3UTE,
U3001110.

! Cranucnas 1[BeTkoB, 101., 1-P, UHX., Buciie ctpouTenHo yummumie ,,JI. Kapasenos®, CTpouTeneH (axynTer,
Katenpa ,,CtpoutenHu KoHCTpykuuu®, 1373 rp. Codus, yi. ,,Cyxomoncka” Ne 175; e-mail: st.cvetkov@vsu.bg;
Stanislav Tsvetkov, Associate Professor, PhD, Eng., University of Structural Engineering and Architecture
(VSU) ,,Lyuben Karavelov®, Faculty of Construction, Department of Building Structures, 175 “Suhodolska™ Str.,
1373 Sofia, Bulgaria; e-mail: st.cvetkov@vsu.bg

2Teopru Suues, cryaent, Buciue ctpourento yunnuue ,,J1. Kapasenos®; e-mail: g.n.yanchev@abv.bg;

Georgi Yanchev, student, University of Structural Engineering and Architecture (VSU) ,,Lyuben Karavelov*;
e-mail: g.n.yanchev@abv.bg
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AT
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®@urypa 1. OcHo (1/2) ceyenue Ha BKOTIaH pe3epBOap 3a BOJA

3. O0630p Ha CHUIECTBYBANIOTO ,,II0J0KeHUE", TPETHPAIIO0 KOHCTPYKTHBHHTE
pewenus [1], [2] u [3]

JABbHATA He ce moaenupar, KOoraro ChbIIUTe ca ThHKH (B HOpsAbKa Ha JeOeiarHa 3a
MojIoBa eTaxkHa rmiova — 70 20 cm). YCIOBHETO € MPOJUKTYBAHO OT 0OCTOSTEICTBOTO, Y€ HE
ce OTYHUTAT CpsA3BALIUTE AehopMaIiH, KaTO Ce IprueMa pa3lnpeaeeHHe o MPEANOCTaBKUTE Ha
Knacuueckara teopus Ha Kirchoff-Love [4].

[NPBCTEHOBU/IHUTE ®YHIAMEHTU ca ¢usnuecku yneOenenuss Ha JbHATa MpU
HWIMHIPUYHUTE CTEHH U TSIXHOTO MOJeNupaHe (M MocieaBanl aHajlinu3 KaTo GyHIaMeHTH 0]
YepymnKUTEe), € B TOJI3a Ha CUTYPHOCTTA. 3a CTaTUYHH ¥ CEH3MUYHHM aHAIU3U, MpH
MpeanocTaBKaTa 3a ,,3allbBaHe’ MpU JOJIEH phO cTeHa (TopeH pbO (yHIaAMEHT), caMHUTe
dbyHIaMEHTH HE Ce MOJETUPAT KaTO KOHCTPYKTHBHH €JIIEMEHTH. 32 CTAaTUYHH M CEU3MUYHU
aHaJM3M, MPU TMPEANocTaBKaTa 3a ,,eJlacTUYHa OCHOBA™ IMPH JOJICH phO cTeHa (TOpeH pbO
dbyHnaMeHT), camuTe (QyHIAMEHTH KAaTO KOHCTPYKTHBHH EIEMEHTH, JIGKAT Ha elacTUYHa
ocHoBa (Haii-yecto 1o Teopusita Ha Winkler) — BB3710BO Miu Mo €1eMEHTH (MIOBBPXHUHHO).
@yHaaMEHTHTE, KOUTO ca ¢ MMpaMUIAJIHA TOpHA MOBBPXHOCT, BbB BEPTUKAIHO OCHO CEUEHHE,
MOXXe W Ja ce Mojenupar ¢ rmodectd (Shell) kpaliHu eneMeHTH ¢ TPaBOBIBIHO — 3a
MaKCHMaHa BUCOYMHA UM OCPEIHEHA.

HMJIMHAPUYHUTE CTEHMUM ca enemeHT B pe3epBoapuTe, 4ype3 KOWTO CE€ MOCTUra
UKOHOMHSI Ha MaTepuai 3a CaMUTE CTEHH M HEJOIyCKaHETO Ha Ipepa3xoj WM 3aryou Ha
ChXpaHsIBaH MPOAYKT TMpH CamMoTO ChopbkeHue. Popmata Ha CTEHUTE, OINpeAens
HaMMEHOBAHUETO Ha pe3epBoapuTe (IMJIMHAPUYHHU, C TMPBHCTEHOBHIHO HANPEYHO CEUYCHUE).
B ciyyan Ha ronemu (oHSKOTa ¥ HA OTPOMHH) 00€MHU, B CTCHUTE MOJXKE J1a C€ MOJEIUPAT U B
MOCITIEACTBHE — KOHCTPYHpPAT CKPUTH WJIM BHIUMHU KOJOHHU, OCUTYPSIBAIlM CTAOWJIMTET WU
KOpaBHHa MPH CEM3MHYHU BB3AeicTBHUs. Koraro creHuTe ca BUCOKM M KMMa HalIW4YUEe Ha
3HAYUTEJICH 3¢MEH HATUCK, € PEHTA0OMIHO KOHCTPYHPAHE C IPOMEHJINBA IeOeTMHa Ha CTCHHUTE,
AQHAJIOTMYHO Ha MOJIOPHUTE CTEHU — C IJIaJKa paBHA MOBBPXHOCT OT CTpaHaTa Ha BojaTa U
JUHEHHO M3MEHSAIA C€ TeOMETpUsi OT cTpaHa Ha mouBara. ChINO, KaKTO (YHIAMEHTHTE U
creHuTe ce moaenupar ¢ modectu (Shell) kpaitau enemeHTH.

OITOPHUTE ITPBCTEHMU, ocbliecTBsABalIM Hall-OTTOBOPHA 3aja4ya — Bpb3Ka ,,IOKPUB-
cTeHa", MpeCTaBIsABAT ,,CKpUTH * (B paMKHTE Ha caMaTa CTEHA) U ,,BUTUMHU " (TIO-IITUPOKH OT
CTEHAaTa, MOXE U ChC CKOCSIBAHMsI) MPBCTEHOBHUIHYU I'PeAM, MOACTHPaHH KaTo rpenoBH (Frame)
KpaiiHU €JIeMEHTH, C OIpe/IeJICHHs eKCLIEHTPUIIMTET 10 BETE OCH (OT Bpbh3KaTa MEX/y MOKPUB
U CTEHa), 3a IOCTUraHe Ha peaTuCTUYHO penienue, Hanpumep ¢ Cardinal Point (8 SAP2000).

I[TOKPUBHATA KOHCTPYKIUA — ITJIOYU (rmagku wim opeOpeHH ¢ Tpean) HIH
KVYIIOJIN (chepuyHn wnM KOHMYHM UYepynku ¢ [aycoBa KpHBHHA), HaMHpaT CBOETO
NPWIOKEHHWE B 3aBUCHUMOCT OT KOHKPETHHS Ciy4yail M TpeleHKa Ha MpOeKTaHTa — 3a
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HaMaJsiBaHe Ha yCHIUATa M nedopmanuure. MoAEIMpaHETO Ce OCHILIECTBSIBA C IJIOYECTH
(Shell) kpaitau enemenTu. B cimyuait Ha Kymos — ChIIUAT ce yaeoensiBa KbM nepudepusita, npu
ONOpHUS TPBCTEH, C LEJ1 CEYCHHeTo Ja paboTu ¢ To-ToyisiMa TOJe3Ha BHCOYMHA.
[TpuOnu3uTeNnHO Ha IBIDKMHA, paBHA HAa CTOMHOCTTa Ha €JacTHMYHATa XapaKTepUCTHKA Ha
Yyepyrikara s, MOKe Jla CTaHaT MPEeXoI1 Ha JeOeNMHNTE — OT Ae0eia KbM ThHKA, OTHOBO LIEJISIIO
MKOHOMMSI Ha MaTepuai U MOCTUraHe Ha IByMEpPEH HATHCK B ,,ChpIIeBUHATA" HA KyMOJa.
OTAYIIHUL N APYTU PEBU3NOHHU OTBOPU ce monenupar no npeeHka, Kato
ce otunTa (pakTa 32 0€3MOMEHTHO HAMPETHATO ChCTOSHUE (TTPU OMIIO HA KYTOJIUTE) U TTOsIBaTa
Ha KOHIIGHTPAaTOPH Ha HANpeKeHUs, BKJI. U KpaeBU eekTu (0TBOpHU 3a TpbOU M MHCTANIAIUH,
peBU3Us U Ip.).
BE3KPAMHO KOPABHW EJIEMEHTU — ToBa ca
30HU, CBCTABEHH OT €JIEMEHTH, YHITO KOpaBUHA €
3HAYUTEIHO YBEJIWYCHA, MPEJIBU PeaTHaTa BPbh3Ka MEKIY
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®urypa 2. Mozenupane Ha kopas eseMeHT cbc SAP2000 [2]
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Pa3bupa ce, He TpsiOBa B HUKAKBB CIIy4all J1a c€ OTXBBPIS Bb3MOKHOCTTA 32 MPOBEPKHU
Ha pbKa Ha KOHCTpYKIMATA. PermaBaHeTro Ha T.Hap. ,,CI0KEH BB3ENI“, B KOWTO ce chOuUpar
1IOBEYE OT JIBE YEPYIIKU (HAIIPUMED: KYIIOJI, OTIOPEH MPBCTEH U IIMJIMHAPHYHA CTEHA), YCIIEITHO
¥ MHOT'O TOJMHH Hapen, e u3uucisaBal no Jedhopmaunonnus meron ot CTpoutenHaTa cTaTUKa
[5], upe3 pemiaBaHETO HA CUCTEMH JMHEHHU ypaBHEHHUS, IO TOCTUTAHE HEMPEKbCHATOCTTA HA
nedopManuuTe U OTYUTAHE B3aMMOJCHCTBHETO MeXAy uepynkute. [Ipubnusurennara
MOMeHTOBa Teopust Ha /1. JI. [lacmepHnak 32 OCOCUMETPUYHHU YEPYIIKH, € B CbCTOSIHUE J]a OTPa3u
CBINO U crienudrKaTa Ha CCM3MHUYHOTO BB3/ICHCTBUE, pa3dupa ce ¢ yCIOBHOCTH [7].

BB3JENCTBUATA npencrapissar npodieM, KOMTO Ce PElliaBa BHUMATEIHO, IPEIBUL
BB3MOXKHOCTHUTE Ha TPOTPAMHHUS MMPOAYKT, C KOUTO ce paboTH. B MacoBus cirydait — TuHEHHUTE
(HepaBHOMEPHO) pa3NpeIeICHN TUIOIHN Bh3ICHCTBUS, Ce BbBEX AT KaTo [IOBbpXHUHHU WK
Surface Pressure, kKakTo M KaTo paBHOJEHCTBAIM CHJIM Ha Te3W ToBapu (M0 OOEKTHBHA
npeneHka). Macu, Morar aa ObJaT KOHIEHTPUPAHH BHB BH3JIH WIH CBBP3BAHU C MPYKUHU
(Link — enemenTn), B ciydante Ha cen3muueH ananus ¢ Impulsive u Convective Hydrodynamic
Masses. Crienuanusupanute copTyepu, KOUTO HE pa3rnojiaraT ChC CIeUAIHU BUI0BE KpaltHU
€JIEMEHTH, a paboTAT caMO C HATOBAPBAHUS — 110 PA3IMYHU 3aKOHU (CUJIM U JTUHEHHU/TTOIHI
BB3JICHCTBUS), M3UCKBAT TpaHChOpMallMs Ha TOBApPHUTE 1O TaKWBa, C KAKBUTO Pa0OTHT.
O6parHo, codpTyepu, paznosaraiiy ¢ Ha0Op OT XapaKTEPUCTUKH U HACTPONKH, YCTICIITHO MOTaT
Jla ce U3IOJI3BAT 3a HaJlaraHETO Ha OIpeaesieH! 3aBucuMocTH. Hail-chbBpeMeHnHuTe 1 pa3dupa
ce Hall-MOIITHU TporpaMHu cuctemu, padorentu ¢ Fluid — uu kpaiinu enemenTu (kato ANSYS,
ABAQUS u 1p.), BOAAT KaKTO JO TOYHOCT B PEIICHHETO, TaKa U JO0 M3BECTHA UKOHOMHUS Ha
MaTepuaiy, Ype3 MOoTydeHH MO-MaJIKi CTOMHOCTH Ha yCUITUSATA.

Pazbupa ce, B HUKaKbB ciiydail He TpsOBa na ce mpeHeOperBa U Modal Analysis c
AaKTHBHUPAHETO Ha OIpe/eJeHH KOMIIOHEHTH — MacHu W/WJIM TOBapH, 3a MOJATHUTE MAacCH.
Hanpumep, 3a oTuntane reBkaBocTTa Ha yepynkata (Flexibility), e Baxxno na ce ,,3aneiicTBar’
camo coOCTBEHOTO TETJI0 Ha KOHCTPYKIUSATA.

Ipu KOMBUHUPAHE HA BB3IEMCTBUSTA, ce THpCAT BE3MOXKHHUTE U JIOTHIHHUTE
CbCTOSIHUS Ha paboTa Ha KOHCTPYKIMSATA — OT U3TPAKIAHETO W, JO0 pealHuTe
excrutoataiiuonHu. Heo6xonumo e n1a ce moaueprae, 4ye HUBOHAITBIBAHUATA C BOJA, KAKTO U
eTarnuTe Ha 3acUIlBaHEe C MMoyYBa (MPU MOJ3EMHUTE ChOPBHKEHHUS), ca pelIaBalld U BaKHU MPU
HSIKOM NMPOBEPKHU Ha HAIMIPEKEHHUATA. 32 BCAKO TOBAPHO CHCTOSIHUE BHUMATEIHO CE TpEIeHsBa
OCHOBHOTO BB3/ICHCTBHE, KAKTO U CHI'BTCTBAILUTE (B OMPECICH CHHXPOH U CTEIIEHyBaHE 110
Ba)XHOCT), 32 J1a ObJAT MPABUIHO OMNPEAETICHM YAaCTHHUTE KOC(PHUIIMEHTH 332 CUTYPHOCT IO
BB3JICHCTBUE U KOe(UIMEHTUTE 3a chueTaHus. Hsikou mporpamuu npoayktu (kato Tower)
pasmojaraT ¢ MOJYJ 3a OTYMUTaHE Ha ETAlHOCT MpPHU CTPOMUTEICTBOTO, C OTYUTAHETO
(BKJIIOYBAHETO) HA OTAEITHU MaTepualy, KOHCTPYKTUBHU €JIEMEHTH, TOBAPHU CHCTOSHUS U
KOMOWHAIINH.

TBJIKYBAHE HA PE3VJITATUTE U HAUMHU HA AHAJIN3 HA APMUPOBKUTE
(KOHCTPYUPAHE) — Hapen ¢ BCHYKH OCTaHAIH, HO U C 0COOCHA Ba)KHOCT, € MOMEHTa Ha
WHXEHEPHOTO TBHJIKYyBaHE Ha pe3yJTaTuTe, NpHU KOETO ce MpoBepsABaT nedopManunuTe
(XOpU3OHTAIHA TPEMECTBAHUS W BEPTHKAIHU MPOBHCBAHMS), KAKTO M CTOMHOCTUTE Ha
pa3pe3HuTe yCHIIUSA, C KOUTO CE€ aHaJu3UpaT apMUPOBKUTE U C€ MPaBAT HEOOXOIUMHTE
IPOBEPKH Ha MyKHATMHOYCTOWYMBOCT HA XUAPOTEXHUYECKOTO ChOPBKECHHUE.

[To muenue Ha aBTOpa []6emKo6, aHATU3BT Ha APMUPOBKUTE HA OTACITHUTE YEepPYIKH,
CHCTaBSIIN IsJ1aTa KOHCTPYKILHMSA, Ha OI'bBaHe (a HE 3a HAIPErHaTOTO ChCTOSIHHE, B KOETO Ce
HaMUPAT), BOJIU JI0 U3BECTHO ,,[Ipeopa3MepsaBaHe’ Ha OTACTHUTE eIEMEHTH U BHACS HESICHOTU
Ipyd HauyMHa Ha CaMOTO KOHCTpyHpaHe (32 KyHOJIM W IMIMHIPUYHH CTEHH, HO 0COOEHO
M3pa3eHo MpU OMOpHHUA NMpbCTeH). B To3u pen Ha muciau u popmyna 1 He € KOpekTHa, a €
IPENOPBHUUTETHO U3MOI3BAHETO HA (hopMyHuTe OT [2].
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3a aHanu3a Ha HalpeuyHHu CHUJIN TpHGBa Aa €€ MMOMHCJIN, KOraTo € HaJIMII€ HCCUMCTPUIHO

HATOBapBaHe, BKJI. U 3eMETPbHC, Thil KATO NPBCTEHUTE Ca MOJIOKEHH Ha YCYKBaHe.

d—d

4. @parMeHTH OT YHCJIEHU eKCIIEPUMEHTH

4.1. CpaBHeHHe Ha Pe3yJITATH OT CTATUYHU MO/IEJIN, IPU KOUTO €A U3M0JI3BAHU
PA3JIM4YHU NPOTPAMHU NPOAYKTH (€ pa3JMYHM NOKPUBHU KOHCTPYKLMH)

[To-namomy, Morar ia ce BUAST MOTYYCHUTE NMPHCTEHHH (,,IPHCTEHOBUIHU ) YCUITUS Ha
HWIMHIPUYEH BKOMAaH pe3epBoap 3a BOJA, PEIICHU ChC CTATUYHU W3UMCIUTETHU MOJAETU
(M3cneBaHu C TPH MPOTpaMHU IpoayKTa — ur. 3, ¢ur. 4 u ¢wur. 5).

a) I'pyna A - [Ipoexr 3a HaceneHo MscTo — rp. Bugun. O6em Boga — 1400 m®. Bucounna
Ha [WJIMHJIpPUYHATAa CTEHa, 3aeAHO Cc omnopHus npbcreH H = 6 m. Knacer Oeron 3a
koHcTpykiuara ¢ C 30/37, ceri. BJIC EN 206:2013+A1:2016/NA:2017. MakcumanHaTa
nebenrHa Ha Kynonia € 15 cm, nebenuHara Ha WIMHAPUYHATA cTeHa — 18 cm, a pa3mepure Ha
onopHus npbeteH ca 40/60 cm. Ipu crpenka f=2,4 m, paguychT Ha pe3epBoapa R=8,625 m.
OG6GeMHOTO Terno Ha Hacumanara mousa e 20 kN/m? (mpu nebenrHa HA TIOYBEHUS TUIACT HAJl
kynona — 80 cm), a Ha Bojara — 10 kN/m®. TlouBaTa e ¢ BI'bJ Ha BBTPENIHO TPHEHE (P=25°.
OtuereHu ca Bb3ACUCTBUATA OT XUAPOU3O0JIALUHU U 3aMa3KH.
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®durypa 3. AHaJm3 ¢ Autodesk Robot Structural — 3a ToBapHa KOMOUHAIIHS:
I'bJICH U HE3aCHIIaH pe3epBoap, MPbCTEHHU YCHIIUS 3a pe3epBoap:

a) C KOHMYEH KymoJ; 0) ¢bC cheprudeH KymoJ

®durypa 4. Ananuz cec SAP2000 — 3a ToBapHa KOMOMHALIMA: IBJICH U HE3aCUIIaH pe3epBoap,
MPBCTEHHU YCUIINSA 32 PE3€pBOap: a) C KOHMYEH KYToJ; 0) ¢hC chepudeH Kymo
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6) 'pyna B - ITpoexT 3a HaceneHo mscTo — rp. Crapa 3aropa. O6em Boga — 750 m®.

BucounHa Ha nMIUHAPUYHATA CTEHA, 3a¢AHO ¢ omopHUS npbkcTeH H = 5,7 m. KmacwT
6eton 3a koHcTpykimsta e C 25/30, cerin. BJIC EN 206:2013+A1:2016/NA:2017. Jlebenunara
Ha Kynojna € 14 + 8 cm, nebennHarta Ha UWIMHIpPWYHATA CTeHA — 18 cm, a pasmepute Ha
omnopHus npbeTeH ca 25/40 cm. Ipu crpenka £=2,22 m, paanychT Ha pezepBoapa R=6,66 m.
OG6GeMHOTO Terno Ha Hacumanara mousa e 20 kN/m? (pu nebenrHa HA TIOYBEHUS TUIACT HAJ
KyToja — 80 cm), a Ha BogaTa — 10 kN/m?>. ITouara e ¢ BI'bJl Ha BETPEIIHO TpUEHe p=25°
OTt4ereHu ca BB3ACUCTBHUITA OT XUAPOU3OJIAIIMU U 3aMa3KH.

®urypa 5. Ananus ¢ Tower 6 — 3a ToBapHa KOMOMHAIHS: ITBJICH M HE3aCUIIaH PE3epBOAp,
MPBCTEHHU YCUIIUSA 32 PE3EpBOAap: a) C KOHMYEH KYToJ; 0) ¢hC cheprudeH Kymo

Kakro ce Buxia oT AuarpaMuTe Ha U30JMHUHUTE — HAINYHA € TIOJOOHOCT B pe3yJTaTuTe
npu ¢ur. 3 u ¢ur. 5, Ho npu ¢ur. 4 ce HabIrOAaBA TOIAMO pa3IUYMe 32 OITbHHUTE YCHIIUS B
CTEHara.

4.2. CpaBHeHUe HA Pe3yJITATH OT CTATUYHHU M CEM3MUYHU MOJIeJIU, IPH KOUTO €
H3MO0JI3BAH €UH U ChII MPOrpaMeH NPOAYKT (C eIHAKBU MOKPUBHU KOHCTPYKIIHH)

[To-nony ca mokazaHW OCHOBHHU YacTH OT aHayim3uTe (0T dur. 6 1o ¢ur. 13 u tadn. 1),
KaTo € OTYETEH U TMHAMUYHHSI 36MEH HATUCK. XUIPOIMHAMHUYHUTE HAISTAHUS OT UMITYJICHBHA
Y KOHBEKTUBHU KOMIIOHEHTH Ha BOJIaTa [0 BpeMe Ha CEM3MUYHO Bb3JCICTBHE, ca MOIy4YeHU
cbriaacHo ¢popmynute ot: [7], [8] u [9], ¥ BbBeleHU B MporpamMara KaTo BHHIITHO HATOBapBaHe,
ype3 onuusTa ,,I[oBBpXHUHHO HaTtoBapBaHe'. PemieHusATa ca 3a ChbOPBHKEHUETO, OMHUCAHO C
TeOMEeTpHsl U BB3ICUCTBUSA, CbII. T. 4.1. 0)., MpU JONBIHUTEIHO TPUETH: MOYBa THI D
(cermacio BJIC EN 1998-1), ¢ BunkiepoBM KOHCTaHTH 3a CTaTHYHU U CEU3MUYHU

static loads __ '
. kY =20000kPa/m" .
BB3JACHUCTBUA: . Koe(bI/II_H/IeHTI/I Ha: 3HAYUMOCT Ha CHOPBHKCHHUECTO

fgimie leads — 60000 kPa / m'

’Y[=1 1 Ha IIOBCACHHUC q=1 (33 HUMITYJICKBHA 1 KOHBCKTHUBHA KOMHOHCHTI/I).

a) U3rJe — peHANpPaHe ChC 0) monanen ananu3 (¢ neopMUpaHa cxema Ha
,»CBHBKYITHOCTH KOHCTPYKIHSTA, TUCKPETU3ALIHS)
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®urypa 6. [IpoctpanctBen uzuuciautesen Mmojen ot Tower 6
‘e iz e 1[s]
,'Il oomosgy 0,025582 .
~ | pooas 0025580
_-'f 8.000350 0.024965
oo 0.023949
7 a.000560 0.023935
0016657

3000360
| GOOZTE 0.018562
G.O000E78 6)

|-—-J & m|-=- w|mi-v

®durypa 7. Pesynratu oT MoJIaTHU aHAIKM3H 32 TBPBU (DOPMU Ha TPENTCHE HA
yepyrkara: a) 3a Mozien 6e3 Mozenupan GyHIaMeHT; 0) 32 MOJIeNl C MoJIeNnupaH (PyHIaMEeHT

ITpu popma Ne 12 e nocrurnara 100% - akTuBHpaHa MOJaiHa Maca 3a KOHCTPYKIUATA.

Buxna ce, ue BbBekAaHeTO Ha (yHIAMEHT € MpeNrocTaBKa 3a yBEIWYaBaHE Ha
coOCTBeHHUTE Mepuoan Ha TpenteHe. Ho camute Moiemnu, ¢ OTYETeHH CEM3MHYHU Bb3/1CHCTBUS
KaTO HATOBapBaHUs, UMAT CPAaBHUTEIHO MAJIKU UMITYyJICUBHU NTEPUOAH.

H3CJITE/IBAHU MOJIEJTHA :

MO/IEJI I — VI3uncnuTeneH MOJET Ha pe3epBoapa — 3albHaT, CTaTUYHA KOMOWHAIHS,

MOJIEJI 2 — VI3unciuTeNeH MOJIeNl Ha pe3epBoapa — C MOJEIUpPaH NPbCTEHOBUICH
(GyHIaMEHT BBpPXY €1acTUYHA OCHOBA, CTATUYHA KOMOWHAIIHS,

MOJIEJI 3 — W3uucinuteneH MOJEN Ha pe3epBoapa — 3albHAT, CEU3MUYHA
KOMOMHAIINA,

MOJIEJI 4 — V3unciuTeNned MOJIeNl Ha pe3epBoapa — C MOJEIUMpPaH NPbCTEHOBUICH
(GyHIaMEHT BBpPXY €JacTUYHA OCHOBA, CEM3MHYHA KOMOUHAIIHSI.

Taouauna 1. CTOITHOCTH Ha pa3pe3HUTE YCUIIUS

enemenm yeunue MOJIEJT 1 MOIEJI2 | MOJEJI 3 | MOJEJI 4
Mx, [kN.m/m'] | -4,55/1,06 -4,55/0,91 -3,36/0,79 | -3,36/0,78
My, [kN.m/m'] | -39,66/3,78 | -39,73/3,78 | -29,53/2,81 | -29,52/2,81
fynod Nx, [kKN/m'] 452,71 452,73 340,37 340,33
Ny, [kN/m'] -239,09 -239,09 -176,31 -176,33
Mx, [kN.m/m'] 1.6 2,83 2,98 1,7
wmaapuana | My, [KN.m/m'7 | 16,35/-3,91 | 27,86/-3,71 | 29,67/-6,56 | 20,23/-6,99
CTeHa Nx, [kN/m'] 243,35 232,95 496,92 505,54
Ny, [kN.m] -87,05 -124,92 -87,55 -94.,44
omopen | M3, [KN.m] 4,77 4,74 3,40 3,41
NpLCTeH N1, [kN] 301,96 301,76 220,92 220,76
3a0eexKKHy:

1. 3a KVYIIOJIA — ToBapHOTO CHCTOSHME € TPA3€H U 3aCUIIaH PE3epBOap;

2. 3a HWIMHAPNYHATA CTEHA — TOBapHOTO CBhCTOSIHHE € MbJIEH U HE3aCUIIaH
pe3epBoap;

3. 3a OIIOPHUA ITPbCTEH — TOBapHOTO CHCTOSIHUE € MPA3EH U 3aCHUIaH pe3epBoap,
KaTo MpPEICTaBeHUTE (OL[BETEHUTE) CTOMHOCTH MOKa3BaT MO-MaIbK €KCLIEHTPUIIUTET
OT YCUJIUATA MPU TOBAPHO ChCTOSIHUE — ITBJICH U 3aCUIIaH PE3EPBOAP OT MOCOUYCHUTE
(dwur. 8 u ¢ur. 9).
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a) 6)
®urypa 8. /luarpamMa Ha MaKCUMaTHUTE CTOMHOCTH Ha pa3pe3nute ycuwiust N u M
oT Moaen 4, Ha onopHUs NPBCTEH, MPH: a) IIbJIEH U HE3aCUIIaH PE3epBOap;
0) mpa3eH ¥ 3aCHIIaH pe3epBoap

i mHHMWlIHHWHHm i

a) 6)
®urypa 9. /luarpama Ha MaKCUMaJIHUTE CTOWHOCTH Ha pa3pe3Hute ycunausi N u M
oT Mogzen 3, Ha OnOpHUS NMPBCTEH, MIPU: a) IIBJICH U HE3aCHUIIaH PEe3epBOap;
0) mpaseH u 3aculiaH pe3epBoap

Ot Tabnuna 1, ce BIKAa, de:

1. 3a MepuauaHHaTa ¥ TPHCTCHOBUIHU apMUPOBKA HA KYIOJia, HsSMa ChHINECTBEHA
pasnuka (mogo6Hu pe3yarati). ChIIOTO HEIIO Ce OTHACS 3a ONMOPHUS MPHCTEH;

2. 3a nuIMHIpUYHATA CTEHA - CTATUYHUTE MOJENH, TTOKa3BaT J0 OKOJIO JBa ITTH TO-
MAaJIKF CTOHHOCTH TIPU PHCTEHHUTE YCHIIUS B CPaBHEHHUE ChC CEU3MUYHHUTE MOJICITH.
Obaue MakcuMamHaTa CTOWHOCT Ha MEPUIMAHHOTO YCUIIHE (32 CTEHATA), CE TOTyJyaBa
MIPH CTaTHYHUST MOJIEN ¢ MojenupaH ¢yHmameHT. [1omoOHM M3BOAM 3a JBYKPAaTHO
yBEJIMYaBaHE HE MOTaT Ja ObJaT NaJeHH 3a OTbBAIINTE MOMEHTH B MEPUIUAHHO

HaIpaBJICHUE;

3. BaxHo e na ce oTOenexu, 4e MaKCUMATHUTE MEMOpaHHU YCHIIHS 32 IWIHHIPHYHATA
CTCHA, C€ MOJy4yaBaT MPH MOJICIIMPAH MPbCTEHOBUICH (QYHIAMEHT (3a CTaTHUYCH U
CEU3MHUUCH MOJICIIN).

®urypa 10. /IluarpaMmu Ha MaKCUMaTHUTE CTOWHOCTH HA PAa3pe3HUTE YCUIIHUS HA
KyIloJIa, 32 TOBapHa KOMOWHAIUs: TIpa3eH U 3acullaH pe3epsoap, Mosen 2:
a). MepUIMaHHU MOMEHTH My; 0). Mepuauanuu ycuus Ny
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®urypa 11. /luarpama Ha MaKCUMaJITHUTE CTOMHOCTU Ha pPa3pe3HUTE YCUIIMS HA
KyIoja, 3a ToBapHa KOMOMHAIM: IIPAa3eH U 3acUIlaH pezepsoap, Mozen 2:
IPBCTEHHO ycuiane NX

®urypa 12. Jluarpama Ha MAKCUMAJIHUTE CTOMHOCTH Ha Pa3pe3HUTE YCUIIUS HA
CTEHaTa, 32 TOBapHAa KOMOMHAIMS: IThJIEH M He3acCUIaH pe3epBoap, Mogen 4:
NPBCTEHHO ycriine NX

®urypa 13. Jluarpama Ha MAKCUMAJITHUTE CTOMHOCTH HA Pa3pe3HUTE YCUIIUS HA
CTEHaTa, 32 TOBapHAa KOMOWHAIMS: IIBJIEH M HE3aCHUIIaH Pe3epBoap,
Mogen 2: mepuauanao ycunue Ny

3abenexka: Ilokazanute ¢urypu (ot ¢ur. 10 mo ¢ur. 13), umar 3a men KpaTko
M3SICHSIBAHE HA KAPTUHATA HA YCUITUSATAa U KOMEHTUPAHUTE U3BOAM OT Ta0IHIIaTa.

OT HampaBeHOTO U3CIEABAHE, MOXKE Ja C€ MOAUEPTAE, Ue MPU YETUPUTE U3UUCIUTEITHU
MoienH (He3aBUCUMO OT TOBApPHOTO CHCTOSIHME), BUIBT Ha IUAarpaMUTE 3a €JIEMEHTHUTE, HE ce
MPOMEHS 32 MOJOKUTETHU U OTPULIATETHN CTOMHOCTH, M MECTOIIOJIOKEHHUE Ha YCUIIHSTA.

N3Boan

CTpoUTEeTHO-KOHCTPYKTUBHOTO MPOCKTUPAHE HA CTOMaHOOETOHHU PE3EepPBOAPH 3a BOAA
€ TPYJOEMBbK MpPOLEC, BKIIIOYBAI UHCTPYMEHTApUYM OT Pa3jIMYHU [0 €CTECTBO MOAXOIN U
Ha4YMHM 32 peliaBaHe: ToKyMeHTH U CTaHIapTH 3a MPOCKTUPAHEe, U3IOJI3BaHe HA MPOrPaMHU
MPOAYKTH (crienuanu3upan cohryep, bazupan Ha paboTa mo Meroaa Ha KpaltHUTE €IIEMEHTH ),
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OCHOBHH ITO3HAHUS 110 MHKCHEPHUTE HAYKU U UIes 32 PAIL[HOHAIHO U JIOTHYHO MUCIICHE, B T.4.
U TpUIaraHe Ha YWCIICHW EKCHEPHUMEHTH C TMapaMeTPHUYHH pEIICHHS W ONTHMHU3AIHA, 0
JOCTUTaHE Ha KpalHWTe M3UCKBaHMUA 3a €(QEKTUBHOCT M HOCEIIa CHOCOOHOCT Ha
KOHCTPYKIIHATA.

C nokazanute: 0030p U JIBE€ TPYIH PEUICHUS C PE3yJITaTH U 3aKIIOYCHUs, Ce 1eNIN Hall-
BEUE YTOYHSBAHE HA PE3YJITAaTH, HEOOXOMMH 32 KOPEKTHOTO apMUPAHE HA ChbOPBKCHUATA, TTPH
pa3nuyHu 0a3UCHU aHAIIU3H.

N3unciuTenHH MOJETM W CHCTaBEHHTE KOMOWHAIMM Ha BB3ACHCTBHATA (TOBapHH
CBCTOSIHUSA), Ca M3TOTBEHU C LIMPOKO MpHiIaranu copryepu ot npaktukata. [1o TakbB HauuH,
IIOKa3aHUTE PE3yJITaTH MOTraT Ja C€ W3MOJ3BAT 3a BepUUKANWSA MPHU OTACITHH DEIICHHS.
WHTepecHO KaTo 3aKiIIOYEHHE, MOXE Ja C€ MU3ThKHE HEOOXOTUMOCTTa OT HACTPOMKHUTE 3a
CEeM3MUYHUTE aHATM3HM M MOJAEIMPAHETO HA MPBCTCHOBUIHNUTE (DyHIAMEHTH (pE3yNTaTUTe 3a
KOMTO C€ M3BEXIAT AMPEKTHO OT codTyepa, 0e3 IOMBIHUTEIHM W3YUCICHUS Ha pbKa,
HaIpuMmep).
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»YKPEIIBAIIUTE* BPb3KH
TP CTOMAHOBETOHHUTE KOHCTPYKIIMU HA CTPAIUTE

Cranuciaas [{Berkos!

Bucwe cmpoumenno yuunuwe ,,Jlrooen Kapasenos*, Cogus

STABILITY LINKS
IN REINFORCED CONCRETE STRUCTURES OF BUILDINGS

Stanislav Tsvetkov!

University of Structural Engineering and Architecture (VSU) “L. Karavelov”, Sofia

Abstract: The stability links in buildings are the main structural element on which they
depend.: the stability, stiffness and deformability of the main anti seismic structures. The
report, through parametric analyzes, examines the "classic" solutions with steel elements.
The presented solutions have the task to show a picture of the values of internal forces
and displacements in the links themselves, through which to give a further meaningful
construction.

Key words: stability connections, reinforced concrete buildings, FEM software, internal
forces, displacement

1. BLBeaenue

XOpU30OHTATHUTE BB3IACUCTBUSA (OT BATBP U 3EMETPBC) B CTOMAHOOCTOHHUTE
KOHCTPYKIIMH, YCIICIITHO C€ TTOeMaT ¢ YKPENBaIlli BPb3KH, PA3BUTH B PA3TMYHA KOHPUTYpaITUN
U LENALIM OCUTypsBaHE Ha crpaaure. M3BecTHO e, 4e mpu aedopmanusi, IpaBObI'bIHO
OTIMCAHOTO TI0JIE, C€ CTPEMHU Jia c€ TPaHC(HOPMHPA B YCIIOPEIHHK, a JUATOHATBT CPEITy THITHS
‘bI'bJI HA HOBATa (bnrypa Tro B’bSHpeHHTCTBa. HO TO3HW HAYMH, TO3HU AUaroHaa I1o€Ma OIITbHHUTC
ycunusi. CAHMETPUYHOTO KOHCTPYHPAHE € XapaKTePHO 3a PEBEPCUBHUTE BB3ICUCTBUS U 3aTOBA
JUuaroHaamuTte OCHOBHO Ca [ABa, MMCHHO, 3a Ja preHBaT B JBCTC BB3IMOXHHU (‘-I@CTO —
B3aMMHONEPICHANKYJSIPHH) TIOCOKM HAa YCWIMSATa M Ha crpajgata. Taka KOMIUIEKCHT OT
KOHCprKTI/IBHI/I CIICMCHTH, HpI/I KOUTO KBM I-IGTI/IpI/I’bl"'I;.HeH KOHTyp ce I[OGaBHT JuaroHaiu,
MpecHYald Cc€ C EJIEeMEHTHUTE OT KOHTypa H 0Opa3yBamld KOHCTPYKIHS, IOeMaIla
XOPU30HTAIIHO BB3/ICHCTBUE Upe3 paboTa Ha eJIeMEHTUTE U, ITaBHO HA OCOBU CHIIU, CE HapH4a
BEpPTUKAIIHA BPB3Ka.

! Cranucnas LlBeTkoB, 1011, A-p, MHX., Buciue ctpoutento yunnume ,,J1. Kapasenos*, Ctpoutenen Qpakyirer,
katenpa ,,Crpourennu KoHcTpykuun', 1373 rp. Codus, yi. ,,Cyxonoincka” Ne 175; e-mail: st.cvetkov@vsu.bg;
Stanislav Tsvetkov, Associate Professor, PhD, Eng., University of Structural Engineering and Architecture
(VSU) ,,Lyuben Karavelov®, Faculty of Construction, Department of Building Structures, 175 “Suhodolska™ Str.,
1373 Sofia, Bulgaria; e-mail: st.cvetkov@vsu.bg
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Crabunm3upaniure Bpb3KA OT BapuaHT X — oOpasHH, ¢ MpecHdYallyd ce JAHaroHalu,
roeMaT OITbHHH ¥ HATUCKOBH ycuiwst. [Ipy KOHCTpyupaHe ¢ eAMHUYHH TAArOHAN — T€ TIoeMat
camMo ON'bHHM ycuius. Taka, mpbTUTE, pabOTEIIM Ha HATUCK, C€ U3KBIYBAT, KATO paboTAT B
€JacTHYCH CcTaaui (He macTuduIMapaT U He pa3cerBaT eHeprusi npu 3eMeTpse). [IpbTuTe,
paboTeniy Ha ONMbH, UMAT BB3MOXKHOCT Jla JUCUIHMPAT CEM3MUYHA EHEpPrus, 3aTOBa HIKOU
MOJICNIM CE€ M3TOTBAT Ha Ta3uW 0a3a 3a MOJENIHMpaHe — caMO Ha OI'bHHHUTE JMaroHaim (c
U3KIII0YBaHE OT paboTa — HATUCHATHUTE).

[Ipu cromaHeHHUTe ¥ CTOMAaHOOETOHHU (MOHOJIUTHU M CTVIO0SI€MHU) KOHCTPYKIIMH, Y€CTO
ce M3MOJI3BaT CTOMaHEHH ejleMeHTH (¢ur. 1) 3a rpymara Ha yKpemnBalIUTe BPbH3KH, TOUYHO
3apajay XapakTepHaTa SKOCT Ha CTOMaHaTa Ha OIbH. MOHTaXKHUTE (CTII00sSEMO-pa3TiiodsieMu)
Crpaay YCHEIIHO ce CTaOWIM3upaT € €IHONPOCTPAHCTBEHM BPB3KU (PaBHUHHHU), KOUTO
00eIMHEeHH B 11U OJIOKOBE, Ch3/1aBaT WM OMKOHCTPYKIIMH, WIH JIPYT BUA — (hepMooOpazHu
(maK MpOCTPaHCTBEHM) CTPYKTypu. IIpum BHCOKMTE Crpaad ¢ OKAauyeHH CTHKJIECHU acai,
npoOJeMUTe ¢ YKpemBaHETO ce pemaBar ¢ ¢dacamgHu mera-pepmMu ¢ mpodusl OT emHa WU
HSKOJKO €Ta)XHU BHCOYMHU, HO W JIONBIHUTEIHO CE€ AaHTaXUpaT KOMYHHKAIMOHHUTE
(CTBIOUIITHO-aCAaHCHOPHU) KJIETKM W/WJIM C€ pa3BUBAT X — BPB3KH (IIPH  BB3MOXKHO
ApPXUTEKTYPHO peIIeHHeE).

ot w et el i w

T
:
H
s
i
i

0) B)
®urypa 1. Pemenus Ha crpaau (pbKOBOAUTEN aBTOPA):
a) MHoroeta)kHa crpajia — MOHOJIUTHO U3ITbJIHEHUE, ChC CMECEHA KOHCTPYKTUBHA CUCTEMA
(cpueTaHue MEXTy CTOMAaHOOCTOHHH: PAMKH, CTEHHU U SIIpa, ¥ BEPTHUKAIHU CTOMaHEHH X —
BpPB3KH 10 niepudepusta) - Beprukaanu Bpb3ku — 2UPN100 + Bp30Ba uiova t=10 mm [7];
0) EnHoeTaxxHa crpajia — MOHOJIUTHO M3IBJIHEHUE, ChC CKATEH CTOMAaHOOETOHEH MOKPUB (C
00p10BY, KOPHU3HU I'PEN) U HOCEIHU eJIEMEHTH — HAalPEeYH! paMKU C IPOMEHJIUBO HAPEYHO
CeUeHHE 10 JBJDKIUHA HA €JIEMEHTUTE 32 KOJIOHUTE U PUTEIUTE, SANHUYHYU JUarOHATHU
BEPTUKAJIHU BPB3KU - BepTUKATHU Bpb3KkU — 2UPN120 + chenunutenna miova 140.10 [6];
B) EqHoeraxkHa crpazia ¢ KpaH — Criao0sieMo U3IbJIHEHHE, CTOMAaHOOETOHEH HOCEII[ CKeNleT
(KOJIOHU, TTOJIKPAHOBH TPeAr B PEpMH) ¢ YKPENBAIIlA CTOMAHEHHU €JIEMEHTH (CTOJHIH,
XOPU30HTAJIHU U BEPTUKAIHU X - BPb3KU ) - BepTUKaIHU Bpb3ku — 2UPN140 + Bp3110Ba
mioya t=10 mm [6]

Ha ¢wur. 2 e moka3an yacTeH ciaydaii ¢ yKpernBaHe Ha KOH30JHa YacT, ¢ KOHCTPYHUPAHETO
Ha CKpuTH X — BPB3KH, OOpasyBamy ¢epMoBa KOHCTPYKIH, MOJ00HA C aHAJIOTHATA MPH
cTOMaHeHUTe (epMH KaTo Hocema 4YacT 3a KoH30i1u. [IpobGirem mpu cromaHoOeToHa ca
OITBHHHUTE YCWJIHS, 32 KOMTO C€ IOJyyaBaT 3HAYMTEIHU apMHUPOBKM M HEOOXOIUMOCT OT
cnenuuYHY MPOBEPKU HA MYKHATUHOYCTOMUMBOCT U CHOTBETHOTO JeTalINpaHe.
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®urypa 2. /luaroHanaHo yKpenBaHe (KaTo HOcela KOHCTPYKITHS)

OcBeH 3a HOBO CTPOMUTENCTBO, YKPEMBAIIM BPB3KH C€ U3IOJI3BAT U NP PEMOHTHUTE
JEMHOCTH 1O BB3CTAHOBSIBAHE M YCHUJIBAHE HA CTPOMTEIHUTE KOHCTPYKIMH, KaTO BPB3KUTE
Morar Ja ca CKpUTH B CTEHHM W/WIM OOIIMBKH, MM OCTaBamM BuAMMU. ChIIMTE MOTar Jia ce
chueTaBaT U C BHOporacurenHu enemeHTH. B [3] u [4], MoXe na ce mpouere moBeue 3a
OITBHHUTE €JIEMEHTH U MPUIIOKEHNETO UM. HTepecHO npoyuBaHe NpeacTasisiBa 8], KbAETo
ca BapuUpaHU PA3JIMYHU CUCTEMH, TaM MOXKE Ja Ce IMperjenaT CTOHHOCTH Ha ONpeAeieHH
BEJIMYMHU.

2. lles HA U3CJIeIBAHETO

WUnesta 3a mapamMeTpuyHHUTE aHAIW3M Ha HOCEIlaTa KOHCTPYKIMS Ha MOHOJMUTHA
CTOMaHOOETOHHA MPOU3BOACTBEHO-CKJIAI0Ba CTpajia, ABYETaKHA PAMKOBAa KOHCTPYKIHS, €
peanu3upana Ha 0aza MpoOJeMU OT apXUTEKTYPHO-TEXHOJIOTHYHO €CTECTBO (IMpoOuBaHE HA
OTBOpPH 3a KOMYHHKAIIUU U UHCTAJIAINU, HA KOUTO YKPCHBAIIIUTC BPB3KU J1d HC Hpean).

3. /laHHHM 32 peleHusITa

Crpamata e ocurypeHa Cpelly XOPHU30HTAIHH BB3JCHCTBHUS B HalpeyHa IIOCOKA OT
CTOMaHOOETOHHM PAMKH, a B HQJIIbKHA — OT CTOMaHEHU Bpb3KH. Ha BTOpOTO €Ta)kHO HUBO ca
Pa3BUTH BTOPOCTENICHHU TpeM B HA/UTBXKHA MOCOKA, CTHIIBAIIM HA PUTEINTE HA HOCEIINTE
HarpedHu paMkH. [TokprBHaTa KOHCTPYKIHMSA € pelleHa ChbC CTOMaHEHH (epMH, BbPXY KOUTO
CTBIIBAT CTOMAaHEHH CTOJIUIH, KaTO ISNIOCTHO: TOPHUTE U JIOJHH MOSICH HA TOKPUBHUTE PUTEIN
ca IPOCTPaHCTBEHO ykpeneHu. KoHCTpyKuusATa Ha crpajiaTa € pelieHa ¢ 00110 IeCT HallPEeYHU
paMKH (€ZHAKBUM KaTo KOHCTPYKIHS), KaTo MEXAy TpeTa M YeTBBbPTa paMKH Ca pPa3BUTH
BCPTUKATTHUTC BPB3KU.

a) Marepuaymn

Hocemata cromaHo0eTOHHa KOHCTPYKIUSI C€ MPOEKTHpa 3a Kjiac OETOH MO SKOCT Ha
Hatuck C 30/37, cern. BAC EN 206:2013+A1:2016/NA:2017 (u cromana kinac BS00C, cbri.
BJC 9252:2007).

0) I'eometpus (¢pur. 3 u Tadm. 1)

MexayocoBO pa3cTOsTHUE HAa paMKHUTE (MEXy KOJOHUTE) B HAUTh)KHA MOcoKa e: B=5,8
m. Hanpeunu ceuenus: kpaitau koinonu — 75/40 cm; BpTpeliHu KoJIoHH — 65/40 cm; puren:
40/70 cm; BTOpocTenennu rpeau — 20/65 cm; nebenrHa Ha rIodata Ha BTOpo HUBO h=10 cm.

B nBete kpalinu MexayocHsl ca KOHCTPYHpPaHH 110 2 Ha/lIbKHU BTOPOCTEIIEHHU I'PEIU Ha
BTOPOTO HUBO, @ BB BETPEITHOTO MEXAyocue — 3 (KaKkTo M 0 €IHa rpeaa ,,1pe3‘‘ KOJIOHUTE).
bunnuTe cpeutynexamy cToJIMLIK OTCTOAT Ha 10 cm OT LeHTpaJilHaTa OC Ha paMKaTa, KaTo 3a
JIBaTa cKaTa CTOJMIUTE ca ,,0TBOPEHU " KbM OUJIOTO.
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Li=6 m; L,=8 m.
Hi=4,5 m; H>=4,2 m; H3=4,2 m.

®urypa 3. 'eomeTpus Ha paMKara

Tab6anna 1. Hanpeunu ceueHus: Ha CTOMaHEHHUTE €I1EMEHTU

JTOJIEH TTOSIC [ ] 220 mm

TOpEH MosC [ ] 220 mm

noKpUBHa (pepma JIMaroHaIH D 100.100.5 | mm | COIT

BepTHKan 21.100.10 mm
~ Mamepuan:
ITOKPUBHH CTOJIMIN [ 200 mm KOHCTD.
YKpENnBalll¥ BPb3KHU 110 TOPEH MOSAC L75.6 mm CTOMaHa
Ha depmure S235JR

Ha/UTbKHHU YKPETBalIX BPb3KH 110
JI0JIeH Tosic Ha epmuTe
Halpe4yH! YKpenBallly BPb3KU IO
JI0JIeH Tosic Ha epmuTe
BEPTUKAIIHU BPB3KU MEKAY
KosoHuTE Ha paMKu NeNe 3 u 4

D 100.100.5 | mm | COII

L75.6 mm

D 200.200.8

B) Bn3aeiicTBus

Crpana ce mpoektupa B obnactra Ha rp. Ctapa 3aropa, cpsMo KOETO ca OTYETEHU U
choOpaszenu Bo3eiicTBreTo OT cHAT (S=0,94 kN/m?); pedepentHoTo yckopenue (agr=0,23.g)
1 3eMHa ocHoBa — nousa THH C (qro=270 kN/m?) 3a censmuuen aHamus. MHTeH3UTETHTE HA
MOCTOAHHUTC  XAPAKTCPUCTUIHU B’b3I[CﬁCTBH5I, ca KaKTO cicaBa: orpaxaaliure U
OKoJIOBpECTHH 3u0Be - 20 kN/m’, Hactunkure — 1,95 kN/m?, nokpusHOTO TokpuTHE - 0,4
kN/m?. TIpOMEHIUBOTO eKCILIOATALMOHHO Bb3/IeHCTBIE BbPXY MO0BATA ILI0YA HA BTOPO HUBO
e Q=4 kN/m?.

r) AHa/Iu3

ChcraBeHu ca H34UCIUTEHA Mojenu (¢ur. 4), B cpefa Ha mporpaMeH npoaykt Tower 7,
Oa3upan Ha paboTa Mo Merona Ha KpaillHUTE €IEeMEHTH, KaTO 3a BCEKH THUIl KOHCTPYKIIUS:
T. Hap. ,,cratudeH” mozen (3a komOuHaruu ULS u SLS) Ge3 kopekuuu Ha KOpaBUHUTE Ha
HOCELIUTE eJIeMeHTH — 3a mnposepka, cbriaacHo bBJIC EN 1992-1; wu ,,cratuko-
JUHAMHUYCH /Cen3MHUYeH MOJeN (C MOJAJICH W CIEKTPAJICH JIMHECH aHAllM3M) 3a CeM3MHYHA
KOMOMHaNMs, 332 HUBO Ha AyKTUIHOCT DCM, ¢ KOpekius Ha KOpaBHHHUTE 3a KalalUTUBEH
ananu3, ceriacHo bJIC EN 1998-1. Koedunnent Ha 3HaunMocT Ha crpanata yi=1. Kpaitaure
KOJIOHHM caMO Ha ITbpBO HUBO ca ¢ HamasieH! 30% nHepumonHu MoMeHTH [2 1 3. 3a BpTpeiHuTe
KOJIOHM, MTHEpIMOHHUTE MOMEHTH |» 1 I3 ca Hamanenu ¢ 50%. 3a nBara KpallHU OTBOPH Ha
purena, MHEpIMOHHUTE MOMEHTH I3 ca Hamanenu ¢ 50%. BropocTenenHure rpeau uMaT cTaBu
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caMmo B JiBaTa cH Kkpas. Monenupanu ca 0e3KpaifHO KOpaBH 30HH BbB BB3JIUTE HA PAMKHUTE —
IIpHU Bpb3Kara ,,KoJloHa-puren. B Hampedna nmocoka, koeUIMEHTHT HA MOBEICHUE € TIPUET 3a
MHOTOOTBOPHA, MHOTOE€TaKHA M HEPETYJISIPHA 10 BUCOYHMHA PAMKOBAa KOHCTPYKIMS q=2,88.

B HamnbkHa mocoka, KOEPUIIMEHTHT Ha MOBEJIEHUE € MPUET 3a HEHTPUYHO BKIIIOUEHU
JMaroHaiH, ,,Bpb3KOBa™ KOHCTPYKIMS, q=4. Bpb3kute u mpbTUTe OT (pepmara ca CTaBHO
cBbp3aHu. J[Bata Mojena (CTaTW4YeH M CEM3MHUYEH) ca M3TOTBEHH IMpHU MpearocTaBKaTa 3a
CTaBHU BPB3KH ,,CTOMAHOOCTOHHM €JIEMEHTH — CTOMAHEHHU €JIEMEHTU U I'BJIHO 3aI'bBaHe Ha
ropeH pp0 pyHmamenTn npu KojoHute. HampaBenu ca HeoOxogumuTe mpoBepku 3a SLS u
ceM3MHuYHa cHUTyanus. M3umcieH M KOHCTpyHMpaH € pureia, KOJOHHTE U EIUHUYHUTE
dbyHaamMeHTH 1o TAX Ha pamka Ne 2 (kaTo BBTpEITHA) OT MOJIEIUTE, M € HalpaBeHa MpoBepKa
3a HOCEIIa CIIOCOOHOCT 32 OCOBU CHJIM Ha BEPTUKAJIHATA BPB3Ka.

®urypa 4. 3uncianuTenHu MOJIENN:

a). Mogzen 1 — koHCTpyupaHe Ha X — BPB3KH (JUaroHaauTe UMaT Havajao U Kpail — TOJTHUTE U
TOpPHHU KpauIla Ha KoJoHuTe); 6). Moaen 2 — kKoHCTpyupane Ha X — Bpb3KHU (JHaroHaIuTe UMaT
HavyaJIo U Kpail — ChOTBETHO IIBPBHU U BTOPH €TaXX Ha crpajaTa); B). Moxaen 3 — KOHCTpyupaHe
Ha €IMHUYHY TUArOHAJIHU BPB3KH (AMArOHAIUTE UMAT HA4yaJIo U Kpall — JOJIEH Kpail KOJIOHU —
BTOPO €TAXKHO HHMBO — TOPEH Kpaill KOJIOHM); T). Moaen 4 — KOHCTpyupaHe Ha €IUHUYHU
JIMaroHaJIHU BPB3KH (IUAroHaJUTe UMAT HA4ajlo U Kpail — CbOTBETHO ITbPBH U BTOPU €TaX Ha
crpajara).

Beprukanau Bpb3ku ¢ popmu Ha ,,3ur-3ar* pemerka u “N” pemerka — He ce JIOIycKar 3a
NPOCKTHpPaHEe B CEM3MUYHH pailoHU, OCBEH aKko He ce KoHcTpyupaT BRB-enementn (Buckling
Restrained Braces — Bua quaroHanu, npu KOUTO € BB3MPENATCTBAHO U3KBIYBAHETO U 110 TO3U
HA4YWH € YJIOBJIETBOPEHO MOJOOPEHO XHUCTEepe3ncHO moBeaeHue). Cwiio Taka, ,,K“- oOpasHa
pelieTka Ha AMAroHaJIMTE — HE Ce J0IyCcKa B CEM3MUYHU palioHH, cbriiacHo EBpokon 8. Taka
nokazanu, Mogen 3 u Moxen 4, ca camMO KOHTPOJHH, KaTO MPU TAX KOSHUIMEHTHT Ha
MOBEJICHUE 332 BEPTUKAJIHHUTE BPB3KH CTOM MOJ BBIIPOC, Thii KaTO ca HEOOXOJUMH MO-TOYHH
aHanu3u. Bernpeku ToBa, 3apaau 1enTa Ha 3a/1adaTta, Ipu MOJEINTE € mpueT q=4, 3a Ja uma
10JI€ 332 CPAaBHEHHE.

3. EkcnepuMeHTAIHU YUCJIEHH pe3yJITaTH

3a 1ienuTe Ha U3CIIeIBaHEeTO, ca HaOI01aBaHU CTOMHOCTUTE Ha: IEPUOJUTE Ha TPENITEHE
(Tabin. 2), XOpPU30OHTAIHUTE NMPEMECTBAHUS HA BPB3KUTEC U yCUIMATA (HOPMAJIHUTE CHIU H
OT'bBAIIld MOMEHTH) 32 BPB3KUTE U KOJIOHUTE Ha HAIPEYHUTE paMKHu — OT ¢ur. 5 10 dur. 8.
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Ta6auna 2. [lepuoau Ha COOCTBEHU TPENTECHUS

Monen T;, [s] Monen Ti, [s] Monen T;, [s] Monen T;, [s]
T1=0,4526 T1=0,4519 T1=0,4539 T1=0,4544
1 T>,=0,3341 2 T>,=0,2935 3 T,=0,3163 4 T,=0,3217
T3=0,2524 T3=0,2524 T3=0,2521 T3=0,2509

3abenescka: Ilpu BCHUKN N3UNCIUTEITHA MOJETH € JOCTHTHATaA HalX 95% (akTBHpaHa) eeKTHBHA MOZATHA Maca, 3a
JIBETE B3aMMHO TIEPIICHIVKYJIIPHA TIOCOKK X 1 Y, Tipu oTdeTeHu 24 Opost hopmu Ha Tpentere. OT Tabi. 2 ce BIK/a,
4e Hali-roJIsiM IMbpPBH COOCTBEH MEPHO/I HA TPENTeHE NMa KOHCTpYKLusATa oT Mogen 4, a Hali-mairbk — Mogen 2.

3a BCHUKHU pa3pabOTeHH MOJAEH (TTOKa3aHH TO-/I0JTy), Ca CIIa3eHU U3UCKBAHUATA, OMTMCAHU B
[1], kaTo KOEhUITMEHTUTE HA ChYETAHNE 3a TIOCTOSIHHYU BB3/ICHCTBHUS Ca MIPUETH PaBHU Ha 1, 3a
npoMeHIuBUTe ekcroataroHHu — 0,8 u 3a cuera — 0,3. U3pbpmieHo e SRSS kxomOunupane

10 HATPABJICHHUS — 32 JIBETE MIOCOKU X U Y Ha Crpajara (HalmpeyHo U Ha/ITbXKHO).

3.1. Pemnenue na Mogea 1

P —
53.94%1 52.

]

-3€.e1 [l 35

]
L2 55

a) 0) B)
®urypa 5. /luarpamu Ha: a) HOpMAJIHUTE CUIIN (OCOBH) BbB BEPTUKAIHUTE BPB3KU U
KOJIOHUTE OT HAIlPEUHUTE PAMKH; 0) OrbBAIlUTE MOMEHTH BbB BEPTUKAITHUTE BPB3KH U
KOJIOHUTE OT HallpEYHUTE PAMKH (B paBHUHATa UM); B) XOPU30HTAJIHUTE IPEMECTBAHUSI BbB
BEPTUKAJHUTE BPB3KH U KOJIOHUTE OT HAIIPEYHUTE PAMKHU

3.2. Pemnenue na Mogea 2

®durypa 6. luarpamMu Ha: a) HOPMAJTHUTE CUJIU (OCOBH) BHB BEPTUKAITHUTE BPB3KU U
KOJIOHUTC OT HAIIPCUYHUTC PAMKH, 6) Or'bBallIUTC MOMCHTHU BbB BCPTUKAJIHUTEC BPB3KH U
KOJIOHHTE OT HAIPEUYHUTE paMKH (B paBHHHATA MM); B) XOPH30HTATHUTE IPEMECTBAHUS BHB
BEPTUKAIIHUTE BPB3KU U KOJIOHUTE OT HAIIPEUHUTE PAMKHU
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3.3. Pernenune na Mogea 3

®urypa 7. luarpamu Ha: a) HOpMAJIHUTE CUJIN (OCOBH) BbB BEPTUKAIHUTE BPB3KU
U KOJIOHUTE OT HAalIpEYHUTE paMKH; 0) OrbBalllUTe MOMEHTH BbB BEPTUKAIHUTE BPb3KU
Y KOJIOHUTE OT HAIIPEYHUTE PaMKH (B paBHUHATA UM); B) XOPU30HTAIIHUTE IPEMECTBAHUS
BbB BEPTUKAIHUTE BPB3KU U KOJIOHUTE OT HAIPEYHUTE paMKH

3.4. Pemnenue Ha Moge 4

®urypa 8. /luarpamu Ha: a) HOpMAJIHUTE CUIIN (OCOBH) BbB BEPTUKAIHUTE BPB3KU
U KOJIOHUTE OT HAalIPEYHUTE paMKH; O) OrbBalllUTe MOMEHTH BbB BEPTUKAIHUTE BPb3KU
Y KOJIOHUTE OT HAIIPEYHUTE PaMKH (B paBHUHATA UM); B) XOPU30HTAIIHUTE IPEMECTBAHUS
BbB BEPTUKAIHUTE BPB3KU U KOJIOHUTE OT HAIPEYHUTE paMKH

OT noka3zaHuTe AMarpaMu, ce€ BUXKJa, Y€ BEPTUKAIHUTE BPH3KU Ha IIBPBO HHUBO, UMAT
MaKCHUMaJIHH CTOWHOCTH Ha ocoBHUTe ycuius npu Mozaen 3 (N= - 355,06 kN) u MuHHUMaIHHA
npu Moaen 1 (N= - 132,67 kN). PesynaraTuTte 3a BTOpOTO HUBO Ca CIEIHUTE: MAaKCUMaJTHU
ocoBu ycunus 3a Moxen 3 (N= + 107,89 kN) u munumanau 3a Mogen 2 (N= + 50,59 kN).
Kosionara ot HanpeuHna pamka 3, 3a Mogen 3, € ¢ MakCuMallHa CTOMHOCT Ha HOpMaJiHaTa CcuJjia

= - 833,48 kN, xaTo 3a HampeyHa paMKa 4 ¥ KOJOHATa OT Hesl, CE MOJyyaBaT MaKCUMAIIHUTE
CTOMHOCTH Ha HOpMaJTHUTE CWH Mmak oT Mogen 3 — N= - 711,29 kN. MakcumasieH orpBai
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MOMEHT TOJTy4yaBa KOJIOHaTa OT HampeuHa pamka 4 npu Mogen 1 (M=126,13 kN.m) — nonen
Kpail KojoHa. MaKkCuMaJieH € U Or'bBAIIMAT MOMEHT MpPH KOJOHAaTa OT HalpeyHa pamka 3 3a
Mopnen 4 (M=96,75 kN.m) — moyieH Kpaili KOJIOHa, a MUHUMAJICH OT'hbBalll MOMEHT 3a ChIllaTa
KOJIOHa, ce moydaBa npu Mogen 2 (M=56,30 kN.m) — nonen kpait kosiona. [Ipu Mogen 4, 3a
I'BPBO HUBO C€ HAOI01aBa HyJIMpaHe Ha OTbBAIIUTE MOMEHTH B MSICTOTO Ha ChEeIMHSIBaHE Ha
UaroHaJITE MO BHCOYMHA Ha KOJIOHATa OT HalpeyHaTra paMKa, JI0KaTo Ha BTOPO HMBO, C€
Ha0II0/1aBa HEYPAaBHOBECEH MOMEHT B CTOMaHOOETOHHATA KOJIOHA [0 BUCOYMHA HA paMKaTra u
MpEJaBaHETO Ha MOMEHT B JMaroHajiHata Bpb3ka. IIpm Monen 1 u Mogen 2, ca Hanune
HUIIOKHHU OTbBAIlM MOMEHTH, J0oKarto mpu Mozgen 3 u Moxen 4, ce HabmogaBaT MaJKu
Or'bBallld MOMEHTH, BbB BpPb3KUTE. BepTukamuure Bpb3kH OoT Mogen 1 umar Hai-roiemu
XOPU3OHTAIHU TmpeMecTBaHus (W=6,15 mm). 3a mppBO HHMBO Ha CcrpajgaTa, MUHUMAaJIHA
croitHOCT (W=1,25 mm) Ha XOpU30HTAITHUTE MpeMecTBaHus nMa Mojen 2, a MaKCUMaJlHa —
Mopgen 3 (w=2,85 mm).

HosyueHy apMUPOBKU: KpaiiHU KOJ0HU — 16N20; BpTpelHu koioHu — 16N16; ctpemena
3a kojoHH — N8/20 (10) cm; puren kpaiHU mosiera: qojiHa apMmupoBka — 4N16; cpemaHa
apmupoBka — 2 pena x 2N16; ropHa apmupoBka — 4N18; puren BBTPEIIHO IOJIE: OJIHA
apmupoBka — 4N20; cpenna apmupoBka — 2 pena X 2N16; ropna apmupoBka — 4N22; ctpemeHa
3a puren — N8/20 (10) cm; xoOunwmM mMoj BTOPOCTENEHHA Tpefa oT rpemopena — 2N14;
dbyngamenTu nox kojmonute ag/behr=325/245/60 cm — 18N16 / 18N 14.

3.5. Pemnenune Ha MogeJ 5

[Ipu pa3zpaGoTeHuss U3UUCIUTENIEH MOJIEN, ¢ TIoka3aHa 3D - Bu3yanusauus Ha ¢ur. 9, ca
MOJICNIMpaHU €IMHUYHU IMarOHAIHA BPB3KH (€IHOETAXHH), B €IHA U ChIIla TTOCOKA, OT JABETE
CTpaHM Ha crpajara.

®urypa 9. U3unciaurenen Mozen 5 — ¢ KOHCTpYUPAHU €MHUYHU AUATOHATIHU BPB3KU
(ImaroHagMTe UMAT HA4alo M Kpail €THO €Ta)KHO HUBO — CBBP3BAT CE JIBE ChCEIHU KOJOHU

[TepuoasT T1=0,46 s B paBHMHATA HA HATPEYHUTE PAMKH.

JlmaroHarsT Ha MEPBOTO HUBO € ¢ MaKCUMaHa ocoBa cuna N= - 315,74 kN, a To3u Ha
BTOpO — 124,92. MakcumaiiHa HOpMaJTHa CHJIa TI0JTydaBa KOJIOHAaTa OT HallpevyHa paMka 4 (Tasu,
KOSITO MMa BpB3Ka C JUaroHalla Ha HUBO MOJOBA IUIOYa HA BTOPH €TaXX OT Crpajara),
N=-903,81 kN (3a goneHn kpait Ha KonoHara). KojmoHaTta ot HanpeyHa pamka 3 (Ta3u, KOSITO
uMa Bph3Ka C JUaroHalla Ha HUBO TOPEH pbhO (yHIaMEHT), MOoJyyaBa MaKCHMaJleH OT'hBall]
MOMEHT B paBHHHATa Ha pamkata M= 80,10 kN, kato ce Habmto1aBa nHMIESKCUS HA MOMEHTHUTE
110 BUCOYHMHA HAa KOJIOHUTE B TBPBOTO HUBO. OTr'bBAlIUTE MOMEHTH OT CEM3MHYHA KOMOWHAIUS
32 KOJIOHHTE Ha BTOPOTO €TaXKHO HUBO Ca 3HAUMUTEIHO IO-MaJKU OT TE€3W Ha IbPBOTO.
JlnaroHabT Ha TBPBO HUBO € C XOPU30HTAITHO MMpeMecTBaHe W= 3,68 mm (eIacTU4HO), a TO3H
Ha BTOpOTO HUBO — 4,60 mm.
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Wudpopmanus mo KOMIO3MpaHE Ha CTOMAaHEHHMTE BpPB3KM M M3YMCIABAHETO Ha
CheAMHEHUATAa UM (3aBapbuHU U O0NTOBH) MOXe Aa ce orkpue B [10] u [2]. B [5] u [9], ca
IMMOKa3aHU YUCJICHU CKCIICPUMCHTHU HAa CTOMAHCHU CJIICMCHTHU U MHTCPCCHU MOAXOAU, LCIIAIINA
UKOHOMHUSI Ha MaTepHall.

N3Boan

[IpenBua cbcTaBeHUTE U3UMCIUTEITHU MOJIEIH, MOTaT J1a CE HAMPAaBST CICIHUTE U3BOJIU:
Mopen 1 moka3Ba Hall-MaJIK CTOMHOCTH Ha HOpMajHUTE (OCOBH) CHUJIM BHB BEPTHKATHUTE
BPB3KM Ha MbPBO HUBO, HO B CHIOTO BpPEME Ca HANMUIIEC HAW-TOJIEMUTE MPEMECTBAHUS OT
ceM3MHYHa KoMOuHanus. Mojen 2 moka3Ba MUHUMAJIHU CTOMHOCTH Ha: HOPMAaJIHUTE CHUJIH,
OrbBAILINTE MOMEHTH M IIpEMECTBAaHMATA, B cpaBHeHHE ¢ Moaen 3. Ilpu mogenurte ¢ X —
BpB3kH: Mojsen 1 u Mogaen 2, MUHMMalTHa € CTOMHOCTTa Ha HOpMaJlHaTa CHJIa B KOJIOHATa OT
HanpeuyHaTa pamka npu Mogzen 1. Ot pesynratute 3a Moaen 2, Moaen 3 u Monen 4, moxe na
Ce N3THhKHE, Y€ MMHMMAaJIHAa € HOPMaJIHATA CUJIA 33 KOJIOHATAa OT HalpeyHaTta paMka 3, 3a Moaen
4. Ilpu cpaBHenue mexay Mogen 3 u Mogen 4, 3a HanpeuHata pamka 4, MUHMMAaJIHU
CTOMHOCTH 3a HOpMaJIHaTa cuia, ce rmojy4aBar npu Mogen 4. Bcuuko ToBa € mpeAnocTaBka
Mopnen 2 na ObJe MPENnoTBHPACH KaTO MKOHOMUYEH, B CPAaBHEHHE C YETUPHUTE M3CIICIIBAHU
Mojaenu, ThiM Kato Mogen 1 moka3Ba Hail-BUCOKM CTOMHOCTH Ha HOPMAQJIHUTE CUJIM BbB
BEPTUKAIIHUTE BPBH3KUM HA BTOPO HUBO Ha Crpajiata, KakKTO M MaKCUMAaJHU CTOMHOCTH Ha
OT'bBAILINTE MOMEHTH B KOJIOHUTE OT HAallpe4yHATa paMKa. EMMHCTBEHO HOpMaJIHATA CHUJIA € T0-
rojisiMa ot Ta3u B Mogen 1, KoeTo Moxke Ja ce OTHECE KbM ,,aHaJIu3 B [10J13a Ha CUTYpHOCTTA™
34 HAMAJIIBaHE HAa FT€OMETPUYHUTE EKCLUEHTPULIUTETH.

KoHTponHO pa3paboTeHUST AOMBIHUTEICH U3YUCIUTENCH Moen 5, ChIlo MoKa3Ba mo-
roJIeMd CTOMHOCTH Ha BCUYKHM pa3rjielaHW BEJIIMYMHM, B cpaBHeHHE ¢ Mogen 2. Tosa e
NpUYMHA, KOHCTPYKTOpUTE Ja HE Cce MpeaoBepsBaT Ha ,IpEMaxBaHETO Ha HIKOU
KOHCTPYKTUBHHM €JEMEHTH OT MOJEIUTE W MPEANOCTaBKH 3a ,JCHOTA® HAa yCWIMATA OT
3HAKOMPOMEHIIMBOTO BB3JIeHicTBUE (MOJENHpaHe Ha €AWH Y4acThK, KaTO C€ pa3uuTa, ue
OpYTHUST — OrJIealHO Ha Hero, e noiydaBa cbliuTe ycuiusi). C HacTosus JTOKIal ce
JIOKa3Ba, 4e€ 3a pas3rieaHuTe KOHKPETHHU CIy4au — TOBAa ONPOCTABAHE HE BOJU JI0 €IHO3HAYHU
pe3yaTatu. SICHO e, 4e ¢ roJieMHM YCHJIUs, L€ C€ MOJIy4aT TOJIEMH: HAalpPEYHHU CEYEHUs Ha
CTOMAHEHUTE eJeMEHTH (M TOCIEABAIO IMO-TEXKKO JeTalMpaHe) W TUIONIM Ha HOCEIIUTE
apMHUPOBKH 32 CTOMAHOOETOHHUTE €JIEMEHTH. BbIpoc Ha NpoeKTaHTCKa IMpeleHKa u
npo(ecHOHATHO OTHOIICHHWE KbM MaTEepHsTa, € Jla He Ce OMYCKAT 3HAYUTEITHO MPETOBAPEHU
KOHCTPYKIMH, OT TJI.T. Ha ,,[IpEOpa3MEPEHHU " TaKMBA.

N360pbT Ha ykpemnBalia cucreMa e crienuduyuHa 3aada, 94pe3 KoATo ce Hajara CTpeMex
KbM: IPOCIEASBAaHE MbTS Ha YCWIHATA, BB3MOXHOCT 332 KOHCTPYHMpaHE U IOCTUTaHE Ha
e()eKTUBHOCT (U4pe3 MKOHOMUYHO PEIlIeHHE U B CHIIIOTO BPEME — JOCTATHYHO CUTYPHA YacT OT
KOHCTPYKLUATA Ha CrpajaTa).
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MPEAIA3HU CTEHU IOKPAY MATHUCTPAJIA ,,EBPOITIA“ —
ACIIEKTH HA HATOAPBAHE 1 OPASMEPSIBAHE

SIBop Muxos!, Jlena Muxosa?

YHuusepcumem no apxumexmypa, cmpoumencmeso u ceooesusi (YACI), Cogus

PROTECTIVE WALLS ALONG THE MOTORWAY EUROPE —
ASPECTS OF LOADING AND DESIGN

Yavor Mihov!, Lena Mihova?

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: The loading and design of protective walls against birds and traffic noise are
considered. Two structures are presented — a single wall and a multipurpose wall. The
structures involve row of steel columns which works for the actions of the wall — self
weight, wind loading and ice deposit. The loading of ice deposit is determined according
to the standard BDS ISO 12494/2018 (Atmospheric icing of structures). Single or pile
foundations of the columns are performed depending on the geological conditions.
Because of lack of map of ice classes in Bulgaria an expert estimation of the ice loading
of the considered walls is made.

Key words: protective walls, traffic noise, grid against birds, wind action, loading of ice,
ice class, pile foundation

1. BLBeaenue

TpaduxbT MO MarucTpauTe ce XapakTepusnupa ¢ BUCOKA HMHTEH3UBHOCT M CKOPOCT. 3a
U3ITBJIHSIBAHE HA EKCII0ATallMOHHU U3UCKBAHUS KbM ITBTHOTO TPace, €KOJIOTUYHH U3UCKBAHUS,
KaKTO M 3a OCUTypsBaHE Ha KOM(OPT Ha oOWTaBaHe B ypOAHM3UPAHHU TEPUTOPHHU, MOKpaid
MarucTpajiuTe ce M3rpaxkaaT MPEeANa3sHU ChbOPHKEHUS - MPEXKHU Cpelly MpeauTallyd MTHULIH,
IIYMO3AIIUTHA U CHETO3aLTUTHU KOHCTPYKIUH.

Temara 3a MIyMO3allUTHU M CHETO3AIIMTHU KOHCTPYKLHMHU IO IMbTHATa Mpexa € no0pe
pa3BHTa M U3CJEBaHA Y HAC OT penunia aBropu. B mybnukaruute [1], [2], [3], [4] (MBaHOBa,
bosmxueBa, ['eoprueB) ca kimacupUIUpaHU BHIOBETE MIYMO3AIIWTHU KOHCTPYKLIHMHU U ca
MPEJICTABEHU EKCIEPUMEHTATHU M3CJIEIBAaHUS 32 PA3JIMYHU THUIOBE IIYMO3AIIMTHH CTEHHU.
CbBpeMEHHHUTE TEHACHLMH 3a 3allluTa OT TPAHCIIOPTHUS IIyM 4Ype3 U3rpaKIAaHe Ha ,,3eJIeHU
IIYMO3aIIUTHU CTEHU ca pa3But B [5], [6] (BaHOBa, bosmxuesa), [7] (IBanoBa). BernpocsT
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3a CHEro3aliuTa Ha MarucTpajuTe UMa U3KIIOUUTEHO TOJIsIMO 3HAYEHHUE 3a MOJIbPKaHE Ha
IBJITOTpaiiHa MbTHA HACTWIIKA M MPEAM BCHYKO 3a OCUTYpsiBaHE Ha 0Oe30MacHOCTTa Ha
NMBUKEHHE. AHAIM3 HA TpoOiieMa 3a CHEero3aluTa Ha MaruCTpajlHUTe MbTHINA B bhiarapus e
HarpaBeH B m3tounurmte [8], [9] (MBanoBa, Cynaii, CraifikoB), a BapHaHTHU DPEIICHUS 3a
CHETO3alIUTHH ChOPBKEHHS ca mpeacTaBenu B myonukanuute [10] (MBanoBa, Mutesa), [11],
[12] (MBanoBa u np.). KOHCTpYKTUBHUTE PEIICHUSITA 32 TO3W THUIl ChOPBKEHUS B CBETOBEH
Mamad HEMpPeKbCHATO C€ ONTHUMH3UPAT, Oa3UPaiKi ce Ha aBaHTApJHHU KOHIeNIuu. EnHO oT
ChbBPEMEHHHUTE HANpaBJICHHS B TOBA OTHOUICHHE € M3TPakJaHEeTO Ha MHOTrO()YHKUHOHAIHU
CHOPBIKEHUs, KOUTO OCBEH CHEro3allluTa, MMaT U JPYTH BaXKHU MpenHazHadeHus. Hampumep,
aBropute lBanoBa & MBaHoBa B peauna myonukaruu [13], [14], [15], [16], [17] neraitnHo
MPEJICTaBAT U U3CIIEBAT MAarUCTPAITHA CHETO3aIUTHU ChOPBHKECHUS C MOHTHpaHu PV-nmanenu
BBPXY TAX.

[Ipu permersyHr KpaWIbTHH KOHCTPYKIIMH, KAaKBUTO Ca MPEXKHUTE CPEIly MPETHTAIN
OTUIM, XapaKTepHa OCOOCHOCT € HaJM4YMeTO Ha JOMBJIHUTEIHO HaTOBapBaHE Ha
KOHCTPYKIIUATA OT aTrMochepHO oOyieqsBaHe, KOeTo TpsOBa na OBJEe OTUYETCHO TIpHU
opasMepsiBaHeTo UM. HopMaTuBHHUTE TOKYMEHTH, TPETUPALLU 00JIeIIBaHETO HA KOHCTPYKIIUH,
ca [18], [19] EBpoxox 3 (Hact 3-1. Kymm, mautu u xomumum) u [20] BDS ISO 12494
AtmochepHo o0seIIBaHe HA CTPOUTEITHU KOHCTPYKIMK. BBB Bpb3Ka C TOBa, BaXKEH MPoOIeM
y Hac ce sBsiBa (DaKThHT, 4ye KapTa 3a pallOHMpaHE HA TEPUTOPHSITA HA CTpaHATa 3a KIIaCOBE Ha
oOJensBaHe Ha KOHCTPYKIIMHUTE, KOSITO € B OCHOBaTa 3a ONpENENsIHE HAa HAaTOBApPBaHETO OT
obnensiBane, Bce omie He ¢ pa3paboreHa [19]. B TakbB cimyuail, 3a AajieHa CTpOUTEIIHA
IUIONIA/IKa U3XOAHU JaHHU 3a 00JIesIBAHETO HAa KOHCTPYKIIMHUTE MOraT J1a ce noiay4yatr oT BAH
U OT METEPEOJIOTHUHUTE CIy)KOM wWinm Ha 0a3a eKkcrneprHa oIreHka. llocTaHOBKUTE B
HOpMaTHBHaTa 0aza 3a ompejensiHe Ha 0O0JeAsBAaHETO Ha BHCOKM MPHTOBH KOHCTPYKIMH U
HATOBApPBAHETO HA OOJIE/IEHN KOHCTPYKIIUU ca MPEACTABCHU W aHAM3UPAHU B IMyOJIMKAIIUATE
[21], [22] (’KekoBa).

B Hacrosimara pazpaboTka ca naaenu gucienu mojenu u pemenns mo MKE 3a aBa tumna
Mpeana3Hd CTeHU, U3TPaJieHH MOKpald marucrtpana ,,EBpomna* - Mpexka NpOTHB MpEIUTaIld
NTHUIM U [ITyMO3AIUTHA CTEHa, KOMOMHHUpaHa ¢ MpeXKa IPOTUB MpenuTaniy NTUIH. CrernuaiHo
BHHUMaHue € 00bpHATO Ha HOPMATHUBHUTE MMOCTAHOBKH 3a HATOBAapBaHE U MOBEACHUE HAa TO3U
TUI KOHCTPYKIMHU Tpu atMochepHo obnensBane. OCBeH TOBa, Hopaau (pakTa, ue npearna3HuTe
CTEHHM Ce€ pasloJyiaraT Ha MaJika JUCTAHIIMS BCTPAHU OT MMbTHOTO Tpace, IPU MO-BUCOKHU MMbTHU
HACHUIH T€ TOMAaT B TPAHUIIMTE HAa HACUITHOTO TsUI0. B TakbB ciyuai, ce Haara M3mbJIHEHUE
Ha (QyHIAMEHTH, 3aJI0’)KeHU o/ feOenrHaTa Ha HacurHus ciioil. [Ipu 3HaunTenHa nedenuHa
HA TO3HM CJIOW, ONTHMAJIHO pelieHue € (QYHIUpaHe C EAUMHWYHU THIOTH, IUCKPETHO
pa3MoNoKEeHH MO MPOTEKEHUE Ha cTeHaTa. Tyk e MpeacTaBeH €IuH HayMH 3a OTYUTAaHE Ha
B3aMMO/ICHICTBUETO Ha MJIOT M 3€MHa OCHOBA Ype3 MPYKUHHU onopH 1o Teopusita Ha Winkler,
KONTO TYK € MPUJIOKEH B YUCICHUTE MOJICIH Ha IPEICTaBEHUTE CTEHHU.

2. HatoBapBaHe Ha KOHCTPpYKUMHte
2.1. HatoBapBaHe Ha KOHCTPYKIHMH OT aTMoc(epHO 00JiesiBaHe
OcCHOBHHTE KOHLEMIUH 32 OIpe/iesTHE Ha HAaTOBApBAHETO OT aTMOoc(hepHO obJensIBaHe
B CbOTBETCTBUE ¢ HOoKymMeHTHTE [18], [20], Many OTHOIIEHHE KbM HACTOSIIETO U3CJICIBAHE,
ca CIEAHUTE:
e Onmnpexnenst ce XapaKTePHUCTUYHOTO HATOBapBaHE OT aTMoOc(epHO oOJensBaHE 3a
pedepenTen nepuos Ha moBTapsieMocT 7 = 50r., T.e. BEpOATHOCTTA 32 IPEBUIIICHUE
Ha TOBa HaToBapBaHe 3a Ir. € 2%;
e HaroBapBanero ce ©0a3upa Ha KiIacupUKalMs 3a THUIIOBETE OOJIe[sBaHE Ha
KOHCTPYKLUUTE criopes Tad. 1.
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Bunabt u xomm4ecTBOTO Ha 00JensIBaHE Ha KOHCTPYKIIMHUTE 3aBUCH OT Pa3IUYHU
(baxTopH, Hal-BaXKHUTE OT KOUTO ca aTMoc(epHara BIKHOCT M TeMIlepaTypa H
IPOABIDKUTETHOCTTa Ha mporeca Ha obOneasBane. dur. 1 moka3Ba OCHOBHHTE
[apaMeTpyu — TeMIleparypara Ha Bb3JyXa U CKOPOCTTA Ha BATHPA, KOUTO BIUSLAT
BBPXY IUNTBTHOCTTA Ha JICAA U OTIPCACIIAT TUIIOBCTEC O6JIG,Z[}IBaHe Ha KOHCTPYKIUHUTC.
CrexnoBuaausT Jen (glaze) e ¢ Haii-rojisiMa TUTBTHOCT. Toi ce oOpaszyBa mpwu
BAJICXK OT IBX] BUCOKO B aTMoc(epara, KOMTO MpEeMHHABA NIPe3 Bh3IyIIEH CIIOH C
OTpHIIATEIIHA TEMIIEPaTypa HEOCPECTBEHO HAJl TEPEHA.

Tabauua 1. XapakTeprucTUKH Ha THUIIOBETE O0JIeIIBaHE HA KOHCTPYKITUUTE

/ Tvpe of ice Density Adhesion and / General appearance /
kg/m3 cohesion / Colour / Shape /
Hlaze 200 / strong / transparent evenly distributed/icicles / 4

et snow / 300 to 600 /we.?}.' (forming)/white

/ evenly distributed/eccentric / W

strong [frozen)

d rime

/ 600 to 900 /:rrmug

/ opague eccentric, pointing windward / /H;u'.

me

/ 200 to 600 /)’ow to medium / white

/ eccentric, pointing windward / /5'0!3‘1

25

20 _ \ \
15— \ Hard rime \ Glaze

Soft rime

Wind speed, m/s
=
T

Air temperature, °C

®@urypa 1. Tunose obneAsiBaHE B 3aBUCUMOCT OT TEMIIEpaTypara
Ha Bb3J/lyXa U CKOPOCTTa Ha BATHpa

KonuaectBoTo 00n€eAsIBAaHE BHPXY KOHCTPYKIMUTE € BbB (DYHKIIHS OT BUCOUMHATA
H nan TepeHa, Ha KOSATO ce Hamupa oOiefeHara MoBbpXxHOCT. Dur. 2 naBa
Koe(HIMEHT k; Ha 3aBUINIaBaHE HA MacaTa Ha 00JICIIBAaHETO BPXY KOHCTPYKIIMHUTE
B 3aBUCHUMOCT OT BHcounHarta H. ®akTopbT ,,BUCOUMHA “ MOXKE J1a ObJIe OTYECTCH U
ype3 MpreMaHe Ha Pa3IMyHU TUIIOBE 00JIeAsIBaHE IO BUCOYMHA HA KOHCTPYKIIUSATA.
Pasmepute Ha KOHCTPYKTUBHHUTE €1€MEHTH, KAKTO U TIXHATa OPUEHTALIMS CIIPSMO
MOCOKaTa Ha BATHPA, CHIIO Ca BAXKHU (PAKTOPH, BIUSCIIN BbPXY KOJIMUYECTBOTO U
Tumna Ha obnensBane. Hanpumep, Hali-cUJTHO HaTpyIIBaHE Ha JIe]] CE MOJIy4aBa Mpu
€IeMEHTH C MAJKO HAMPEYHO CEYCHHUE, PA3MOJOKEHU MEPICHIUKYISIPHO Ha
MOCOKAaTa Ha BATHpA.

HNuTeH3uBHOCTTA (CHjaTa) Ha oOJiensBaHE HAa KOHCTPYKIIMUTE CE OMpeness Ha
6azara Ha mapamerbpa IC - kmac Ha oOnensBaHe, KoOHTO ce neduHupa 3a
choTBeTHaTa reorpadpcka 3oHa. Kiacoere IC ce nmedunmpar dypes
XapaKTepUCTHYHA CTOMHOCT 3a pedepeHTeH mepuoj or S0r.Ha obneasBaHe Ha
eTaJIoOHEeH KOJIeKTOp (0aBHO BHPTSII ce HIMIMHABD ¢ AuaMeThp 30mm u BUCOYHHA
He mo-mMaiika ot 0,5m, mocraBed Ha 10m Hax TepeHa).
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250

200 —

150

Height above terrain, H, m

0 1 2 3 A 5 6 7 8
Height factor, K |,
®durypa 2. I3meHeHue Ha Macara Ha Jie/ia B 3aBUCUMOCT OT BUCOUMHATA
Ha o0Jie/ileHaTa MOBbPXHOCT HaJ TepeHa

e Kinacosere IC ce aeduHHUpaT KakTo 3a ,,CTHKIOBUICH JieA‘, Taka W 3a ,,CKpex"
(KBAETO € BKIIFOYEH U MOKPHUSAT CHST), 03HaueHu choTBeTHO ¢ ICG u ICR.

e Kiacoere Ha crrknounuus neq ICG ca manenu B Tabn. 2, nepuHUpaHu 4ypes
nebennHaTa ¢ ¥ Macata m Ha JieJla BbpXY eTaIOHHUS MWIHHABP. MacaTta m B (kg/m)
€ roJstydeHa no gopmyara:

2.1) m=my.t(d+1).10°
KBJICTO: ¢ € ebenrHaTa Ha jeaa B mm; d — TMaMeThphT HAa NWJIMHIBPA B mm; y — oOeMHaTa

IIBTHOCT Ha Neia B kg/m?>.

Tab6auna 2. Knacose Ha creknosuzes e ICG (mrsTHOCT Ha nepa = 900 kg/m?)

r

Ice class Ice thickness / Masses for glaze, n, kg/m /
[IC) a / Cvlinder dimnefer m m

i

151
11,0 28,0
158 385
11,3 495

/TO be used for extreme ice accretions

e [Ipu mpbTOBH M PEMICTHYHH KOHCTPYKIIMU CE€ TIpUEMa, Y€ CTHKIOBUIHUAT JIET
MMOKPHBA PAaBHOMEPHO OTACIHUTE elieMeHTH (¢wur. 3).

®durypa 3. [lebenrna Ha 00Jie/IIBaHE ¢ HA €IEMEHTH Ha CTPOUTEIIHU KOHCTPYKIIUU

e Kiacosere Ha ckpex ICR ca nanenu B Tabm. 3, nedmHIpaHy upe3 MacaTa Ha CKpex
BBPXY €TAJOHHUS LHUIUHIBP.
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Tadauuna 3. Kinacose Ha ckpex ICR

Ice class (IC) Ice mass / Rime diameter {imm) for object diameter of 30 mm /

w Density of rime (kg/m3)

kg/m

R1 a5
R2 09
R3 1,6

R4 2.8
RS 5,0

a 89

’ 16,0

280
50,0

/ To be used for extreme ice accretions

2.2. HatoBapBaHe HA KOHCTPYKIMHU OT BATHP

XapakTepUCTUIHOTO HATOBApPBaHE OT BATHP HA HEOOJEICHN KOHCTPYKIIMH CE OMPeIeis
B choTBeTcTBHE ¢ EBpokoa 1 [23] 3a pedepenten nepuoa Ha moBTapsieMocT 7= 50r. BbB BU]]
Ha PasIpeselieH TOBAp BbPXY INOBBPXHOCTTA OT KOHCTPYKLMATA, 3a KOSTO BATHPBT ACUCTBA,
o ¢popmMynara

(2.2)  qwk = Cdir. Cseason -Cs.Cd .Cf. co(2) . c/(Z) . ce(z) . gro = Co . qro

KBJCTO:
Cdir © KOC(PHUIIUEHT 32 MTOCOKA HA BATHPA,;
Cseason - KOS(UITUEHT 32 CE30HHOCT;
Cs - KOC(UIIMEHT 32 HEPABHOMEPHOCT Ha HATOBAPBAHETO OT BATH;
Cd - KOC(PUIIMEHT HA TUHAMHYHOCT;
Cf - KOeUIMEHT 3a CHUJIa Ha BATHPA;
Z - BUCOYMHA HAJl TEPEHA;
co(2) - xkoedumuent 3a pened;
cA(z) - xoe(UIHEHT 3a rpanaBoCT Ha TePEHa,
ce(z) - xoeuIEeHT 3a TypOOJEHTHOCT;
gh0 - XapaKTepUCTUYHA CTOMHOCT Ha HAJSITAaHETO OT BATHD (AeduHupa ce 3a pedepeHTeH
nepuo Ha moBTapsiemoct 7=50r.);

Co — 0000meH KOehHUIMEHT 3a BATHD HAa HEOOJEICHH KOHCTPYKIIMH, paBeH Ha
MIPOU3BEICHUETO OT MPUIKCICHUTE BB opMyna (2.2) kKoehHUIueHTH.

[Ipouienypara 3a onpenesnsiHe Ha HATOBAPBAHETO OT BATHP BbPXY HEOOJICCHU KOHCTPYKIIHH
MPUHIIMITHO € BallUJHA U 332 00JEIeHN KOHCTPYKIIUU, HO ChC CIeAHUTE ABe Kopekuuu: (1) KpM
TJIOIITA 32 BETPOBOTO HaTOBapBaHe ce J00aBs M IJIONITA Ha O0easiBaHe, MEePIICHINKYIsIpHa Ha
HAIPABJICHUETO Ha BITHPa; (2) 0006mmenusT koedurment Co ce 3amens ¢ koepuuuent C; (Tad.
4,5).
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Taﬁ.lmua 4. Koepuuuentu C; 3a CTBKIOBHIHO 00JIesIBaHE

f Ice class ¢; coefficients for glaze on bars /
{Ic) thick- / Drag coefficients withoutice, (p /

ness

mm [ 050 [ 075 [ 100 | 125 | 150 | 175 | 200 [
128 | 148 | 168 | 188

1,51 1,46 1,61 1,76 G
1,34 1,44 1,54 164 (3
1,37 1,42 1,47 1,52 G4
1,40 140 1,40 1,40 G5
/ To be used for extreme ice accretions / / Go6
Ta6auna 5. Koepurnuentn C; 3a CKpex
/ Ice mass / ¢y coefficients for rime on bars /
Ic " Drag coefficient without ice, p
kg/m | o050 | 075 | 100 / 1,25 / 1,50 / 175 | 200 [

1,96
1,91
1,87
1,82
1,78
1,73
1,69
1,64
1.60
1sed for extreme ice accretions / / R10 / To bet

=
=)
5%

3. KopaBrHa HA NPYKUHHHU ONMOPH NMPHU MUJIOT

[Ipu ¢ynaupane Ha mpennazHd CTEHH C MUWIOTH, MOJCNBT HA TUCKPETHH MPYKUHHHU
OTOPH Ha MUJIOTA, 3aMECTBAIlM 3€MHATa OCHOBA, € KJIACUYECKH MOAXO0/, KOMTO MPaKTUYECKU
MOJKE JIa C€ pealu3upa ¢ MOMOIITa Ha BCHYKU cOPTyepH 3a KOHCTpyKTuBeH aHanus mo MKE.
Tbil KaTo, 32 BEpTUKAJIEH TOBAp €IWH MUJIOT pabOTH C BBPXOBO CHIPOTUBICHUE U OKOJHO
TPHUEHE, TE3U IBE KOMIIOHEHTH CE€ MOJEIUPAT C IIOMOIITAa Ha BEPTUKAIHU IIPY>KUHHU OIIOPH,
MIOCTaBeHU CHOTBETHO NpPU BbpXa HA NWIOTAa M MO AbDKMHATA My. 3a XOPU3OHTAIHO
HATOBAapBaHC MWJIOTHT U3IMKUTBA NMACUBHO CBHIIPOTHBJICHUC OT CTpaHa Ha IO4YBATa, KOCTO CC
MOJIeHpa C XOPU30HTAIHU MPYKUHHHU OMOPH MO AbJDKUHATA MY.

¥
/ % T anopa 1. 3a Bb[X0EQ CHNPOTHUENEHE
anopa 2. 33 oKoOnNHO THKHMEHE BEBE BEBIEN i

anopa 3. 33 NnacueHo CBNPOTUMENEHIME NO X BbE BbH3EN i
anopa 4. 33 NacueHO CBNPOTUMENEHME NO Y BbE BH3EN i

®urypa 4. Tunose TUCKPETHU NPYKUHHU ONIOPHU 32 MUJIOT
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TunoBeTe Npy>XKMHHH ONIOPH, O3HAUEHH ¢ HOMepa 1, 2, 3 u 4, ca moka3anu Ha ¢ur. 4. Twii
KaTo MUJIOTHT paboTH 3a BEPTUKAJIEH TOBAp C BHPXOBO CHIIPOTUBIICHHE U OKOJIHO TPHEHE, 3a
T€3U JBE KOMIIOHEHTH CE MOCTABST BEPTUKAIHU NPYKUHHU OIOPH, CHOTBETHO IIPU BbpXa Ha
NMJIOTA ¥ BbB BB3JIU I 110 IBJKUHATA My. 3a XOPU30HTAIHO HaTOBapBaHE NMUJIOTUTE U3INUTBAT
[IaCUBHO CBIIPOTUBJIEHHE OT CTpaHa Ha [I0YBATa, KOETO CE OTYUTA C XOPU3OHTAIHU NPYKUHHU
OTOPH BBB BB3JIMUTE I IO HAIMpPaBJIEHWE HAa KOOPAWHATHUTE OCHM B XOPH3OHTAJIHA paBHUHA.
KopaBunure Ha npyxuHauTe onopu 1, 2, 3 u 4 ce onpenenst B cboTBeTcTBUE ¢ HopmuTe [24].

3.1. Onpenensine Ha kKopaBuHaTa K;; Ha THCKPETHH XOPU30HTAIHN MPYKUHHH
onopu (onopu tun 3 u 4)

B xopu3oHTalHa MOCOKAa MOANMPAHETO Ha MMJIOTAa B 3€MHATa OCHOBa € ¢ oOeMHa
IpY>XHUHHA OT0pa, KopaBuHarta Ha Kosito C; e mpreTa JIMHEHHO HapacTBalla B IbJI00YHHA U Ce
oIpezens ¢ u3pasa

3.1) C.=k.z
KBIETO: Ky € KOe(UIMEHT Ha IPONMOPLHMOHAIHOCT, KOMTO 3aBHCH OT BHJAA II0YBA; Z —

BEepPTHKAJIHATA OpJMHATA, MEpPeHa OT TJiaBara Ha mNwiota (TOpHHUS Kpald Ha MWIOTa) B
JIBJIO0YMHA.

Y
dnp
o
T
L ]
—f 4
Ah| Czi @ia
d
! n dHHIIOT
[ ]
Z -
C~kz —

®durypa 5. Cxema 3a onpeze/isiHe Ha KOpaBUHA HA TUCKPETHHU MPYKUHU THT 3 1 4 ot dur. 4
KopaBunara K;, Ha IUCKpeTHaTa XOpPU3OHTaJHA MPYXXHHA BHB BB3EN I € paBHA

ChOTBETHATa 4YacT OT oOmjata o0eMHa auarpamMa Ha KopaBuHata (ur. 5) W 3a HEHWHOTO
oTIpeNeNIsTHe KaKTo 10 HAaIpaBJICHHE X, TaKa U 110 HAIIPaBJICHHE Y, € BaJIMICH U3Pa3bT

(32) Kz‘,hz Cz,i . Ahi . dnp

kbaeTo: C-; € CTOWHOCTTa OT AMarpaMaTa Ha oropaTa B Touka i; Ah; - mpuchagamara ce 4act
OT JBDKAHATA HA THWJIOTA 3a BB3eNd I; dnp - NMPHBEIEHATAa NIMPOYMHA HA MUJIOTA, KOSTO Ce
ompenens mo ¢popmMynara

(33) dﬂpzlas dHI/IHOT + 0,5 m

KBACTO dnmnor € IUAMETHPBT (IIMPOYMHATA HA HAPEUYHOTO CEYCHHUE) HA IMHUJIOTA.
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3.2. Onpenensine Ha KopaBuHATA K, HA THCKPETHU BEPTHUKAJIHH NMPYKUHHH
OIOPH 32 OKOJIHO TPUEHEe HA MUJI0TA (ONOPH THII 2)

KopaBunata K;, Ha BepTUKaJIHATa MPYXHHHA ONOPA BbB Bb3€J i 32 OKOJIHO TPUEHE Ha
nuiIoTa ce mpuema ¢ koepuiment 0,4 oT KopaBHHATA HAa ChOTBETHATA XOPU30HTAIHA MPYKUHA
Kipn, 1.e.

3.4) Kiv=04Ki;p

3.3. Onpenenasine Ha KopaBuHaTa K) Ha BepTHKAJIHA NPYKUHHA ONOPA 32 BbPX0BO
CHIPOTHBJIEHHE HA MUJI0TA (omopa Tum 1)

Omnpenens ce opaunatara C. Ha oOeMHaTa quarpama 3a XOpU30HTalIHa oropa oT ¢ur. 5
npu Bbpxa Ha nusora. [Ipuema ce, ue o0emMHaTa quarpama 3a BepTUKaliHa Oropa Mpu Bbpxa Ha
nutora ¢ ¢ opaunara 1,5.C.. Torasa 3a kopaBuHara Kp Ha TUCKpeTHATA IPYKHHHA OIIOpa MpH
BbpXa Ha MUJIOTA Ce TOIy4yaBa U3pa3bT

(3.5) Kp=15.C..A4»

KbIACTO Ab € IJI0IITa Ha HAIPECYHOTO CCUYCHUEC Ha ITHUJIO0TA.

4. KoMmOMHAIIMU HA HATOBaApPBaHe NMPH NMPeANAa3HU CTEHU MOKPail MATUCTPAIH
BobBexaar ce ciegHUTE 0O3HAYCHUS 32 XapaKTEPUCTUYHU HATOBAPBAHMS HA CTCHUTE:
L1 — coOcTBEHO TErJIO HA CTEHATA;

L2 — BATBp npu HEOOJIEIeHA CTEHA,

L3 — Terno Ha 00a€aIBaHETO HA CTEHATA,;

L4 — BaTBp npu 00JieicHa CTEHa.

[Tpu HatoBapBaHe OT BATHP Ha 00JEIEHU KOHCTPYKLHH, CE U3X0XKJAa OT NMPUHIUNA J1a Ce
MpaBsT [BE KOMOMHAIINK Ha HaToBapBaHe (Tabm. 6) [20]: komOuHanus [ - BeTpoBO HaTOBapBaHe C
MaJika BEpOSITHOCT 3a MPEBUIICHUE TUIIOC HaTOBapBaHe OT O0JIe/IIBaHEe C rojisiMa BEpOSITHOCT 3a
IpeBHIleHne U 00paTHO - KomMOwHamwms Il - BETpOBO HATOBapBaHE C roJisiMa BEPOSITHOCT 3a
IpEeBHILIEHUE TUTIOC HATOBapBaHe OT 00JeAsiBaHe C MaJlka BEpOSTHOCT 3a npeBuiienue. B Tadn. 6
ca BbBEJICHH CJCIHUTE O3HAUeHUs: T — MePHOJI Ha MMOBTAPSIEMOCT; kK — KOC(HUIIMCHT 33 PEAYKITHS
HAa HATOBapBaHETO OT BATHP, KOETO € neduHUpaHo 3a mepuoa Ha moBrapsemoct S0r., mpu
€HOBPEMEHHO JIeHicTBUE ¢ OOyie[siBaHe (OTYUTA, Y€ E€IHOBPEMEHHOTO JIEHCTBUE HAa BITHD U
o0JieissBaHe BB3HMKBA € C MO-MajKa BEPOSTHOCT), KOSHUIMEHTHT K ce mpreMa cropes Tabi. 7,
Pice , pw — PEIYKIMOHHN KOCPHUITHEHTH, TPUBEIKIAIIN HATOBAPBAHETO CHOTBETHO OT OOJIE/IsSIBaHE
U OT BATHP OT nepro1 Ha moBTapsiemoct 7 = 50r. kpM nepuoy 7 = 3r. KoepuiieHTsT ¢w peayupa
IUTOIITa Ha BETPOBOTO BB3/IEHCTBHUE TIPH PEIYKIIHSI HA TETJIOTO HA 00JIeIBaHE C KOSDHUIIUCHT Pice.

3a koeduIMeHTa Pice Ce mpenopbuBa cToitHocTTa 0,3.

Tab6auna 6. KomOuHupane Ha HaTOBapBaHe OT BATHP U O0JIesIBaHE

Combination / Wind action / Ice loads
/ Wind pressure / T(years) / Ice mass / T (vears) /

/ - ] - /] 50 | Giem ] 3 // Z

I [ Gwhaso [ 3 / n / 50
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Ta6auna 7. Koedpuruenr k

/| w6 |/ i / ICR / & /

G1 / 0,40 / RI / 0,40 /

¢z | o5 ] RZ /] oes [
63 / 0,50 / R3 / 0,50 /
G4 / 0,55 / R4 / 0,55 /

s [/ os0 [ RS [ e ]/
/ / R6 [ o ]/
/ / R7 [/ os0 [/

/ / R8 [ 000 ]/

/ [ ro ] 100 ]]

Crenure ce opazMepsBaT B ChOTBETCTBUE ¢ EBpPOKOJ 3a KpallHM T'pAaHUYHU ChCTOSHUS
(ULS) u 3a ekcrmoatalliOHHH TpaHUYHU ChCTOsSTHUS (SLS). 3a Te3u ChCTOSIHHS C€ ChCTABAT
KOMOWHAaNMM Ha HartoBapBaHe, o3HaueHu ¢ COMBIJ (J=1...6), karo KoepUIIUEHTHUTE,
MOCTAaBEHU MpeJ OTACIHUTE BUIOBE HATOBApPBaHMs, ca B ChOTBEeTCTBUE ¢ NA Ha EBpokoa u ¢
W3JI0KEHUTE B HACTOSIIIETO U3CJIEIBAHE TOCTAHOBKH.

ULS xomOuHammu:

COMBI1 =1,35[L1]+ 1,5 [L2]

COMB3 = 1,35 [L1] + 1,5. dice [L3] +1,5. k [L4]

COMBS5 =1,35. [L1] + 1,5 [L3] + 1,5. ¢w. k [L4]

SLS xoMmOuHamu:

COMB2 =1,0 [L1]+ 1,0 [L2]

COMB4 = 1,0 [L1] + 1,0. @ice [L3] +1,0. k [L4]

COMB6 = 1,0 [L1] + 1,0 [L3] + 1,0. ¢w. k [L4]

5. Ilpeana3Hu cTeHu MOKpaii marucrpaJia ,,Espona*

5.1. Mpeska npoTuB NpeJuTaly NTHIH

CpOpbiKEHHETO MPEACTaBIsSIBA METAIIHA MpEXa C BUCOYMHA 4 m, OT HULIKH C AUAMETBP
5 mm mpe3 20 cm (koepuiueHT Ha 3ambiaBaHe 5%). B Hau1bKHO HampaBieHHe MpeskaTa Mnpe3
2 m e XBaHaTa 3a KOJOHHU OT KOpPO3HMOHHOycToWuuBa croMaHa DX51D+Z140, ¢ Hanpe4yHo
cedyeHue, 61M3Ko 10 TpbOHO, ¢ TuionT A = 3,36 cm? (BBpHIIECH quaMeThp ~80 mm u AedenrnHa Ha
creHata 1,2 mm). KomoHuTe mnoemar HaTOBapBaHETO OT Mpexara W dYpe3 0Oa3oBa
CTOMaHOOETOHOBA IIJIOYa T'O MpeAaBaT Ha CTOMAaHOOETOHOB MUJIOT, ¢ auamersp 400 mm u
IBJDKMHA 3 m, M Ype3 Hero — B 3eMHaTa OCHOBAa. T03U TUIl pyHAMpaHE € pealu3upaH ¢ Lel
¢yHIMpaHe Ha MO-TONIsIMa IBbJIO0OUYMHA TOpaan (aKTa, 4e HEMOCPEICTBEHO 1Mo/1 6a30BaTa Ioya
3aJIAra HaCUIIeH IIJIacT, ¢ aedenuHa 1,8 m, KOWTo € Hemoaxoasi 3a pyHaupaHe.

5.2. lllymo3ammTHA CTeHA, KOMOMHHUPAHA ¢ MpPeKa NPOTUB MPeJUTALIH NTHIH

CBOpBKEHHETO € ¢ BUCOYMHA 4 m, KaTO JOJHUTE 2 M OT HEs NMpPEACTABIISIBA ILUIBTHA
LIYMOM30JIMpallia CTeHa, a TOPHUTE 2 m - Mpeka MPOTUB IpenuTamy ntuiy. 1 Tyk ce n3nomnssa
ONMCAHUAT BEYE THUIl MeTajlHa Mpexa. KoloHuTe, pa3nosnoxkeHu mnpe3 4 m no IbJDKMHA Ha
cropbxkeHueTo, ca or MetaaHu 2T mpodumn HEA120. dynnupanero € pemeHo ¢ MBUIHHU
¢yHIaMEHTH TOJI CTEHAaTa W MUJIOT MOoJ KojoHara. VBuuHHTE (hyHIAMEHTH ca Opa3MepeHU
caMmo 3a I0OEMaHe Ha BEpTUKAJIHU TOBAPH OT IIIyMOU30JIMpaniara cTeHa u OT Mpexara (CoOTBEeHO
TEIJIO CTeHa U Mpeka 0e3 u ¢ obnesBane). XOPU30HTATHOTO HATOBAPBAHE OT BATHP H3ISIO
ce moema OT KOJIOHHMTE U ce MpeiaBa Ha MUJIOTHUTE.

Ha ¢ur. 6 ca moka3aHu eneMEHTHTE, BKIIOYEHH B H3YHCIUTEIHUTE CXEMH Ha
cropbxkeHusaTa. B moaenmupanero mo MKE ca m3non3Banu npbToBH (frame) enemeHTH 3a
KOJIOHAaTa ¥ nujoTta U miodoBH (shell) ememenTu 3a 6a3oBara rio4ya U UBUYHUS QyHIAMEHT.
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MBMUYEH
fyHA aMEHT

(a) (6)
@ur. 6. [Ipennazuu CTeHU — U3UUCIUTEIIHH MOJICIIN:
(a) Mpexa npotu nruny; (6) KomOnaMpana crena

XapakTepuCTUYHATa CTOMHOCT HAa HAJATaHETO OT BATHP 3@ pallOHA HA ChbOPBKCHUATA €
gro= 0,48 kKN/m? u T chOTBETCTBA Ha CKOPOCT Ha BAThbpa = 27,71 m/s. Beska KonoHa noema
OCBEH COOCTBEHOTO HATOBAapBaHE OT BATHP U TOBA HA MpHUCHajaniaTa i ce 4acT OT Mpexara.

KoncTpykiuuTe ca n3cieaBaHu 3a HATOBApBaHE OT CTHKIOBUAHO obOnensBaHe kimac G2
(Tab1. 2), KOETO CHOTBETCTBA HA JIEIeHO TIOKpHTHE ¢ TTbTHOCT 900 kg/m® u nebenuna t=
20 mm BBpXy HUIIKUTE Ha MpekKaTa U BbPXY KOJIOHUTE 10 BUCOUYMHA HA Mpekara. Macara Ha
NpWICHHAINA Jie]] BbPXY HUIIKUTE Ha MpeXaTa U BbpXYy KOJOHHTE Ce OMpe/ielisi KaTo ce B3uMa
Ipe/BU TEOMETPUATA Ha HAIPEYHOTO cedeHue Ha o0sIeieHuTe eneMenTH (¢ur. 3).

HatoBapBaneTo OT BATHp 3a IUTBTHATA YaCT HA KOMOMHHMpAHATa CTEHA € ONPEJIENICHO 110
CTaHJapTHATa METOIMKa, u3sokeHa B EBpoko 1 [23]. O6001eHusAT KOSPUITUEHT 3a BATHP MPH
Heobnenenu crenu (popmyna 2.2) e Co = 0,97, a to3u 3a obnencuu crenu ¢ C; = 1,14 B
CHOTBETCTBUE C Ta0II. 4.

OmnpeneneHn ca CIEAHUTE CTOWHOCTH Ha KOE(MUIMEHTUTE 33 KOMOMHHpAHE Ha
HATOBApBaHUATA: Pice = 0,3; dw = 0,56; k = 0,45.

KoHcTpykuunTe Ha CTEHHTE ca Opa3MEpPeHH 3a MEPOJABHUTE YCHIIUS U MPEMECTBAHUS,
MOJYYEHU OT YUCIICHUTE aHAIN3H.

3akiiroueHue

[IpennazHute CTeHU Cpeuly IIyM M IpeauTallyd NTHIM MOKpail aBTOMAarucTpajiuTe ca
U3TPaJICHU OT HECJIIOKHHU KOHCTPYKTUBHH €JIEMEHTH, HO 32 TAXHOTO Opa3MepsiBaHE CE M3HCKBA
WHAUBUAYAICH TOJXOA 1O OTHOIIEHWE Ha HATOBapBaHeTO W Tuma Ha QyHaupane. [Ipu
HETUTBTHUTE CTCHH (TUI MpeXka) crenu(puaHa 0COOSHOCT € Bb3HHKBAHETO Ha HATOBAPBAHE OT
atMocdepHo oO0ieasiBaHe, KOeTO TpsSOBa Ja ObJE B3E€TO MPEABUI NMPH Opa3MEpsBAHETO Ha
KOHCTpyKuusATa. CTaTusaTa TpeTHpa OCHOBHUTE KOHIICTIIIMYA HAa HOpMaTHUBHATa 06a3a 3a TO3HU TUI
HATOBAapBaHE W TIXHOTO MPHIIOKEHHE 3a TMPENANa3Hu CTEHU Ha aBToOMarmcrpana ,.EBpoma®.
OyHIUpaHe HAa KOHCTPYKIUATA ¢ AMHUYHU MIJIOTH € [eJiecho0pa3Ho pelieHrne, 0CO0CHO mpu
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Pa3noJioKeHUE Ha CTEHUTE BbPXY HOBOU3TPaJACHH IbTHU Hacunu. CTaTusaTa mpe/iCTaBs YUCIICH
MOJeJ Ha B3aMMOJICHCTBHETO ,,ITMI0T-3€MHAa OCHOBA*.
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CPABHEHME HA CEU3MUYHOTO PEATMPAHE HA I'PEJJOBA MOCT C
EJJACTOMEPHM M TPOMHO TPUEILLU CE U30JIATOPU OT
MAXAJIOBUJIEH THII (TFPB)

Anexkcanabp Wanes!, Jumutsp Crepanos?, Jumursp Jumurpos’

Hayuonanen uncmumym no ceoghusuxa, 2eooeszus u ceoepagus, bAH, Cogus

COMPARISON BETWEEN ELASTOMERIC AND TRIPLE FRICITION
PENDULUM BEARING (TFPB) EARTHQUAKE RESPONSE OF
REINFORCED CONCRETE BEAM TYPE

Alexander Iliev!, Dimitar Stefanov2, Dimitar Dimitrov?

National Institute of Geophysics, Geodesy and Geography, BAS, Sofia

Abstract: Earthquake events pose significant risk to the infrastructure and civil
structures. One option to mitigate earthquake induced damages and failure is through
seismic isolation. There are many devices at the market nowadays, but friction bearings
are believed to offer some advantages over the rubber bearings. The main objective of
this paper is to investigate the differences in the dynamic response of a reinforced
concrete bridge with elastomeric and triple friction pendulum bearings (TFPB). The case
study bridge is an existing 7 spans, 154m long reinforced concrete beam type bridge. To
evaluate the seismic response of the bridge, time history analysis is performed using the
finite element software ETABS. Based on the results it is concluded that triple friction
pendulum bearing (TFPB) realize higher earthquake reduction of shear forces, bending
moments in the columns and accelerations at the top of structure, compared to the
elastomeric bearings and provides reliable choice for eventual seismic strengthening of
the bridge.

Key words: triple friction pendulum bearing, concrete bridge, earthquake response
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1. BbBeenne

[Ipu nmpoexkTHpaHe Ha HOBM MOCTOBM KOHCTPYKIMHM W TPH OLEHKA W yCHUJIBaHE Ha
CBIIECTBYBAIIM TaKMBa CE€ THPCAT BB3MOXKHOCTHTE 3a HaMalsiBaHE Ha pearupaHero Mpu
CEM3MHUYHOTO BB3JIEHCTBUE. 32 HOBO MPOECKTHUPAHU MOCTOBE TOBAa MOXE CTaHE C IMOAXOJSI]
u300p Ha HANPEYHOTO CEUYEHUE HA EIEMEHTUTE, KOUTO MOEMaT CEM3MHUYHOTO BbB3/CHCTBHE
(cTpI0OBE M YCTOM), TaKa Y€ KOpaBHMHATA Ja HaMajsiBa M Taka Jia C€ YBeJIMYaBa OCHOBHHUSIT
nepuoJ Ha TpenteHue. [Ipyr HauMH € Ja ce OCUTYPHU QYKTUIIHO MOBEICHHUE Ype3 MOIXOIAIL
n300p Ha BUJIa HA MOCTOBAaTa KOHCTPYKIUS U MPHU CIA3BaHETO Ha MpaBHJIaTa 3a JeTailinpaHe
Y KamaruTHUBHO MTPOCKTUPAHE.

[Tpu cpiecTByBalIUTe MOCTOBE TE€3H MOAXOAU OYEBUIHO HE Ca Bb3MOXKHH. Y CUIIBAHETO
HA HOCHMOCIIOCOOHOCTTa Ha MOCTOBAaTa KOHCTPYKITUS Upe3 MPOMsSHA Ha HAPEYHOTO CEUCHUE
Ha KOJIOHWTE Ha CTHJIO0OBETE HE BUHATH € TEXHOJOTMYECKH B3MOKHO, HAIIPUMEp MIPH CTPHbMHU
CKAaTOBE HA BUAAYKTH. TakoBa KOHCTPYKTHUBHO pELIEHUE MOHSIKOra € JI0CTa CKBIIO.

[Topagu Te3u NpPUYMHHU C€ THPCH HAMAIIBAHETO HA pearupaHeTo 4Ype3 BjaraHe B
MOCTOBAaTa KOHCTPYKLHUS Ha yCTPOUCTBA, KOUTO ce Hapuuat “n3onaropu’ (I) mnm qucunatopu
(D) na eneprus. B moBedeTo cinydan T€3u yCTPONWCTBA U3MBIHABAT U JBeTe PyHKIMU. TakuBa
MOCTOBE € IPHUETO Jia C€ HapuyaT ‘‘CeM3MOU30JUpaHn’. B TaknBa KOHCTPYKLHU MOXKE /a ce
YBEJIMYU BHUCKO3HOTO JeMmmupaHe. B MocTOBUTE KOHCTPYKIMM C€ Mpuiarar camo T.H.
“macWBHU” M30JIATOPU, ThH KaTo T€ CTaBaT “‘aKTUBHU caMoO Npu cer3MuyHO choutue. [lon
“n3omanus’ ce pa3doupa OTIACISTHETO (CemaprupaHeTo) Ha MOCTOBAaTa KOHCTPYKITUS OT CHITHUTE
JIBUKEHUSI HA 3€MHATa OCHOBA.

Hsma equHHO MHEHHE 3a €pEeKTUBHOCTTA HA cen3MUYHaTa n3omamus. B [1] ce oTOens3Ba,
ye MHEHMsATa ca Ha JBara noitoca. Crnopen €QHM M3CIEN0BaTeNN  “‘U30JMPAHETO” €
YHUBEpPCAJIHO pEIIeHHe Ha BCUYKH MPOOJIEMU MpU CEM3MUYHO Bb3AeiicTBue. Cropen Apyru
“U30/IMpaHETO” HAa MOCTOBAaTa KOHCTPYKIUS € HEHAJEKHO U JIOpU HHMKOra He cie/Ba Ja ce
npuiara.

HpyraTta npudrHa 3a TOBa pa3JeIeHUE € JIIcaTa Ha JOCTaThYHO JJAHHU U Pe3yITaTH OT
NpUJIOKEHUETo Ha “‘n3onupanero”. [lopagm ToBa B CBeTa Ce€ MNPOBEXKIA HWHTEH3UBHA
u3cuenoBatesicka pabora B oOjacTTa Ha aHaIM3a U TMPUIIOKEHUETO HA PA3IMYHU TUIIOBE
u30iaTopu. Y Hac TakuWBa aHaJIM3W ca MHOIO Majko. MHOro Majko ca U NpUMEpPUTE Ha
peanu3upaHu MPOEKTH 32 MOCTOBE ChC CEM3MUYHA U30JIAIHS.

Haii-nmoaxoasuioTo MACTO 3a TOCTaBsiHE HA “‘U30J1aTOPUTE’ € HA HUBOTO HA JIarepure, T.€.
B HEMOCPE/ICTBEHA OJIM30CT 10 aKTUBHUpAHATa Maca Ha BPhbXHATa KOHCTPYKITUH.

Haii-mHOrO mpumepu 3a MpuiioKeHHE UMaT Pa3IMYHUTE BUJIOBE €aCTOMEPHH Jiarepw,
Harnpumep Takusa ¢ nosuineHo nemndupane (HDRB — High Damping Rubber Bearings). Ot
JaJIcHOTO B [2] Moxe aa ce 3akimoun, ye B CAIL] Hali-yecTo ce mpuiaraT “oJJ0BHO-TYMEHUTE
narepu’”’ (LRB- Lead Rubber Bearings).

B HacrosmoTo u3cienBaHe ce aHAIM3Mpa MOBEACHHMETO MpEeIu W ciel HU30Jalus Ha
CBILECTBYBAILl MOCT OT “TpenioB THI . Mose aa ce cuura, 4e Hag 80% ot MocToBeTe y Hac [5]
ca oT To3u TuIl. ToBa onpezens akTyalHOCTTa Ha U3CJIEeIBaHUS TPOOIIEM.

B HacrosmoTo u3cneaBaHe € NpueTo ChIIECTBYBAIIUTE €TaCTOMEPHH Jlarepy Ha MOCTa
Jla ce MOJMEHST C €IMH MO-PSIAKO MPHUJIAraH TUII “U30J1aTOP’” — XII'B3TAILU CE B TP TOBbPXHUHU
narepu ot maxanoBuzaeH tur (TFPB - Triple Friction Pendulum Bearings). [IpenumMcTBOTO Ha
TO3M THUI “HU30JIATOPU’~ € HIECATHOTO €JacTO-TUIAaCTUYHO XHCTEPE3UCHO TMOBEACHUE U
BB3MOKHOCTTA 32 pa3ceiiBaHe Ha TOJSIMO KOIM4YecTBO eHeprus. [lompoOHO omucanume Ha
KOHCTPYKLHUATA HA JIarepuTe, TSIXHATa paboTa U MOJEIUpPaHEe MOXKE Jla Ce€ HaMepH B peauna
W3TOYHUIIM, HanTpumep B [3].

CehbliecTByBalara MOCTOBa KOHCTpYKUHUs € moxaenupana upe3 MKE. M3pbpiien e
CEM3MHYEH aHaJlU3 HAa OpHUTMHAJIHATA KOHCTPYKIUS, KOSATO € C elacToMepHu jarepu. Ha
CJIeBaIllMs €Tan Te3M Jiarepu ca 3aMeHeHu ¢ jgarepu tun TFPB. IloBenenuero Ha MmocToBaTa
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KOHCTPYKIUS € aHAIM3UPAHO Ype3 CPaBHSABAHE HA JUHAMUYHHUTE TMapaMmeTpu (Tepuoau u
YCKOPEHUS), yCUIIUSTA U PEaKIIMUTE B HAJJIBKHA [TOCOKA.

B 1.7.5.1 ot [4] ce momycka mpuiiaraHeTo Ha CIEKTPAICH aHAIW3 ¢ OCHOBHATa (opMa,
CIEKTpaJieH MOJAJIeH aHAIU3 M HEeJIMHEeeH aHaliu3 ¢ akceneporpamu. Ilopaau Hajmaranero Ha
HSKOW OTPaHUYCHHUS 32 MPIIOKEHUETO Ha IIBPBUTE JBE MPOIEAYPH 32 aHATU3 B HACTOSIIIOTO
W3CIIeJIBaHE € MPOBEJCH HEIMHECH aHaIM3 C akceneporpamu (time history analysis). ITo To3u
HAaYMH € M3IBIHEHO naneHoto B T.7.5.3(3) or [4], ue Ta3u mpoueaypa ce JIO0mycKa NpHu
MPOEKTUPAHETO Ha BCEKU MOCT ChC CEU3MHUYHA H30JIaIusl.

B Hactosmoro um3cnenBaHe € cmaseHo W jgaaeHoto B T.7.3(2)P ot [4] m3uckBaHe 3a
OTPaHUYEHO IYKTUJIHO TOBEJEHHWE Ha TO3M THUII MOCTOBE IPU H3YUCIUTEIHA CEU3MHYHA
CUTYaIlUA.

2. M3ceagBaHa KOHCTPYKUHS U U3MOJI3BAHU MOJETH

OO0ekT Ha u3CclieIBaHe € TPEOBU CTOMAHOOETOHEH MOCT. MOCTBT ce ChCTOM OT 7 OTBOpa
u obma apkuHa 154 m. Cpengnara BUCOYMHA Ha cThiIOOBeTe € 6,5 M. IIpoctute rpeau or
BpbXHATa KOHCTPYKIIMS ca MOJEJIHUPAHU C TPEIOBU €lIeMEHTU. Te ce omupar Ha HalpeuHu
purenu ¢ BucounHa 1,9 M u mmpuna 2,3 m. Te ca MojennpaHy MOCPEACTBOM IUI0YECTH KpaiHU
eneMeHTu. Pasrienanu ca JBa HauMHa Ha Bpb3Ka MEXKIY MPOCTUTE HAMIBXKHHU Tpelud U
HanpedHuTe purenu. [IbpBUSAT BapuaHT € TO3HU, KOMTO € U3MbJIHEH B JCHCTBUTEIHOCT — Ype3
enactomMepHu jgarepu. To3u BapuaHT € Hali-IIMPOKO pa3pOCTPAHEHUST BaApUAHT Ha MOANUPAHE
Ha HaJJIBKHUTE TPEIM TIPU TPEOBU CTOMaHOOETOHHU MOCTOBE B brirapus. Bropusr Bapuant
€ UJECH U MMa 3a LeN J1a U3cliefiBa €BEHTYaTHOTO CEM3MUYHO YKpelBaHe Ha H3CJIECIBAHUST
mocT. [Ipu Hero ca u3MON3BaHM M30JIATOPH (AeMI(EpHU YCTPOKCTBA) HA TPOEH TPHEL] ce
n3onatop ot maxanoBuaeH tur (TFPB), ¢wur.1,2. Mongenupanero Ha eIacTOMEpHHS Jiarep €
U3BBPILICHO MOCPECTBOM JIMHEHa enacTuyHa npyxuHa (link, elastic), mokato moaenupaneTo
Ha TPOMHO TpUEHIMs C€ HU30JIaTOp € M3BBPIIEHO Ype3 CIEeUUajeH €JIeMEHT HaluueH B
nporpamuus npoaykT ETABS (link, triple friction pendulum) [6]. [Tlopaau nurica Ha 1aHHU 32
TEOJIOKKUTE YCIIOBUS € IPUETO KOPABO CBBbP3BaHE HA KOJIOHATa U hyHAaMEeHTa Ha cThia0a. 0011
TPUMU3MEPEH BUJ Ha MOJeNia 110 KpaifH! eJIeMEHTH € TIoKa3aH Ha (ur.3.

®urypa 1. TpoliHo TpHell ce U30JaTOP OT MaxXaJOBHU/IEH THUII - TPUU3MEPEH U3IIIE]
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®urypa 2. TpoiiHO TpHEL CE U30JaTOP OT MaxXaJOBHUJIEH THUII - Pa3pe3 U OCHOBHU NTapaMeTpu

fgﬁgﬁﬁ%ﬁ%ﬁi@%}@

®urypa 3. O01 TpuM3MepeH U3riae] Ha MoJeNa 10 KpaiiHu eleMeHTH

3. CensMHn4HO Bb3eiicTBHE

CeunsMuuHUAT 3amuc 3a ToBa usciensane € B3et oT IAEA Coordinated Research Project
“Safety Significance of Near Field Earthquakes” [7]. Cen3MuyHUAT CUTHAI CE€ CHCTOU OT
YeTHpHU aKCceleporpaMu, KOUTO ca TMPUIIOKEHU efaHa ciieq Apyra. [naBHara umes e ma ce

W3MOJI3Ba CHJIHO BB3JICUCTBHE, KOETO Ja € MPEACTaBUTEIHO 3a MJalledHu M OJU3KH
3EMETPECEHHUS.

M3mon3BaHu ca JBa TUIA OT 3eMETPhCHH 3aIHCH:
e “3emerpbceH 3amuc Hwuma”, u3KyCcTBEeH cuWrHan (BpemerpacHe 12 cek.),
NPEICTaBUTEIICH 32 TAJICYHUTE 3€METPECECHUS;

e “3emerpbcer 3amuc Can OpaHIUCKO”, €CTECTBEH CUTHAN (BpeMeTpaceHe 7 CEK.),
MPEJICTABUTEINICH 32 OJIM3KUTE 3eMETPECEHUSI.

3aMHC Ha CEM3MHYHOTO Bh3xeiicTre, Runl- Rund AR RO pactin ot iUl Motiops for CAMCD B 1 4
15 0
al ‘ ‘
/| )

= o B M | 1 |

? g % ,4/ Jo— 1

] B N

- 40 4 ™ o

§ L3l I § —RUN3
—RUNS
=== R ange of interest for

1 0 100
-1.5 Fraquency, H
Bpewme [cek.]
®urypa 4. 3eMEeTPbCEH CUTHAII HA YCKOPEHMSI, ®urypa S. EnactudeH criekTsp Ha
Runl- Run4 BB3aeiicTBUA Runl- Run4
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Ta6anna 1. MakcuMaaHM YCKOPEHHUs OT 3allMCH M3MO0JI3BaHU B aHAJIN3A
Run 1 Run 2 Run 3 Run 4
Huna Can ®paHuuCcKO Can @paHUKCKO Huna
0.24¢g 0.13g 1.11g 04l1g

Run 1 moke ma ce mpueme/ pasriex/ia KaTo TUIIMYHO MPOSKTEH 3eMETPHCEH 3aIucC Ha
yckopenus. Run 1 u Run 2 Moke na ce mpuemat/ pa3riiexaaT Karto ,,ciiadu* HuBa. Run 3 u

Run 4 ca cpenHo pa3pylIUTENIHN 3¢METPBbCHU CUTHAIH - Qur. 4.

4. Pe3yJaraT OT AIMHAMUYHYU aHAJHU3U BbB BPeMeTO
B Ta3u Touka ca cucTeMaTU3UpaHU Pe3yJITaTUTE OT AMHAMUYHUTE aHAJIM3U BbB BPEMETO

Yype3 aKkceslieporpamMH 3a JBaTa THIIa onvpaHe Ha rpeaute. Ha ¢ur. 5 ca mokasaHu peakiuuTe B
OCHOBATa Ha MOCTa B Ha/ITb’KHA IOCOKA. MaKkcUMaHaTa peakiiys Ipy BapUaHT C €1aCTOMEPHU

narepu e 6mu30 17500 kN, a Ta3u npu TpOHHO TPUEIIUS c€ H30aTOP OT MAaXaJOBUTEH THUII € OT
nopsimbka Ha 5000 kN. ToBa HeIBYyCMHCIEHO II0Ka3Ba 3HAYUTETHOTO OJAronpusTHO

peaylupane Ha CpS3BAIIMTE CHIIH B KOJIOHUTE OT 01130 3,5 mbTH.

Pearnud B OCHOBATa Ha MOCT3 B HAJTBXHA HOCOKA

20000
15000
" 10000 g,_
3000 =
g
0 p 5?
o -
00 S s
=
’ g -1000¢
: g
—— EacToMepeH Jarep I a, -15000
2,
—TTHMT/TFPB 0000
-25000
25 30 35 40 0

20

10 i35

Bpewme [cex. ]

®urypa 5. Peakiusi B ocHOBaTa Ha MOCTa B Ha/UTb)KHA MTOCOKa

Ha ¢wur. 6 ca mokasanu orpBamuTeé MOMEHTH B OCHOBaTa Ha yCTOH 3 OT MocCTOBara

koHCcTpyKuus. [Ipu Run 3 MakcumaHUAT OrbBal] MOMEHT IIPU MOJEI C €JaCTOMEPHH JIarepu
e 11000 kNm, a mpu ycuieHHss C TPOWHO TPHEIIM CE€ Jarepd OT MaxaJOBHACH THII
MaKCHUMAaJHHAT OorbBail MoMeHT e peayuupaH Ha 5000 kNm. Ilpu Run 4 maxcumamHHST
OT'bBaIll MOMEHT C enacToMmepHu Jiarepu € 17000 kNm, a ycuiieHust ¢ TPOMHO TPUEIIHN CE JIarepHu

OT MaxaJIOBUJICH THUIT MAaKCUMATHHST OI'bBAIl] MOMEHT € peayrupan Ha 2500 kNm.
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OrsBanii MOMeHTH B OCHOBATa H3 KOJIOHA 3
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®durypa 6. Victopus Ha orpBaiiyd MOMEHTH B OCHOBaTa Ha CTHJIO 3

Ha ¢ur. 7 ca nokazaHu MakCUMaJHHUTE YCKOPEHHsS BbB BpbXHaTa KOHCTpYKUHsA. Moxe
na ce HanpaBu u3Boja, ue TTUMT/TFPB penyuupa yckopenusita ¢ okoio 40% B cTaBHEHHE C

BapHaHTa C €JIaCTOMEPHHU JIarepHu.

Heroprs Ha YCKOPeHHATA BBB BPBXHATA KOHCTPYKIHA
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/ ——FELacroyepen garep ; -10000
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-15000
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5

Bpeue [cex.]
®urypa 7. Uctopus Ha yCKOpEHUATA BbB BpbXHATa KOHCTPYKIIHUS

N3Boan
MOCT C €JJaCTOMEPHHU JIarepy MEXIy HaUIbKHUTE TPEI U PUTEIINTE U BApUAHT HA YKPEIIBaHE

C M3MOJ3BaHe Ha TPOWHO TpHeuH ce n3onaropu ot maxanosuaeH tun (TFPB). IIposenenu ca

B Hacrosmara craTust € CpaBHEHO CEM3MUYHOTO pearrupaHe Ha rpeJOBU CTOMaHOOETOHEH
TUHAMUYHM aHaJlM3M C aKceleporpaMd B TpUTE HampaBieHus Ha mozena. [lomydenure

pcaKknud B OCHOBATa B HAIJIIbXHA IIOCOKAa, YCKOPCHHUA B BbBB BPbXHATA

pesynratu -

KOHCTPYKIOHA W Or'bBAallli MOMCHTH B OCHOBAaTa Ha KOJIOHATa HEABYCMHCIJIICHO IIOKas3BaT
SHAYUTCIHOTO peAynupaHC Ha CCUZMHUYHOTO pCarupaHc IIPU HUIIOJI3BAHCTO Ha TpOfIHO
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TPHUEIIUs Ce M30JaTOp OT MAaxXaJOBUJIEH THII. B 3akitoueHue MOxe Ja ce OTOelexu, ue
U3CIIEABAHUSAT U30J1aTOP € e()EeKTUBEH KaKTO MPH OJM3KU, TaKa U MPU JAJCYHU 36METPECEHHUS.

Bbaaromapuoctu

Hacrosimero uscieaBane e mpoBeneHO B paMkuTe Ha HanmoHanmHa HaydHa mporpama
,Ola3BaHe Ha OKOJIHATa cpeJa M HaMmasiBAaHE Ha PHCKAa OT HEOJIArOonpusTHU SIBICHUS U
npupoaHu 6encTBus, onoopeHa ¢ Pemenue na Munucrepcku cbet Ne 577/17.08.2018.
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ITPOYYBAHE U U3CJIEIBAHE HA U3I1OJI3BBAHUTE MATEPUAJIN
3A U3I'PA’KJAHE HA CTOMAHEHHU MOCTOBE
B IOCJIEJHUTE 150 TOAUHA

Mapruna Baaroesa!

Yuusepcumem no apxumexmypa, cmpoumeincmeo u ceodesusi (YACI), Cogus

RESEARCH AND INVESTIGATION OF THE MATERIALS
USED FOR THE CONSTRUCTION OF STEEL BRIDGES
FOR THE LAST 150 YEARS

Martina Blagoeva'

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: 331 steel bridges with a total length of 11201.70 m and a total area of 356409
m’ are operated in the railway infrastructure of the Republic of Bulgaria. In order to
conduct an adequate analysis of their structural behavior, it is necessary to establish the
main mechanical characteristics of the respective old steels from which the facilities are
built. This publication examines and analyzes the materials used in the old steel bridges,
the development of materials over time and their application in bridge construction. The
development of the properties and characteristics of steels and how this affects the
constructive behavior is presented. The experimental study of material from a dismantled

old riveted bridge with I-beam structure, built in 1930, is presented.

Key words: old steel bridges, materials, iron, steel, inspection, testing

1. BnLBeaenue

B nHemrHo Bpeme MoJiepHU3aLMATA U pexaOuIUTaIUATa Ha JKIT TMHUUTE B bpiarapus u B
EBpoma ce pa3BuBa c rojemMu TemroBe. B kn MpexxuTe mMa MHOXXECTBO CTapH CTOMAaHEHU
MOCTOBE, KOMTO U JI0 THEC M3ITBJIHABAT (QYHKLUMUTE CH aJeKBAaTHO u Oe3mpobiemuo. Koraro
JIaJIeH y4acThK OT XKII. TPACETO C€ PEMOHTHPA M OOHOBSABA € MKOHOMHUYECKHU HEIeNecho0pa3Ho
Jla ce IMOJMEHST BCE OIle ChHIIECTBYBAIIM 3/paBH KOHCTPYKIHMH. 3a Ja ce 3amassiT
CBUIECTBYBAIUTE CHOPHKCHUS, KATO CE NPUBENAT KbM CHBPEMEHHHUTE EKCIUIOATAI[HOHHU
M3MCKBaHUS, C Bb3MOXHOCT 32 YCHUJIBAHE W/WJIA PEMOHT (IIpH HEOOXOJUMOCT), € HE0OX0IMMO
CBUIECTBYBAILIOTO IOJOKEHHE HAa KOHCTPYKIHMATA Ja ObJe H3CIENBAHO M aHAIW3HUPAHO.
OOMKHOBEHO IPH OIIEHKATa Ha CTapH CTOMAHEHH M KEJIe3HU MOCTOBE U MPH IUIAHUPAHETO Ha

! Mapruna bnaroesa, ri. ac., A-p, MHX., KaTeqpa ,,)Kenesnuu®, @akynrer no TpaHCIOPTHO CTPOUTEIICTBO,
Codusi, yn. Xpucro CmupHencku 1; e-mail: nikolova23@abv.bg;

Martina Blagoeva, Chief assistant Professor, PhD, Eng., Railway construction Department, Faculty of
Transportation Engineering, Hristo Smirnenski 1 Str. Sofia; e-mail: nikolova23@abv.bg

291



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

PEMOHTHHTE UM JEHHOCTH € HeoOXoauMa o ipoOHa HHPOpMAITUs 32 MaTeprala, OT KOWTO Te
ca M3rpajieHd, HETOBUTE XapaKTEPUCTHUKH, HAUWHA HA MPOU3BOJCTBO M HAUMHA, O KOMTO €
BJIO’KEH B KOHCTPYKIHUATA. Te31 TaHHU ca HE0OXO0IUMH, 32 1a MOXKE J1a C€ U3BBPIINA BH3MOXKHO
Hall-TOYEeH KOHCTPYKTHUBEH aHAJIN3.

2. MaTtepuaiu, H3M0JI3BaHU NPU U3IIbJIHEHNETO HA MeTAJTHH MOCTOBE

UyryHbT, KOBAaHOTO JKE€JA30 W CTOMaHaTa ca MaTepHalIuTe, KOWTO Hal-uecTo ca
M3MO0JI3BaHN NIPY HampaBaTa Ha METaJHH MOCTOBE. B mpakTmkarta ce cpemar U MOCTOBE OT
QTyMHHUUH, HO TaKUBa puMepu ca psakocT. B Tabnuma 1 [5] ca noka3anu nepuoaute , mpes3
KOWTO Ca U3MOJI3BaHN CHOTBETHUTE MaT€pPHaIN B MOCTOBOTO CTPOHUTEJICTBO.

Tabauua 1. [lepnoan Ha W3noa3BaHe HA BUIOBETE MaTepraiu [4]

Marepuan [Tpubnm3uTeneH nepuos
Yyryn 1780-1900
Kosano xeisi30 1810-1880
Cromana 1880-cera

2.1. Yyryn

UyryHsT 3amoyBa Ja c€ M3I0J3Ba KaTO CTPOUTENIEH Marepual B Hadainoro Ha 1700
roJIMHa, KaTo WBPBUAT MeTaleH MocT ¢ wm3rpaneH mpe3 1800 rommna (Ironbridge in
Coalbrookdale, UK). Toii e mokasan Ha ¢urypa 1 [5].

B 3aBHCHMMOCT OT HPOHM3BOJCTBOTO JIATOTO XKeJNA30 (UyryH) MOKe na ObJe J1Ba BHJA.
Koraro cbabppKanysT ce B HEro BeIIIEPO/I € KaTO IIMMEHTHT, YyTYHBT Ce Hapr4a OsT0 KeIs30.
[Ipu cuynBane BUIBT My € OsiT. BsUTOTO &Kensa30, KOETO € TBBPJO U KPEXKO, PSAKO € HAMHUPAIIO
NPUJIOKESHNE B MOCTOBOTO CTPOHUTEJICTBO. JIpyTrusT BU YyTyH € CUBHAT 4yryH. TOH ChIbpxa
OT JIBa JIO TIET MPOIICHTA BBIVIEPO/I,  CHIIIO U MAIKO CUITUINH. Te3u ierupaniy elleMeHTH, KaKTo
¥ CKOPOCTTA Ha BTBBPASBAHETO MY BIHSAT BEPXY XapaKTEPUCTHUKUTE HA CHBHS YyT'yH. B Hero
[O-TOJIIMAaTa 4acT OT BBIVIEPOAA MPUCHCTBA KATO JIFOCIIU OT IpaduT, a OCTaHAIOTA KaTo MEPIIUT
u (¢eput. CUBHAT YyTYH € MO-MAJIKO TBBP]I, KOETO TO MPaBH MoO-JeceH 3a 00padoTka. ChIo
TakKa € U He TOJIKOBA KPeXbK KaTo Oenvs. Y CTONYMB € Ha HATHCK , HO Ha OITBbH SIKOCTTA € HUCKA.
KaxkTto mosxe na ce Buau ot ¢urypa 2 [6], 3aBUCHMOCTTa MEXTy HanpekeHUe u nedopmarus e
HEJIMHEWHA, TTOPaJd HATMYUETO Ha TpadUTHH JIFOCIIH.
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®@urypa 2. 3aBUCUMOCT HampexeHue-nedopmalivs 3a 4yryna [6]

Hannuuero Ha nedektu mpu jieeHe U BUCOKUTE OCTAThUYHU HAIPEKEHUS MPU CBUBAHE
MpaBsT YyryHa 4yBCTBUTENEH Ha ymopa. Ho 3a cmeTka Ha ToBa Ma MHOTO JoOpa KOPO3MOHHA
YCTOMYUBOCT.

a)

®@urypa 3. MUKpOCTPYKTypa a) Ha 4yryHa U 0)Ha KOBAHOTO JKeJA30 [5]

2.2. KoBaHO keJfA30

[IpouechT, mpu KOWUTO BUCOKO BHITIEPOIHHUAT MEXKINHEH MPOYKT CE€ MPEBPHIIA B KOBAHO
KENA30 ce Hapuya mojuyMHronaHe. Ilpu To3u mporuec Kensi30To ce 3arpsiBa MOBTOPHO U ce
pa30bpKBa B TMeM, 3a Ja CE€ CTUMUHUPAT BBIVIEPOJHUM M JPYrd 3aMmbpcsBaHus. Cren
OXJIQXKTAHETO MY, JKEJIA30TO ce MpepaboTBa upe3 MOBTOPHO HarpsBaHe, oOpaboOTKa ¢ MapHU
yykoBe W (opMyBaHe upe3 BaiioBaHe. [loBrapsmmre ce mpoiecd Ha 00paboTka maBar
noI00peHN MEXaHUYHU XapaKTePUCTUKU M CHOTBETHO IMO-BHCOKA SKOCT W IJIACTUYHOCT Ha
KOBaHOTO KeJs30

KoBaHoTo ens30 e ¢ mo-100pu XapakTepUCTUKU OT UyryHa. FiMa 3HaunTeNnHo mo-BUCOKa
SIKOCT Ha OI'BH M JYKTHIIHO MMOBEACHHE. 32 CMETKA Ha TOBA TO € IMO-YyBCTBUTEIIHO HA KOPO3HSL.

[Ipu oOpaboTkaTa ¢ mapHU YyKOBE 3a MOJydyaBaHE Ha CIIOEHOTO XKeJA30, BbIJIEPOJTHUTE
BKIIIOUBAaHUS TpUI00MBAT IIOCKAa (opma, OpUEHTHUPAHW IO HAMpaBJICHHE Ha OCTa Ha
n3aenuero. ToBa e mpuuMHaTa, IOPAAX KOSITO MaTepUAbT IPUTEkKaBa aHU30TPOITHH CBOMCTBA.
3a cpaBHEHHME SIKOCTTa IO HAIpaBJICHWE Ha OCTa HA W3JIEIHETO € TPU IbTH MO-TOJsAMa OT
AKOCTTa B NEPNEHIUKYISIPHOTO HampaBjieHHe. 3a pajlHUKa OT YyryHa SKOCTHHTE
XapaKTepUCTHKU HA OMbH U HATUCK MPHU KOBAHOTO XKels30 ca eqHakBu. Ha @urypa 4 [6] e
M0Ka3aHa 3aBUCHUMOCTTa HallpekeHue-ae(popmalusi Ha KOBaHOTO XKeJs30.
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®durypa 4. 3aBUCUMOCT HanpeXeHHe-1eGopMaIiy 3a KOBaHO JKeJs130.[6]

2.2. CtomaHa

SIxocTUTE Ha OITBH Ha U3MOJI3BAHUTE B MUHAJIIOTO CTOMAaHU BapupaT B TpaHULUTE OT 432
710 492 N/mm?. Haii-paHHuTE CTOMaHM UMAT MO MIMPOK AUANA30H OT CTOMHOCTH Ha OITbHHATa
SIKOCT, ThH KaTO MPOILIEHTHOTO ChABPKAHUE HA KOIWYECTBOTO BBINIEPOA € OWIO MO-TPYIHO
KoHTposiupyemo. Ilopamu numca Ha TO-KOHKPETHH JaHHM W HH(POpMANMs 3a CTOMAaHH,
npousBeaenu npeau 1950 ronuna B BD 21/01 ce nmpenopbuBa ombHHATA SIKOCT J]a CE MPHUEMeE
230N/mm? . [Tpy HEOOXOAMMOCT OT KOHKPETHU CTOMHOCTHU CJIe/IBa J1a OBJaT B3e€TH NMPOOU U
o0pa3iy 1 J1a ce MPOBEAT ChOTBETHUTE EKCIIEPUMEHTATHA TECTOBE U M3IIUTBAHUS.

KonndecTBOTO Ha BBITIEPO] B CTOMaHaTa MOXe Ja Obe 110 2,5% Mmpu O-BUCOKH OT Ta3u
CTOWHOCT, MaTEpUaIbT ce Kinacuduimpa kato 4yryH. JJ00aBsHETO Ha BBIIIEPO KbM KENISI30TO
MOBHUIIIABA SIKOCTTa MYy , HO HaMajsiBa IUTACTHYHOCTTA. KOHCTPYKTUBHHUTE CTOMAaHH CE€
npoussexaar ¢ 0,1 mo 0,25% Bwriiepon, 3a na ce Moaydyu no0pa KOMOWHAIMS OT SIKOCT U
mactuaHocT ( durypas [5]).

1.46
1.20

0.97

0.70
h 0.23

Stress

0.11%c

3

Strain
®urypa 5. BiusHue Ha KOJIU4YECTBOTO BBIIEPOL .[ 5]

[Mopamu HHCKaTa SKOCT M BHCOKHTE TEMIIEpaTypyd Ha MPEXOJd, PAHHHUTE CTOMaHEHU
MOCTOBE ca ¢ Kpexko noBeaenue. [Ipe3 mapt 1938 roguna moct B benrus ce paspymiaBa caMmo
14 mecena cien mocTposiBaHeTO My. Pa3pylieHueTo € 3amoyHaio OT 3aBapbu€H IIEB IPHU
temmeparypa -20°C. Ipe3 1940 roauHa mpu KopabuTe ce HAOMI0AABA KPEXKO pa3pyllieHHe
ca MpeANPUETH U3CIEIOBATEIICKU AEHHOCTH, C I1eJ1 T0100psiBaHe MPON3BOACTBOTO HA CTOMaHa
U 3aBapbyHUTE mpoluec. [lo-HUCKOTO ChaAbpKaHUE HA BBIJIEPO] B ChbBpEMEHHATa CTOMaHa €
IpUyYMHaTa, MaTepUaTbT Ja MPUTEKaBa JIMHEHHA eJacTUYHA Bpbh3Ka MEXIY HamlpexeHHe U
nedopmarus (durypa 6) [6]. [Topagu ocobeHocTTa Ha cTOMaHaTa Ja Ob/ie O-CKIIOHHA KbM
KOpO3Hs OT YyTr'yHa, € He00X0IUMO T# Ja Obie O0sIMCcBaHa MHOTOKPATHO.
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Strain hardening

Ultimate tensile
Yield strength strength

AN

Stress

'Design' stress-strain line

Strain

®durypa 6. ['paduka Ha Bpb3KaTa HanpexeHue-aeGpopmManuu
IIPU CbBPEMEHHUTE CTOMaHU .[6]

3. ExcriepuMeHTAJHH U3CJeIBAHUA 32 ONpeesisiHe HA XapaAKTEePUCTUKHUTE HA
MaTepuaja oT cTap CTOMaHEH HUTOBAH MOCT — IKOCT, Y/AapPHA KUJIaBOCT, XHMHYEH
ChCTaB U 3aBAPSIE€MOCT

[Ipu u3cnenBaHe M OIEHKA HA CHIIECTBYBAIO0 MOCTOBO CHOPBKEHHE € OT CHIIECTBEHO
3Ha4YEHHE J1a C€ MPOBE/IE TOUCH KOHCTPYKTUBEH aHaIM3. ToBa HE MOKe Ja ObJie OChILIECTBEHO,
0e3 J1a ce 3HasAT OCHOBHUTE MEXaHUYHU XapaKTePUCTHKU Ha MaTepuraia, OT KOUTO € u3paboTeHo
ChOpBKEeHNEeTo. BB Bpb3Ka ¢ M3Clie[BaHUATA HAPAaBEHU B HAcTosIIaTa pa3paboTKa € B3eT
MaTepHuai OT CTap AEMOHTHUPAH CTOMAaHEH MbJIHOCTEHEH MOCT, mocTpoeH mnpe3 1930r. MocthT
€ MoI00CH Ha TO3H, BEPXY KONTO ca M3BBpIICeHU u3cieaBanusTa B [7]. Llenrta Ge na ce u3roTsst
o0pa3ii ¥ U3BBPIIAT HEOOXOTUMUTE EKCIEPUMEHTATHH W3CIICBAHUS 3a OMpECNsTHEe Ha
MEXaHUYHUTE XapaKTepucTuku Ha Matepuana(durypa 7). U3rorBeHu u u3nuranu ca oomo 12
Oposi CTOMaHEHU eTNpPYBETKU — 3 Opost OT cToMaHeH JHUCT ¢ aebenuHa 10mm mo mocokara Ha
BajimoBane (2-1; 2-2; 2-3;), 3 Opost OT CHIIUS JICT , HO HAMPEYHO HA IMOCOKATa Ha BAJIIIOBAHE
(1-1; 1-2; 1-3) u 6 Opost enpyBETKH OT BaILIOBaH Mpo¢uI OT MPOTUBOBEeTpoBaTa Bpb3Ka (IIBB)
Ha mocrta (ITP1, ITP2, I1P3, TTP1, HITP2, HIIP3).

®urypa 7. Matepuai 3a U3MUTBAHE OT JIUCTOB €JIEMEHT.[§]

W3nuTBaHMUATa ca HANPaBEHH MOCPEICTBOM KOHTAKTEH €KCTEH3MOMETHD C YaCOBHHKOB
nnaukatop BAKER ¢ Tounoct enun mukpometsp (Purypa 8). brarogapenne Ha ToBa 0sxa
OTIpe/ieNieH C BUCOKA TOYHOCT TpaHMIIATa Ha TPOBJIAYaHE, SKOCTTA HAa OMbH, TPAHMYHOTO
YABJLZKCHHUC TP CKBCBAHC U MOAYJIa Ha CJIACTUYHOCT Ha MaTCpuaa. CBHOTBETHUTE MEXAaHUYHU
XapaKTepUCTHKHU Ha MaTepuana 0s1xa OnpeIeIeHH IOCPEICTBOM perpecnoHeH ananus mo MHK.

(1)  o(e)=E,e+Cy;
(2) ¢ =0; _(EZgi + Cz);

N

3) S(EZ,C2)=Z[ei]2;
4 o =F/4,

295



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

o 2
KBJIETO: F, - U3MepeHa OT XUAPaBINYHATa [Ipeca CTOMHOCT Ha HaToBapBaHeTo; A =7.d” /4 -
IUTON] Ha HAIPEYHOTO CEYEHHE HAa CTOMaHEHaTa eNpyBeTKa C AMaMeThp d; & - U3YMCIICHA Ha
0a3aTa Ha U3MEPBaHUATA OTHOCHTENHA JeopMalus 3a i-TH OTYET.

®urypa 8. M3nurBane Ha CTOMaHEHU €NPYBETKU

VYciioBHeTO 332 MUHMMHU3HMpaHE Ha KBaJpaTHTE OT Pa3jMKHUTE, OT KOETO Ce ONpEeHessT
MOJyjla Ha €JacTUYHOCT Ha cToMaHaTta E> W mapamerbpa Ha otMmectBaHe C; e nma Obae
YZIOBJIETBOPEHA CUCTEMATa OT YPaBHEHUS:

0S(E,,C,)
oF,

38 (E,,C,)
oc,

®)
=0

AWATPAMU HAMNPEXEHUE - OTHOCUTEJTHA AE®OPMALUA

310.00 e

oee P T

280.00 — ,_/-"'ﬁ_
%ﬁf

270.00
260.00 e
250.00 \
P
240.00 7Y .

Enpyserka 1-1

nanpexenne [N/mm?|
»
£
2
g

Enpyserka 1-2

Enpyserka 1-3

Enpyserka 2-1

Enpyserka 2-2

Enpyserka 2-3

g8 3 884848 €8848a3 8848388 daq7 8 84q
______________________

oTHocurtenna nepopmanun [%]

®durypa 9. luarpamu s-€ 3a enpyserku 2-1, 2-2, 2-3, 1-1, 1-2, 1-3.

3a U3NHUTAHUTE OT JIMCTOBUST €JIEMEHT enpyBeTku (2-1, 2-2, 2-3, 1-1, 1-2, 1-3) na @urypa
9 ca mpencTaBeHU aAMarpaMuTe HANpPEKEHHE-OTHOCHTENHA nedopmarus, a B Tabmwuima 2 ca
NPEICTABCHH, HONYYCHUTE OT CHIIUTE CIPYBETKH PE3Y/ITATH 32 TPAHHUIIA HA IPOBIAYBAHE f),

, AKOCT Ha OITbH fu , TPAaHUYHO YABJDKCHUC IIPU CKBCBAHE £, U MOIYJI Ha C€JIACTUYHOCT E.
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Tabanna 2. MexaHUYHM XapaKTEpUCTUKU Ha CTOMaHaTa 3a ePYBETKH OT JINCTOB €JIEMEHT.

MapameTbp fy fu €u E KomeHTap
N3mepeHune N/mm? N/mm? % N/mm? }
EnpyseTka 1-1 237-250 409.3 27.5 214188 [Lmeimmre
EnpyseTka 1-2 245-260 400.6 28.3 208091  [oresimismerers
Enpysetka 1-3 250 338.2 27.3 211844 [rsem e
EnpyBeTka 2-1 240-250 397.1 32.7 196869  [[/merrmmreraouas
Enpysetka 2-2 230-250 393.7 30.3 207753 [
EnpyseTka 2-3 236-246 395.4 15.8 209634  [remeima

B®3 ocHoBa Ha 0000mieHuTe B Tabmuia 3 XapakTepUCTHKH, U3CIEBaHATa JHCTOBA
croMaHa MoxkeM J1a otHeceM KbM St37 — DIN mm S235 mo BJIC EN 10025-2.

JluarpamuTe HampeXeHue — OTHOCUTENHA JleopMalius 32 U3MUTAHUTE OT BAJL[OBAHUS
npocdun enpyserku (I1P1, I1P2, TTP3, HIIP1, HITP2, HIIP3) ca moka3anu na ®wur.10. Ha
rpadpukuTe ce HaOloJaBaT CEpPUO3HUM OTKJIOHEHUS B TIpaHMIaTa HA [POBJIAYaHE MU
HexapakTepHa ¢opma Ha paboTHara nauarpama npu. ToBa ce OOsCHSIBA CbC CHITHO
HEXOMOT'€HHUS XUMUYEH ChCTaB U CTPYKTypa Ha CTOMaHaTa oT BajioBaHus npodui Ha [IBB
— Tabnuma 3.

Tabanna 3. MexaHUuHN XapaKTEpUCTUKN HA CTOMaHaTa 3a elpyBETKU
ot BayimoBanus npodun Ha [IBB.

MapameTbp fy f, €u E KomeHTap
U3mepeHue N/mm? N/mm?2 o, N/mm? i
ne1 290-360 410.7 22.2 197710 [T e
nP 2 280-300 393.7 171 205776  [aemorcomm
ne 3 270-340 380.4 18.0 203774 [oaom
HMP 1 290-340 400.9 15.7 207416 [oom "
HIMP 2 310-345 451.2 18.3 220583 [ e
HOP 3 280-305 | 380.0 14.7 208866 [

e RRE=CEannj

= N e

1 o

280.00
260.00

A5240.00

=

£ 220.00

z

£ 200.00

H
£ 180.00
g

=9
5 j————
£160.00

= —nP2
140.00
120.00

100.00
HAP 3

80.00

60.00

40.00 |

20.00 ‘

0.00

ortHocHTeanA xedopmauumst [Yo]

®urypa 10. {uarpamu s-€ 3a enpysetku [1P1, ITP2, ITP3, HITP1, HITP2, HITP3.
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OcBeH MeXaHWYHHUTE XapaKTepUCTHKH, ca HallpaBEeHH M3CJIEBAHUS U 3a OIpeaessHe
XUMHUYHHS ChCTaB Ha CTOMaHaTa. 3a menTa ca u3rotBeHu 3 Opos obpasuum — Cl u C2 or
muctoBuAT eieMeHT U PR1 ot BanmoBanus npodun Ha [IBB. M3nuTBanusTa ca mpoBeIeHH B
JIMMK Ha MHCTUTYT 11O METaNI03HAHUE, CbOPBIKEHUS U TeXHOJIoruu “AkaneMuk A. banescku”
— BAH 4pe3 onTuueH eMHUCHOHEH CHEeKTpoMeThp ‘“‘Spec-trolab M3”. HM3uucnenu ca
XapaKTEepU3UPaALIUTE CIOCOOHOCTTA 3a 3aBapsBaHE MapaMeTpu:

Mn+Si+Cr+M0+V Ni+Cu

(6) CE=C+ +
6 5 15
% CEV=C+%+CF+A54O+V+N1;C“,

KbJETO: C - ChABbPKAHUE HA BBIVIEPOJ B % 110 Maca; Mn - CbIbPKaHUE Ha MaHTaH B % 110 Maca;
Si - chabpxKaHue Ha cuiuiui B % 1o maca; Cr - ChbAbpKaHUE Ha XpoM B % 1o maca; Mo -
ChAbp)KaHUE Ha MoJuOJaeH B % 1o Mmaca; V - cbhAbp)KaHHWE Ha BaHaAui B % Io Maca; Ni-
ChIbPKaHNE Ha HUKEN B % 110 Maca; Cu - CbIbpXKaHUE HAa MeZ B % I10 Maca.

Ot Tabnuua 4 e BUAHO, Y€ CHABPKAHMETO HAa BBITIEpOA M cwimuuil B oOpazen PR1
BapHpa B MHOTO IIMPOKH IPAHUIIN, KOETO B ChUE€TaHUE C OTHOCUTEITHO BUCOKOTO ChIIbPIKaHUE
Ha csapa U (docdop oOsicHsIBa HeoOMYalHUTE €PEKTH B MEXaHUYHHTE XaPaKTEPUCTHUKU Ha
cromanenu enpysetku [1P1, TTIP2, TTP3, HITP1, HITP2, HIIP3, untoctpupanu Ha durypa 10.

Tadauna 4. XumudeH cwetaB Ha oopasmu C1, C2, PR1 B % no maca

OBPA3ELL: Cc1 c2 PR1 PR1max [ PR1min
C - Bbrnepopg [%] 0.105 0.097 0.039 0.025 0.051
Si - cunuumin [%] 0.005 0.005 0.007 0.004 | 0.014
Mn - maHraH [%] 0.360 0.350 0.370 0.370 0.370
P - dochop [%] 0.009 0.009 0.044 0.035 | 0.063
S - capa [%] 0.014 0.012 0.025 0.015 | 0.036
Cr - xpom [%] 0.058 0.058 0.058 0.058 | 0.058
Ni - HUKen [%] 0.050 0.050 0.034 0.034 | 0.034
Mo - monubaeH [%] 0.073 0.073 0.073 0.073 | 0.073
V - BaHaaui [%] 0.017 0.017 0.017 0.017 | 0.017
Cu - meg, [%] 0.190 0.180 0.110 0.110 | o0.110
CE(Carbon Equivallent)= | [%] 0.211 0.201 0.141 0.127 0.154
CEV=| [%] 0.211 0.200 0.140 0.126 | 0.152

Cnopen xumuyeckus cbeTaB u nokazatens CEV, uzcneasanara upes oopasuu Cl1 u C2
CTOMaHa € 3aBapsieMa. 3a OTBbPKJaBaHE Ha TOBA 3aKJIIOYCHHUE € HAPAaBEeH TECT Ha OI'bBaHE B
crotrBeTcTBUE ¢ BS EN 910 -1996 3a uzpaborenun ot cromaHeH ymct oopaziu BTO1, BTO02,
BTO3 (c nebenuua a=8mm u mupounHa b=12mm u 6e3 noaBap Ha KopeHa Ha 1meBa — durypa
11, ®urypa 12) u BT11, BT12 (c ne6enmna a=8mm u b=20mm). M3nuTBaHETO € MPOBEIEHO C
JOpHUK ¢ AuaMeTsp D=15mm u npu nognopHo pascrogaue L=32,5mm.
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e i i '
3 \—J“ff! i
®@urypa 11. U3nurBane Ha orbBaHE 33 3aBapbyeH 1eB 1o BS EN 910 -1996 [22]

RTOL BTOL BT02
®urypa 12. O6pazuu BT01, BT02, BT03 ciien npoBexaaHe Ha U3MUTBAHETO

[Tpu u3nurBane Ha o6pasiu BT01, BT02, BT03 He ca nmosryueH MyKHATHHH OT OI'bHHATA
CTpaHa IpH bIJIM Ha OI'bBAHU CHOTBETHO «,,, =154, a,,, =147°, a,,,, =148". IIpu oOpa3uu

BT11, BT12 He ca nony4eHu MyKHATUHU OT OITbHHATA CTPaHa IIPH bIJIM HA OT'bBAHU CHOTBETHO
=180 -14° =166°, a,,, =180" —16,5° =163,5°.

Bb3 ocHoBa Ha CEV u monydeHnute mo tecta Ha orbBaHe (bending test) pesynratu ce
JIOCTHTA JI0 3aKJII0UEHHETO, Y€ U3CIIeIBaHaTa CTOMaHa OT JIMCTOBHS €JIEMEHT € 3aBapsieMa.

Ot miockusi cromMaHeH eneMeHT ¢ jebenuHa 10mm ca u3psi3aHu J(Be IUIOUKH U ClIe]
CKOCSIBAaHE MEXJIY TSAX € M3IBJIHEH 3aBaphUCH MIeB ¢ 0a3UYHU eNeKTPOIU (CHOTBETHO C U 0e3
MmojiBap Ha KopeHa Ha mieBa). OT 1meBa ce B3eTH 00pa3iu 6x6mm, oopadorenu ¢ V obpazeH
nozpe3 (B 30HAaTa Ha IIEBa) 3a M3MUTBAaHE HA yAapHa kuiaBocT mo Tecta Ha lllapnu mpu
temriepatypa -20°C — @urypa 13. Pesynrarure oT M3MMTBaHETO ca MpecTaBeHu B Tabnwuia 5.
BunHo e, ye mpu numca Ha 1MojBap Ha KOPEHa Ha IIeBa paboTara 3a pa3pylIeHue € IOBeYE OT
JIBa ITbTU MTO-MaJIKa — CEPHO3HO U3Pa3eHO MO-KPEXKO MOBEICHUE.

BTll BT12

Tab6auna 5. MznurBane Ha 00pa3my OT 3aBapbUcH IMIEB HA YJapHA KHUIIABOCT

MopnopHo
o CeyeHue A Acn Aqg_cun
O6pasew, T[C] Moapes [mm] pascosaHue [kpm] 2 3abenexkKa
[mm] p 1) [)/em?]
z1-n -20 v 6x6 30 3.75 | 368 | 1022 | !leecroasapnakopena
Ha weBa
Z-1-6N -20 v 6x6 30 1.55 15.2 42.2 lWles 6e3 noasap Ha
KOpeHa Ha weBa
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®urypa 13. 3aBapbueH 11€B U3NBJIHEH C 0a3UYHU €NEKTPOIU 32 U3MUTBAHE Ha yAapHa
JKUJIAaBOCT

Ot cromanenus nuct (durypa 13) ca m3zpaborenn obpasuu ¢ V oOpazeH moapes ¢
HanpeyHo ceueHue 10x10mm 3a u3nuTBaHe Ha yJaapHa kuiaBocT 1o Tecta Ha Illapnu npu
MOAMOPHO pazcTosiHue 3a obpasena 40mm B cboTBeTcTBHE ¢ BJIC EN 10045-1. O6pa3muTe ca
OXJIaJIeHU M u3nuTaHu npu temieparypa -20°C — @urypa 14. Pesynrarure ot npoBeaeHOTO
u3MUTBaHe ca 0000menu B Tabnuma 6. [omyueHnure cToifHOCTH 3a paboTaTta U3BBPIICHA OT

yyka Ha Hlapnu 4., npu temneparypa -20°C ca no-rosemu ot 27J u B crorBeTcTBHE ¢ EN

10025-2:2004. Ot Tabnuna 4, uzcneaBaHaTa cToMaHa Moxe Ja Oble KiacupuiupaHa KaTo
S235J2 cnopen EN 10027-1. Ilpu oOpa3iuTe HaaaBKHO Ha mocokara Ha BammoBaHe (L-T)
cpeaHaTa CTOMHOCT Ha paborata 3a paspyimeHnue ot tecta Ha [llapmu CVN e:

8) Ay 1= 18,9+ 42’ T30 46,37 527,005 (T=-20"C)

[Tpu obpa3uuTe HampeyHo Ha mocokaTa Ha BanmoBaHe (T-L) cpennara cTroiiHOCT Ha paboTaTa
3a pazpyuenue ot Tecta Ha [llapnu CVN e:

) Ay 1y = 30’4”93’4”2’4 =30,7J >27,0J; (T=-20°C)

Ta6auuna 11. M3nuTBane Ha 00pa3iy OT CTOMAHEH JINCTOB €JIEMEHT Ha yAapHa KHJIaBOCT

MoanopHo
CeyeHue A Acvn Ag_cvn
O6paseu| T[°C] CraHpapt |[Mopgpes pascosHue K -, 3abenexkKa
[mm] [mm] [kpm] [ [1/em?]
2-1 -20 BACEN100451 |  V 10x10 40 4.99 48.9 489 |H1aAmmHo Ha nocokaTa
Ha BasuyoBaHe L-T
22 20 |sacenioossa| v 10x10 40 476 | 467 | ae7 |MeAnwHoHa nocokara
Ha BasuoBaHe L-T
2-3 -20 BACEN100451 |  V 10x10 40 4.40 43.1 431 |HaAmomHo Ha nocokata
Ha BanuoBaHe L-T
1-1 -20 BACEN100451 |  V 10x10 40 3.10 30.4 304 |Hanpeuto Hanocokata
Ha BasuoBaHe T-L
1-2 -20 | sacenio0asa |V 10x10 40 3.00 29.4 204 |Menpeuno nanocokara
Ha BasyoBaHe T-L
13 -20 BACEN100451 |  V 10x10 40 3.30 32.4 32,4 |Hanpeuto Hanocokara
Ha BasiuoBaHe T-L
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®@urypa 15. a) u 6) O6paszum T-L: 1-1, 1-2, 1-3

N3Boan

Cnexn mpoBexJaHETO Ha 3aIbJIOOYEHUTE EKCIIEPHUMEHTAIHU W3CIeABaHMs, cTapaTa
CTOMaHa OT ITBTHOCTEHEH CTap HUTOBAH MOCT, cTpoeH npe3 1930 r. ce okas3Ba qo0pe 3aBapsiema
u otroBapsmia Ha kiac S235J2 (EN 10027-1). 3aBapsieMocTTa € JoKa3aHa €THOBPEMEHHO 4pe3
XMMHWYEH aHAIN3 U UBNUTBAHE HA OI'bBAaHE, a CHIIPOTUBICHUETO CPEILY KPEXKO paspylLlIeHUE
ype3 M3MUTBAHE Ha yJapHa kujaBocT npu Temneparypa -20°C. [Ipu nokazaHuTe MEXaHUYHU
XapaKTepUCTHKU U CBOWMCTBAa HA MaTepuana € Bb3MOXKHO W3BBHPIIBAHE HA MO0-33](BJIO0OYEH U
Npelun3eH KOHCTPYKTUBEH aHallu3 Ha H30paHuTe KOHCTPYKIMH U paslliupsiBaHe Ha
BB3MOKHOCTUTE IPH N300p Ha PEMOHTHU JIEHHOCTH.
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AHAJIM3UPAHE HA B3AUMOJIENCTBUETO

MEXAY I'OPHOTO CTPOEHE HA KEJIE3HUA ITbT

N MOCTOBHU KOHCKPYKIMH ITPU BAJIACTOBO

N BE3BAJIACTOBO IIPEMWMHABAHE HA KEJIE3HUA ITBT

IlBeran Baaroes!

Yuusepcumem no apxumexmypa, cmpoumencmeso u ceooesusi (YACI), Cogus

ANALYSIS OF THE INTERACTION
BETWEEN RAILWAY TRACK AND BRIDGE STRUCTURES
IN CASE OF BALLAST AND BALLASTLES CROSSING OF THE RAILWAY

Tsvetan Blagoev!

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: The interaction between the superstructure of the railway and the bridge
Structures is not always easy to assess adequately. However, it is of great importance for
determining the effects of the rolling stock on the superstructure of the bridge as well as
on its substructure (reaction on bearings). In the case of continuously welded rails, it is
appropriate to take into account the additional forces arising in the rails from the
temperature difference between the bridge and the rails, as well as the additional stresses
in the rails caused by braking and traction forces. It is also appropriate to take into
account the effects of the rotation of the bridge at its bearings. These additional stresses
should not exceed the permissible in the norms for the respective impact. In the present
article two bridge structures with small and medium spans are investigated, for which the
interaction between the superstructure of the railway and the bridge structures at ballast
and ballast crossing is taken into account.

Key words: Ballasted track, ballastless track, interaction, continuously welded rails, bridge

1. BbBeenne

B3aumopeiictBuero Mexay ropHotro crpoeHe Ha xkenesnuss nbpT (I'C) u mocroBara
KOHCTPYKIIUS BIIHsIE 3HAYUTEIHO BHPXY U300pa Ha MOCTOBA CHCTEMA, BbPXY U3BHPIIIBAHETO HA
Opa3MEpUTEITHUTE M MPOBEPKHU 32 BB3ACUCTBHUITA OT KeNe30NbTHHS TpaduK (CIUpaTeTHU U
YCKOPHUTEIHH CHJIM U BepTuKaHA ToBapu LM71/SWO0/SW2), a chI110 Taka ¥ OT BIUSHHETO Ha
TEMIIEPATYPHUTE PA3IUKU MEX]Y JABET€ KOHCTPYKIMH. OCHOBHUTE MapaMeTpu, KOUTO HMat
OTHONIEHHE KbM KoHCTpykuusta Ha ['C ca: npmKMHa Ha pa3lIMpeHHe Ha MOCTOBAaTa

! Liperan bnaroes, 1. ac., A-p, MHXK, Kateapa ,,JKenesuuu*, @akynrer no TpancnopTtHo crpoutenctso, Copus,
V. Xpucro Cmupuencku 1; e-mail: ceco_z@abv.bg;

Tsvetan Blagoev, Chief assistant Professor”, PhD, Eng., Railway construction Department, Faculty of
Transportation Engineering, Hristo Smirnenski 1 Str. Sofia; e-mail: ceco_z@abv.bg
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KOHCTPYKIM, KOpaBHUHATa HA OCHOBATa, MPCEXOJHATa KOHCTPYKIHA KbM MOCTAa U BHJA Ha
MOCTa. I[OKaTO B IMOBCYCTO CJlIydan Ca AOCTATbYHHU ONPOCTCHU MCTOAU 3a HU3YUCIICHUC Ha
CIICEMCHTUTE OT FC, TO B HAKOHU ClIydyan € HCO6XOILI/IMO HU3BBPIIBAHETO Ha CICHHAIIHU
KOMIIJICKCHH U3YHCIICHHUA OTYHUTAIIIM CbBMECTHATa pa60Ta Ha I'C 1 mocToBara KOHCTPYKIUA.

2. O0mM noJ10KeHUs1 PU B3aUMOIEHCTBHETO MeKIy MOCTOBH Chopbikennst u I'C

IIpu BPII, koraTo B Kpasi HA MOCTOBaTa KOHCTPYKIIMS HE Ce MPEABUKAAT YCTPOUCTBA 3a
JUHENHO pa3lIMPEHHE Ha PEJICUTE CE€ pealu3upa B3aHMMOJEHCTBHE MEXIY pEICUTEe U
KOHCTPYKIHUATA KATO HETOBOTO KOJWYECTBEHO U3PAKCHHE 3aBUCU B HaMl-royisiMa CTENEH OT
BHJIa U XOpU30HTaIHaTa KopaBuHa Ha ['C ¥ OT qbJDKMHATA HA TEMIIEPATYpPHO pa3lIMpEHUE Ha
ChOPBKEHUETO. B repmMaHcKHTE XKeNe30MbTHU TEXHUYECKH CrHecH(UKAlMU MaKCHMallHaTa
ObJDKMHA 3a pa3lIMpsiBaHE 3a €JHO WJIM MHOTO KOJOBO3HHM MOCTOBE C 0anacToBO H
6e30anacToBo npemMuHaBaHe 1 O0e3HacTaBoB pencoB mbT (BPII) e orpanuuena no:

e 60 M 3a CTOMaHCHH MOCTOBC;
e 90 M 3a MACUBHM M KOMHUHUPAHU MOCTOBE.

Pa3nukara B IbIKMHUTE 3a pa3MIMpPsBaHE CE IbIKH HA MO-TOJIIMATA YyBCTBUTEIHOCT Ha
CTOMaMEHHUTE MOCTOBE KbM TEMIIEPATypHH IPOMEHHU CIPSIMO MAaCUBHUTE WM KOMOWHUPAHUTE
takuBa. [Ipu no-roseMu oTBOpU OT TOPECIIOMEHATUTE CIIEABA 1A CE MPEABUAN YCTPONCTBO 32
JUHENHO pa3llIMpeHHe Ha PEJICUTE, KOUTO CE IMOCTABAT HaJ ONOPUTE HAa MOCTA, WIM Ja Ce
HalpaBAT JONBJIHUTEIHW HW3YHCIEHUSA, KOWUTO Ja JOKaXaT, Y€ HalpeKeHHusTa OT
B3aUMOJICCTBUETO MEXKIy pejca M KOHCTPYKLHMS ca IMO-MalK{h JOMYCTHUMHUTE B HOPMUTE
(DIN_Fb 101).

JIONIbITHUTETHUTE HANIPEXKEHUSI B PEJICUTE BbPXY MOCTOBAa KOHCTPYKIIMSI CHIIO MOraT Ja
CE MOSBAT BCIEACTBUE HA IPEMECTBAHUS OT:

e TQOABWXKEH cbhcTaB — LM71, mopaaum 3aBbpTaHETO W MPEMECTBAHETO HA
KOHCTpYKLHUsATA (TpsIOBa 1a ce OTYeTe pa3inKaTa BbB BUCOUMHUTE MEXKY Jarepure
Ha BpbXHaTa KOHCTPYKLHS U LIEHTHPA Ha TEXKECTTA 1.)

®  HAIBXHU IPEMECTBAHUA TOPOJICHN OT YCKOPUTEIHHU U CIIUPATEITHU CUIIH;

Ot Te3u BB3ACUCTBUS AONBJIHUTEIHUTE HANPEKEHUS B PEICUTE CE€ OrpaHUyYaBar [0
1 12N/mm?. OrbBaHETO HA MOCTOBHTE HOCAYH OT TTOIBIKHUS TOBap NOPAXKAA JONBIHUTEIHU
HanpexxeHss B pencute. To3u eQeKkT e B3eA MPEABUT C PEeIylHUPAHETO Ha JOMyCTUMHUTE
HaIMpeXeHus: OT B3aumo/iercTue ¢ 20 N/mm?. OTYuTafiKi OrbBAHETO HA MOCTA JIOITYCTUMUTE
HaIpeXeHHs B pejicaTa oT B3anMojelicTeue ca 6= 92 N/mm?.

2.1. lonycTHMH HanpeKeHUs1 B peJjicaTa
[IpoBepkara 3a JOMIBIHUTETHUTE HATUCKOBU HANPEXXEHUS B pelicara ce OrpaHuYaBa OT
KpUTEpHUS 32 U3MITaHE Ha O€3HACTABOBUS Kelle3eH BT — purypa 1.

mi®
Ame M, "

CRELIHI HATHEMEHRT

®urypa 1. [IpoBepka 3a TOMBJIHUTEIHN HATUCKOBU HAMPEIKEHUS B peicute [4]
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O3nauenusiTa BbB purypa 1 ca:
JIoNyCTUMOTO HampeskeHne B pencata 6=470 N/mm? - rpaHWIa Ha TpOBIAadyaHE Ha
pencoBaTa CTOMaHa.
2 6a = 0B 250 N/mm? - ycTOHYHBOCT Ha KOPO3UPAIIH PEJICH CHITIACHO PE3yITaTUTE OT TECT
npoBesieH B TexHuueckus Y HuBepcurTeT B MIOHXEH.
JomycTtumMo 65p=160 N/mm? MakcHMaIHO OIMGHHO HaNpeKeHNeE.
GQ € M3UYHUCIIEHO OI'bHHO HAIIPEKEHUE B IIETaTa Ha pejcara OT OCHO HaroBapBaHe Q (3a
penca UIC 60, xoedumuent Ha nermoro c¢=100 N/cm®) og = 158 N/mm? mpu ocHo
HatoBapBaHne oT 21 t u ckopoct V=200 km/h).
OT € HallpeKEeHHE OT TeMIepaTypHa pasivka B peincara , T= 50 K.
GE € BBTPELIHOTO HaNpeXeHHE ( MOPOJAEHO MTPH BAJILIyBaHE).
OU € HalpeXEHUETO OPOJIEHO OT TECTa 33 U3APBIIIUBOCT (IMHAMUYHHS TECT 332 YMOPA).

Karo pesynrart Ha uznoxenute 10 Tyk npuemanus, DIN-Fb 101 mo3BossiBa ciegaute
JOMBITHUTEITHU HAMPEKCHUS B PEIICUTE.
e 3a 0a/TacTOB JKEJIE3€H IbT:
+92 N/mm? 3a OITbHHH CHJIN
—72 N/mm? 3a HATHCKOBH CHJIH
e 3a 0e30a1aCTOB JKEJIC3CH IIbT:
+/-92 N/mm?
(ITo3BosIBaHETO HA MO-BUCOKM HATHCKOBH HANpekeHUs B 0e30a71acTOBHS )KEJIe3eH IbT —
92 N/mm? ¢ BB3MOXKHO OylarojapeHre Ha MHOTO T0-J00pOTO TOBEICHHWE HAa TO3HW THII
KOHCTPYKIIUS CPEIy TUTCOPCHSI Ha KEIIE3HHUSI ITBT).

2.2. HapabxHo cbnporuBiaenue Ha I'C

[Ipu moaenupaneTo Ha B3auMoiecTBUeTO Mexay ['C 1 KOHCTPYKIIUS Clie/iBa aICKBaTHO
Jla ce OTYEeTE MOBEACHUETO CPEIIly TPEeMECTBaHe Ha OaIacTOBHsI U 0€30a1aCTOBUS KEJIE3CH MBT.

[ToBeneHneTo Ha peCcUTEe B HAIBHKHO HAIpaBJICHUE € pa3/IelIeHO Ha CHIPOTUBIICHUE
Cpelly HaATbhKHO MpEeMEeCTBaHEe Ha KOJIOBO3a (B 0alacTa) M HAAIBKHO CHIPOTUBICHHE B
PeJICOBUTE CKpeIIeHUs (MEPOaBHO MPpH 0aIaCcTOB ITBT MPe3 3uMaTa (3aMpbh3HA 0aIacT) U Mpu
Oe30amacToB xene3eH MbT). [loBeeHHETO € HEeNMMHEeWHO U Ha (ur.l e Mmoka3aHo OMpPOCTEHO
KaTo OMJIMHEHHO, C OIJIe]l ONMPOCTSIBaHE HA M3YMCIEHUATA. BaxkeH mokasares, KOWTO OKa3Ba
BIUSHUE BBPXY HAMIBKHOTO CBHPHOTUBICHHE € Jalld KOJOBO3BT € HATOBAapeH WU
HEHATOBapEH.

COEaTHEN e G AT 37 AL AT OT PEAGETS

KNADIAFE COAGOTHERSHIE
NOH HITOBIPEH KOMOBO2
HAZABRHT COMPTTHRASHIE NH
HEITOBIPEH HOADEES € SORNSm

¥ o wewgrosaper X L4 L
WOAOEDS {30 FANGCT AT
Bo36aNITOR WaREZER TUT)

— HaLABMHE COPOTHETERHE
O HEHITOSADEH KONOFOS

PESETHEHD NDSMEITESNE HE NSACETS ‘{ -
i G 5 4 S I

®urypa 2. HanpeueH pa3pe3 Ha KOHBEHIIMOHAJIEH 0aJlacTOB )KeJIe3€H MIbT
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3a HaATBKHOTO CHIIPOTUBJIEHHE Ha PEJICOTpaBEpPCOBaTa CKapa U Ha pejcara, cieiBa Aa
ce IPUJIOXKHU MpeAcTaBeHaTa Ha (hur.2 OMIMHeHa 3aBUCHMOCT Upe3 MpYyKUHA CbC ChOTBETHUTE
XapaKTepUCTHKH ( 32 HATOBAPEH WJIM HEHATOBAapEH KoJoBO3. bpost Ha mpyxuHuTe TpaOBa 1a
06b1e MuHUMYM 10 3a MOCTOBaTa KOHCTPYKIIMS U ITOHE /1Ba II'bTH IIOBEYE 3a 00J1aCTa Ha IbTHOTO
iatHo. OcBen ToBa I'C TpsiOBa na ce mozaenupa MuHuMyM 90 m cien Kpas Ha BpbXHaTa
KOHCTPYKIIHUS.

B u3cnenBanusiTa, KOUTO ca MPECTaBEHU B HACTOSIIATA ITyOIMKaIKsA, 32 BPb3Ka MEXITY
I'C u MmocToBa koHCcTpyKus ca mpuetu LINK enementu (B mporpamua cucrema SAP2000 v14)
ChC CHOTBETHUTE HAJUIbKHU KopaBuHHU. KopaBuHaTa Ha nosnHoto crpoere ([1C) ce onpenens
ChIVIACHO QUr.3 U Moxe J1a ObJie OTYETEHA MO ONPOCTEH HAYMH KaTo MPYKMHA HA HUBOTO Ha
narepute. HajurbKHUTE CHIIM B PEJICUTE U B JJar€pUTE MOPOJEHU OT CbOTBETHUTE BIIUSHUSA CE
CyIIEepIIOHMpAT JUHEWHO, KaTO TOBA IIpUEMaHe € KOHCEPBATUBHO.

®urypa 3. OnpocTeH MOJEN KOJI0BO3 MOCTOBA KOHCTPYKLHUA [4]: 1 — K0510BO3; 2 — BpbXHA
KOHCTPYKIIUS; 3 — 3¢MHa KOHCTPYKIIUS; 4 — MTUIATAIlMOHHO YCTPOUCTBO (ako uMma); 5 —
HEJIMHEIHA Ha/lTb)KHA [IPYKUHA IPEACTaBs IOBEJCHUETO HA KOJIOBO3a B HAIUIBKHO
HarpaBjieHue (CuIa-npeMecTBane); 6 — HaJUIkXHa NpPYyKHUHA, KOSTO Mpe/ICTaBIsiBa KOpaBUHATa
B HaJUTbKHA IIOCOKA Ha HEMOABMIKHUS JIarep, B3UMaiku npeasu kopasuHara Ha J[C)

3. E¢exTu ot B3aumoneiicteuero Mexay I'C m MocTOBO chOpBbKeHHE ¢ OTBOP 15m
u ¢ oTBOp 31,23 m

B chotBercTBUE ¢ HayuHO U3cnenonatencka rema no LIHUII [5] npu YACT e u3BbpiieHo
4aCTUYHO 3aCHEMaHe M 00cle/BaHe Ha JBa CTapy CTOMAHEHH HUTOBAaHM MocTa: Ha km 22773
no nunus Codus-Kapnopo-Bapua pepuborna — dpurypa 5 ¢ orsop L=15 m u va km 17"* o
munus Codus-I'opaa OpsxoBuna-Bapua — durypa 7 L=31,23 m, c men ompenensiHe Ha
BB3MOKHOCTTa M €(EeKTHMBHOCTTAa OT TMPUBEKAAHETO UM KbM  CHBPEMEHHUTE
€KCIJI0aTallMOHHUY U HOPMAaTHUBHU MU3UCKBAHUA.

o = »

e, . plelc,
L—j.wtlw.mtr\.uﬂ z El

) 1800 ) a) . ; _ 6)
®durypa 4. Bapuaatu 3a mocT ¢ oTBOp 15 m: a) 6anactoBo; 6) 6e30a1acTOBO MpeMUHABaHE
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b v - i : ¥ :1 o ;-“ F -
®urypa 5. Crap cTOMaHEH HUTOBAH ’KEJI€30IIbTEH MOCT C IIbJIHOCTEHHHU ITIaBHU I'PEAU
norBop L=15m

e
¥

3i88
3186

i
3000 a) A ado 6)
®durypa 6. BapuanTu 3a moct ¢ otBop 31,23 m: a) 6anactoBo; 0) 6e30a1acTOBO MpeMUHABAHE

®urypa 7. Ctap cToMaHEH HUTOBAH KEJIE€30IbTEH MOCT
¢ maBHM rpeau Gpepmu u otBOp L=31,23 m

[IpuBexnaneTo u Ha ABETE KOHCTPYKIIMU KbM ChbBPEMEHHUTE HOPMATHBHHU W3HCKBAHUS
€ TPEIBUICHO upe3 OOeAMHIBAHETO HA CTOMAaHOOETOHHATA IUIoYa 33 ChBMECTHa padora ¢
€JICMEHTH Ha TJIaBHaTa KOHCTPYKIHUS (CTOMAaHOOCTOHHA IJIoYa W IJIaBHH Tpeau — Gpurypa 5 u
CTOMaHOOETOHHA IJI0Ya ¥ ropeH nosic hepma — ¢purypa 7.

MexaHHYHUTE XapaKTEPUCTUKK (TPAHMIIA HA MPOBJIAYBAHE, SIKOCT HA OI'bH, TPAHUYHO
YABIDKEHUE TPU CKBCBAHE, YJapHa JKUJIABOCT), XUMUYECKUAT ChCTaB M 3aBapsSEMOCTTa Ha
cTapaTta CTOMaHa ca ONPECIICHU 4pe3 CEepHsl OT SKCIIEPUMEHTATHU W3IHUTBAHUS, IMOAPOOHO
omcanu B [5]. CpIo Taka, B [5] ca mpoBeeHU MOAPOOHH CTATUKO-IHHAMUYHYU U3YUCTUTEITHU
MIPOBEPKH, 3a U3CJeJBaHe Ha e(EKTHBHOCTTA OT MPEIOKCHHUTE BapHaHTH Ha Gurypa 5 u

¢urypa 7.
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B nacrosimara myOnukaiys ca u3clieBaHu €eKTUTE, MOPOJAECHU OT KOMEHTHpPAHHUTE B

TOYKa 2 BB3JCHCTBUS NMPU B3auMOAecTBUETO MeX Ty I'C 1 m30paHUTEe MOCTOBU KOHCTPYKIIUH
npu 6anacToB U 6€30a1acTOB KeNe3eH MbT.

3.1. U3caenBane Ha B3aumojeiicTBueTo Mexkay I'C m MocTOBa KOHCTPYKIMA C
oTrBop 15 m

B nHacrosimata Touka e pasriegaH caMoO BapHaHTHT ¢ 0a1acTOBO NMPEeMUHABAHE, 3aII0TO
ciopen DIN, mpu kbcu MocToBe (L<25M) 06e30anacTOBHAT JKEJIE3eH MBT C€ OTIEIS OT
KOHCTPYKIUATA Ha MOCTa MOCPCACTBOM MaTCpral ¢ HUCKO CBIIPOTHUBJICHUC HA TPUCHC U HaA
MPAKTHKA B3aUMOACHCTBUETO MEXK/Y JBETE KOHCTPUKLINHU € HE3HAUUHEITHO.

3.1.1. U3caenBane Ha e)eKTUTE OT TeMIIEPATYPHA Pa3JIMKa MexK1y 0e3HACTABOB
pesacoB nbT (BPII) 1 MocTOBaTa KOHCTPYKIIUA

:

tybrytratriy i iatairabry bt Aielrsiprighishiattsbol i =TT rrisiiybyirybrtri iyttt Arivirrirririvirbtai

B T T e
. :

®urypa 8. Mojen Ha cucteMarta pelica — KOHCTPYKLUS (ChITIaCHO U3MCKBAHUATA B HOPMUTE)
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®durypa 9. OcoBr HOpMaAJIHH pa3pe3Hu ycuius B pencara [KN]
pu Temieparypa Ha pencara 30°C u Ha mocToBaTa KoHCTpykuust 10°C

B npencraBenute Ha Gurypa 8 u purypa 9 mozaenu, 3a Bph3Kara MEKy MOCTa U pelicaTa
ca npuetu LINK enementu (B mporpamua cucrema SAP2000 v14). 3a Bpb3kaTa chC 3eMHATa
OCHOBa M3BBHH MOCTOBaTa KOHCTPYKIIMS Ca MPUETH XOPU3OHTAIHU U BEPTUKATHH MPYKUHU.
[lpu ompenensHeTO Ha XOPH3OHTANIHATA W BEPTUKAJIHATA KOpPAaBUHA HA JKEJIE3HUS WBT, €
OTUYETEeH MPUHOCHT Ha BCeKH OT eneMeHnTute Ho I'C, mpencraBeno nmoapoobHo B [1] u [2].

Tabauna 1. Ocosu HOpMaHK CHITH N, U HOPMAITHU HAIPEXKEHUSL Oy .1 730-10 B PETICATA, 32

Temriepatypa Ha pencara 30°C u Ha moctoBara koHCTpyKIms 10°C. [1]

% N, [kN] G, rail 13010 [N/mm?]
x [m] E; AHanutnyHo | PeweHue no | AHanuTuuHo | PewweHwue no
=] peweHune MKE peweHune MKE
0.000 HMA -571.87 -527.91 -74.56 -68.83
7.500 - -547.71 -535.33 -71.41 -69.79
15.000 nnn -571.87 -585.56 -74.56 -76.34
HM - HenoaswkeH narep, JINJ1 - AMHEHO NOABUMKEH B XOPM30HTA/IHA Hag/TbXKHA
nocoKa narep
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3.1.2. M3caenBane Ha eeKTHUTE OT XOPU30HTAJIHY HHEPUMOHHH CHJIU NPH
B3aumoaeiicteue Mmexay BPII u pasriexxnanara MocToBa KOHCTPYKIUS.
Hampagen e ananu3 3a edekra U pa3npeesieHeT0 Ha XOPU30HTATHUTE TETJIMTEITHA CUITU

0,, =33kN /m' (0obmo 3a aBete pencu) U o =1,21, IOpOAEHN OT KeNe30MbTHUS Tpaduk, KaTo

(GyH-11M OT XOpH30HTATHATA KOpaBHHA Ha Oanacra. Te ca MpuiIoykeHn Ha HUBO TOpEH pb0 pernca
(I'PP) mo gpmkuHaTA Ha Is1aTa MOCTOBA KOHCTPYKITH B CHOTBETCTBUE C TIPEITMCAHUATA Ha [6].

4 ] | Ag19.97 7. 1277 g 2 SES 1277 g SER - 297 ) J3- - NES ol 2 J3. - o2 ol 2 o2 SER NES 2 o2 I ] | A
B ETETE
b
®urypa 10. Harosapsane Ha HuBO pencac Q,, ... =19,965kN / m
’.j? B0 o 2 S . = - y R
S S EERERERE REAE AL

ade e - D)

@urypa 11. OcoBu pa3pe3HH yCHIIUSA B PEJICa M KOHCTPYKIMS OT TEMJIUTEIHU CUIH O, .

HampaBeHno e u3cienBane upe3 cepus ot mojenu mo MKE, pazpaborenu B mporpamHara
cucrema SAP2000 V.14, Ha BIUSHUETO Ha XOPU30HTAIHATa KOpaBUHA Ha Oanacra k, , .., (32

e/Ha Tpasepca, ¢ k, ,, € O3HaueHa paslpe/eeHaTa XOPH30HTAIHA KOPaBHHA 32 6alacTOBOTO
JIETJI0) BbPXY YacTa OT TErIUTENHATA CHJIA, KOSTO CE OEMa OT HEMOABIKHUS B XOPH30HTAIHA
HaJIbXKHA Tocoka jarep &=R, /Ry, (R,, ,- XOpH30HTalHAa HAITBKHA DEAKLHUs B
HETIO/IBHKHHS JIarep Ha MOCTOBaTa KOHCTPYKIMA, R, - CyMapHa XOPH30HTAllHA HATbKHA

cuia npuiiokeHa Ha HUBO ['PP 3a exgna penca). Ha durepa 10 u durypa 11 ca mpeacraBenu
cpoTBeTHO MonenbT mo MKE u nuarpama Ha OCOBHTE HOPMAllHM pa3pe3HU yCHIIUS Ha
cucremara bPIT — MocToBa KOHCTPYKITHS ITPU XOPU30HTAITHA KOpaBHHA Ha OaacToBara nmpu3mMa
k, ,, =7637kN / m* . Pesynrarure ot npoenenute aHammsu o MKE ca 0606mmenn B Tabimumua 2.

Taouauna 2 . Paznpenenenne Ha XOpu30HTaIHA TeruTenHa cuia Mexay ['C u mocra [1]

e R R e B
2000 3333 299.475 82.228 0.275 0.267 0.000062606044
3500 5833 299.475 101.203 0.338 0.340 0.000005407868
4582 7637 299.475 111.271 0.372 0.375 0.000014978219
7000 11667 299.475 127.970 0.427 0.430 0.000009512570
10000 16667 299.475 142.485 0.476 0.476 0.000000316466
15000 25000 299.475 158.980 0.531 0.528 0.000006983511
20000 33333 299.475 170.352 0.569 0.565 0.000016314446

X Si= 0.000116119124
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Tabanna 3. XapakTepuCTUYHH U U3YUCIUTEIHU CTOMHOCTH Ha OCOBUTE PAa3pE3HU YCUIIHS U
W3YUCIUTEIHU CTOMHOCTY Ha HOPMAJITHUTE HAIIPEKEHNUS B peiicaTa OT TEIVIMTEIHU CHIIN
orpeziesieHu cropen [6], BbB QyHKIHSI OT XOpH30HTAJIHATa KOpAaBHUHA Ha OajacToBaTa mpu3Ma.

Kn_altast Kn_p N rail +NEg rail Avail +6gq
[kN/m] | [kN/m?] [kN] [kN] mm’ | [N/mm?]
2000 3333 110.09 159.63 7670.0 20.81
3500 5833 100.87 146.26 7670.0 19.07
4582 7637 95.95 139.13 7670.0 18.14
7000 11667 87.76 127.26 7670.0 16.59
10000 16667 80.59 116.86 7670.0 15.24
15000 25000 72.36 104.92 7670.0 13.68
20000 33333 66.60 96.58 7670.0 12.59

3.2. U3caenBane Ha B3auMojeictBueTo Mexkay I'C u MocToBa KOHCTPYKIMA €
oTrBop 31,23 m npu 6a;1aCTOBO NPEeMUHABAHe.

3.2.1. U3caenBane Ha e)eKTUTE OT TeMIIEPATYPHA Pa3jIMKa MexK1y 0e3HACTABOB
pesacoB nbT (BPII) 1 MocTOBaTa KOHCTPYKIIUA

B ta3u touka e uzcnensano Bzaumoaeiicteueto Mexay BPII u MocToBa KOHCTpyKIM C
otrBop L=31,23 m, noka3ana Ha ¢urypa 7. MogenupaHeTo e aHaJIOTMYHO Ha TOBa B Touka 3.1.
u € B nporpamuara cucrema SAP2000 v.14.

LRk bt bbb bl il it et it el b R s TR IEE AN TN IR TR R e

®urypa 12. Mogen Ha cucteMara pesca — KOHCTPYKIUs

| [—"

®urypa 13. OcoBu HOpMaTHU pa3pe3Hu ycuiaus B pencara [KN] mpu Temmneparypa Ha
pencara 30°C u Ha moctoBara koHcTpykuus 10°C.

Tabauna 4. OcoBu HOpMAIHU CUITH N, ¥ HOPMAITHU HATIPEKCHUS Oy, .1 1401 B PETICATA 32

temriepatypa Ha pencara 30°C u Ha moctoBara kKoHCTpyKms 10°C.

N, OEd, rail, T30-10
x [m] noanupaHe [kN] [N/mmz]
0 HNN -530.67 -69.19
15.615 - -511.44 -66.68
31.23 Jinn -660.77 -86.15
HIMJ - HenoaBwu:keH narep, JINJ1 - NMHE MHO NOABUXKEH B
XOPU3OHTAJIHA Ha AJbXKHA NOCOKa
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3.2.2. M3caenBane Ha eeKTHUTE OT XOPM30HTAJIHY HHEPUMOHHH CHJIU NIPH
B3aumoaeiicteue Mmexay BPII u pasriexxknanara MocToBa KOHCTPYKIUS.
B pasrnexnpanus ciayuail Ha MocT cbe cpeneH otBop (L=31,23m) meponmaBHa e

crimpaTenHaTta cuia oT ToBapeH moxmen SW/2 - O, =35kN/m'(o0mo 3a aBeTe peincu) u

a =1,21. Ta e npunoxena Ha HuBO ['PP no apipkuHaTta Ha wsuiata MOCTOBA KOHCTPYKIIM B
ChOTBETCTBHUE C IIpeANKCcaHusITa Ha [6].

®urypa 14. HaroBapsane Ha HUBO penca ¢ Q,, ., =2L18kN /m

HanpaBeHHTe H3CJICABAHNA B Ta3W TOYKA Ca aHAJIOTMYHHU HAa TC3W HAIIpAaBCHU B TOYKaA
3.1.2. Upe3s cepus ot moaemu o MKE, pazpaborenu B mporpamuara cucrema SAP2000 V.14
€ M3CIe/IBaHO BIMSIHUETO Ha XOpU3OHTalHaTa KopaBuHa Ha Oanacra k, , ., BbPXY 4acTa OT

criuparciiHaTta Cujia, KOiATO CC Mo€Ma OT HCHIOABWIKHUA B XOPU3OHTAJIHA HAJIBXKHA ITOCOKA
marep & =Ry,  / Roy -

Tab6anna S. Pasnpenenenue Ha XOpu30HTalIHA civpaTenHa cuina Mexay I'C u Mmocta

k’_:‘a = k’_x‘-. Raex Rre £=Rint_io/ Rk
[k dm] | Tkl [kM] [kM]
2000 3333.333] 6613 254.53 0.385
3500 5833.333| b6BL.3 273.92 0.414
4582 7636.667| 661.3 279.55 0.423
J000 11666.67| 661.3 283.14 0.428
JILELL 16666.67| 661.3 281.35 0.425
15000 25000 661.3 274.72 0.415
20000 33333.33| 661.3 267.36 0.404

Tabanna 6. XapakTepuCTUYHH U U3YUCIUTEIHU CTOMHOCTH Ha OCOBUTE PAa3pE3HU YCUIIHS U
W3YUCIIUTEIHN CTOMHOCTH HAa HOPMAJITHUTE HAIIPEIKEHUS B PeiicaTa OT CIIMPATEIIHU CHUIIH
orpeziesieHu cropen [6], karo (yHKIUS OT XOpU30HTAIHATA KOpaBHHA Ha OajlacToBaTa Mpu3Ma.

Kh_ballast Kh_bb +Ny @i | *Neg rai Ani +0gqg
[kN/m] | [kN/m?] | [KkN] [kN] [mm?] |[N/mm’]
2000 | 3333.333| 207.06 | 300.24 | 7670.00 | 27.00
3500 | 5833.333| 197.22 | 285.97 | 7670.00 | 25.71
4582 | 7636.667| 194.19 | 281.58 | 7670.00 | 25.32
7000 | 11666.67| 191.79 | 278.10 | 7670.00 | 25.01
10000 | 16666.67| 191.9 | 278.26 | 7670.00 | 25.02
15000 25000 194.02 | 281.33 | 7670.00 | 25.30
20000 | 33333.33| 196.53 | 284.97 | 7670.00 | 25.62

311



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

3.2.3. U3caenBane Ha edekTHTe OT TOBapeH Moaea LM71 npu B3aumoaecTBHETO
mexay BPII u pasriiexknanara MOCTOBa KOHCKPYKUMSI.

HanpaseHo e n3cnenBane 3a eeKTuTe, NOPOJCHU OT MOABIKEH ChCTAB 32 BapUAHTA C
0aylacToBO TNMpeMHHAaBaHE, KAaTo 3a IelTa € HW3MoJ3BaH ToBapeH Mmozaen LM71, cwriacHo
cucreMara EBpokon. M3ciensan e ciyyail, IpU KOWTO MOJIBHKHUAT CbCTaB € PA3IOJIOKEH
CUMETPUYHO BHPXY LisJIaTa MOCTOBA KOHCTPYKILIHSA(CaMO BbPXY MOCTOBAaTa KOHCTPYKLHUSA), Thi
KaTo TOM ce oKa3a MEpOJIaBeH 3a MPEMECTBAHETO B jiarepa. Pa3paboTeH € TpuIuMeHCHOHAJICH
mozen no MKE B nporpamuara cuctema SAP2000 V.14. 3a enemeHTUTE Ha ChIIECTBYBAIlaTa
CTOMaHEHa KOHCTpPYKLUs M pencara ca usnonazsanu FRAME, 3a HoBara, OT 3aTBOpEH TUI
cToMaHOOETOHHA MTbTHA KOHCTPYKIUsA, ca n3noi3Banu SHELL kpaiitau enementu. Bpb3kara
MEXK]y pejica U KOHCTPYKUHS € ochluecTBeHa nocpenctsom LINK kpaitnu enementu. Monenst
Ha crcTeMaTa pejCoB IIbT — KOHCTPYKIUA € Mmoka3aH Ha (urypa 15. Jluarpamara Ha ocoBaTa
cuJja B pelicara, mopojieHa OT HATOBAPBAHETO HA MOCTOBAaTa KOHCTPYKIUS ChC TOBAPEH MOJIEN
LM71 e mpencraBeHa Ha ¢urypa 16. EmacTuuHOCTTa Ha >KEJIE3HHAT MBT € OTpPa3eHa ChC
ChOTBETHUTE XOPU3OHTATHHU U BEPTUKAIHU MPYKUHHU KOHCTAHTH.

®urypa 16. OcoBu pa3pe3Hu ycuius B perncara oT ToBapeH mozen LM71

[Tonyuenure mnpeMecTBaHHWS U 3aBbPTAHUSI B JIATEPUTE U H3UUCICHUTE HOPMAJIHU
HaIpeXeHUs, IOPOJCHH B pelicaTa OT Kelle30nbTHHS Tpaduk ca najgeHu B Tabnumna 7.

Taouauna 7. [IpemecTBaHus U 3aBbPTAHKS B JJAT€PUTE U PEJIICOBU HAIIPEKEHUS OT
B’b3I[GﬁCTBH€TO Ha IMMOABUXKEH ChCTaB

M N A Wx OLmM71k OLm71Ed @unn Unnn
[Nmm] [N] [mm’] | [mm’]_|IN/mm?]|IN/mm’l| [rad] [m]
9160000.00]190570.00| 7670.00 | 3.34E+05 52.30 75.84 | 0.000788 | 0.00432

3.3. U3caenBane Ha B3aumojeiictBueTo Mexkay I'C m MocToOBa KOHCTPYKIMA €
oTrBop 31,23 m npu 6e30a71aCTOBO NpeMHUHABAHE

Karo neraiin 3a mbTst HA MOHOJIMTHA OCHOBA KaKTO BbPXY MOCTOBATa KOHCKTPYKIIUS, TaKa
U BBPXY PA3IJIekKAAHNUTE IPUIIekKAIIU y4acThIIM BbPXY 36MHA OCHOBA € N30paH JeTaili Ha Hail-
u3non3BaHata Oe3banmactoBa cuctema B EBpoma Rheda 2000, ynuTo XapakTepuCTHKU ca
npeacTaBeHu noapooHo B [1] u [2].
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3.3.1. U3caenBane Ha edeKTUTE OT TeMIepaTypHa pasauka me:xxay bPII u
MOCTOBAaTa KOHCTPYKIMS

B Ta3u Touka e mpoBeAEHO aHAJIOTMYHO HM3CJIe[BaHE Ha HampaBeHoTo B T.3.2. Ilpu
KOHCTPYKLIUU ChC CPENIEH U TOJIIM OTBOp M 6€30anacToBO MpeMHHABaHE Ha KeJe3HUs MbT,
edekTuTe OT TemrepaTypHa pa3iuKka, KaKkTO U OT APYTUTE XOPU3OHTAIHU U BEPTUKAIHU
BBBH@ﬁCTBHH, HMaT MO-TrOJIAMO BJIMAHHUC BBPXY BB3HUKBAIIUTC YCUIIHA I'C u mocroBara
KOHCTPYKIIUS TIPHU B3aMOJICHCTBIETO MM. ToBa ce ABJIKK Ha JINIcaTa Ha 0aiacToBa mpu3Ma u
Ha KOopaBaTa Bpb3Ka Mex1y 0e30a1acToBus Kelle3eH IbT U BPbXHATa KOHCTPYKIIHS.

Ta6anua 8. OcoBr HOpMaIHK CHIIM N, ¥ HOPMAJIHM HANIPEXKEHUSA O g, i 730-10 B PETICATA, 38

temneparypa Ha peicara 30°C u Ha mocToBaTa KoHCTpyKuus 10°C.

N, OEd, rail, T30-10
x[m] noanupaHe [kN] [N/mmz]
0 HIM -539.84 -70.38
15.615 - -483.81 -63.08
31.23 NN -716.13 -93.37
HMM - HenoaBukeH narep, JINJ1 - AMHE MHO NOABUXKEH B
XOPWU30HTaIHa Ha ANbXKHA NOCOKA

3.3.2.U3caenBane Ha e)eKTUTE OT XOPU30HTAJIHUA MHEPIUOHHYU CUJIM NPH
B3auMopeiicreue me;xkay BPII u pa3rieknanara MOCTOBa KOHCTPYKIHS.
HanpaBenurte mno-goity u3cienBaHusd ca aHajJorMyHu Ha T.3.2.2 u T1.3.2.3., Karo TyK

MepoJlaBHATa CIMpaTeaHa CHiIa € oT ToBapeH moaen SW/2 - Q0  =35kN / m'(o0mro 3a nBeTe

Ibk
pencu) U a =1,21 (kakto B T.3.2.2) . 3a pa3nuka OT OanacTOBHsI KeJIe3€H IbT, KbJETO B
MOEMaHETO U pa3NpeessHeTO Ha XOPU3OHTAJHUTE CHJIM ydacTBaT OajlacToBaTra MpU3Ma U
PCICOBUTC CKPCIIJICHUA (C’prOTI/IBH}IBaH_[I/I CC Ha pCIAaTUBHOTO ITPEMCCTBAHC Ha PCIICUTC
CIpsIMO TpaBepcUTE), TpH 0e30a7acTOBOTO MpPEMUHABaHE, IOpaaud KopaBaTa BpPB3Ka,
HAaJUIBXXHUTC CHJIM CC TpcaaBaT CAUHCTBCHO 6.HaI‘O,Z[ap€HI/I€ Ha CBIPOTUBJICHUATA HaA
CKperuieHusATa. ToBa MOXKe Ja JOBeIe [0 IoJlydyaBaHE Ha MHOTO TojisiMa peakuus B
HCIMIOABWXKHHUA JIarep HA MOCTOBATA KOHCTPYKIUA. 3a Ja 6’[:,[[6 I/I36GFHaT NN YaCTUYHO HaMaJICH
TO3U e(PeKT ce AOoIMycKa HaMalsiBaHe Ha MPUTHCKAIlaTa Cujla Ha CKPETUIEHUETO WIIM U30JI3BaHe
Ha CPCIJICHHUA C HYJICBO HAJIBKHO CBIIPOTUBJICHUC. 3a pasriicagaHnata MOCTOBa KOHCTPYKIIUA
ca IpPHETH HAUIBXHU KOpaBUHHU Ha pesicoBoTo ckperuienne ot 1000 mo 10000 kN/m [9].

Taouauna 9. Paznpenenenne Ha XOpU30HTAIHA HAJUThKHA CIIMPATENIHA CHJIa MKy TOPHO
CTPOCHC HA KCJIC3HUS BT U MOCTOBA KOHCTPYKIIUS.

kb fastening Ras [KN] R E=Rms «/Raei
[kN/rm] [kN]
10000 661.30 281.30 0.425
S000 £61.30 276.53 0.418
8000 661.30 270.74 0.405
7000 661.30 263.57 0.399
6000 661.30 254.50 0.385
5000 £61.30 242.70 0.367
4000 £61.30 226.81 0.343
3000 661.30 204.36 0.309
2000 £61.30 170.43 0.258
1000 661.30 113.61 0.172
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Ta6auna 10. XapakTepuCTUUHU U U3UUCIUTEIHU CTOMHOCTHA HA OCOBUTE Pa3pe3HU yCUIIUS U
M3YUCIUTEIHN CTOMHOCTH Ha HOPMAJTHUTE HAIIPEXKEHUS B peJicaTa OT CIUPATENIHU CHIIH
orpezenieHu cropen [6], BB QYHKITHS OT XOPU30HTATHOTO CHIIPOTUBJICHUE HA CKPETICHUSITA

kh_fastening N k, rail | Ed, rail A"a" 10gq
[kN/m] [kN] [kN] [mm’] [N/mm?’]
10000 191.89 278.24 7670.00 25.02
9000 194.39 281.87 7670.00 25.34
8000 197.38 286.20 7670.00 25.73
7000 200.92 291.33 7670.00 26.20
6000 205.66 298.21 7670.00 26.81
5000 211.59 306.81 7670.00 27.59
4000 219.52 318.30 7670.00 28.62
3000 230.65 334.44 7670.00 30.07
2000 247.23 358.48 7670.00 32.23
1000 275.16 398.98 7670.00 35.87

3.3.3. U3caenBane Ha edexTuTe OT TOBapeH Moaea LM71 npu B3amMmopeiicTrBue
mexay BPII u pasriexxaanara MocToBa KOHCTPYKIUA.

Kakro B T.3.2.3., Taka u TyK ca HallpaBEHU aHAJIU3U OT BH3JCHCTBUETO HA MOJBUKHUS
ChCTaB. 3a pa3iuKa OT CIIOMEHaTara IO-rope TOoYkKa TYK ca H3CIEABAaHU IBE pa3INMYHU
MOJIO’KEHUS Ha TTOJIBIDKHUS TOBap. EMHOTO, M3IISIIO B MOCTOBaTa KOHCTPYKITUS M CHMETPUIHO
cripsimo Hest (kakTo B T.3.2.3.) - durypa 17, a Ipyroto HEMOCPEICTBEHO NPEIU HABIIM3aHETO Ha
MOJIBIKHUS ChCTAB B ChOPHKEHHUETO — urypa 18.

i 31 &
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®@urypa 17. [I5pBO TOBAPHO CHCTOSHUE — BHPXY MOCTOBATA KOHCTPYKIIHUS

WMW@%%W

[4)]

— | |

®urypa 18. Bropo ToBapHO ChCTOSIHUE — HEMOCPECTBEHO MPEAN MOCTOBATAa KOHCTPYKIIMS

W npu aBete TOBapHH CHCTOSHUS ce HAOJII0AaBaT TOJIEMHU Pa3pe3HH YCHIIUS B TOPHOTO
CTPOEHE Ha XEeJIe3HUS BT B 00J1aCTTa MAJIKO MIPEIU U B HAYaJI0TO Ha MOCTA.

B S T T D A A R e e e s

@urypa 19. OcoBu pa3pe3Hu yCuims B peicata OT IbPBO TOBAPHO ChCTOSHHUE

e e R R 33 RS R R R 2322 R SR 222 R 22222 2R SRR 22 R 2323223333 3 e

®urypa 20. OcoBu pa3pe3Hu yCUIMs B pescara 0T BTOPO TOBAPHO ChCTOSHUE
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Ocsen ABCTC TOBApPHU CHCTOAHUA Ca U3CJICABAHU U BAPHUAHTH C pa3IMdYHa KOpaBUHA Ha
MoyYBaTa Mpeu U Cliell ChOpbKEeHNEeTo cbec cTorHOCTH 0T p=40000+100000 kN/m [7].

Taoauna 11. Pa3zpe3nu ycunusi 1 HOpMajiHUA HalpeKeHUs B pesicara, 3apbprane Ha HIUI u
HaaIbxkHO npeMectBane B JIIIJI ot ToBapen mogen LM71 — nbpBO TOBapHO CHCTOSIHHUE.

Ky _soi Ky _bridge M N OLm71k OLm71Ed ®unn Unnn
[N/mm] | [N/mm] [Nmm] [N] [N/mm?] | [N/mm’] [rad] [m]
40000 13890 9858700 214169 57.47 83.34 0.0005208 | 0.00407
50000 14920 9877700 214277 57.55 83.44 0.0005207 | 0.00407
60000 15710 9893200 214355 57.60 83.52 0.0005207 | 0.00407
70000 16320 9905600 214413 57.65 83.59 0.0005207 | 0.00407
80000 16800 9915600 214457 57.68 83.64 0.0005207 | 0.00407
90000 17210 9924200 214494 57.71 83.68 0.0005207 | 0.00407
100000 17540 9931300 214522 57.74 83.72 0.0005207 | 0.00407

Taoauna 22. Pazpe3nu ycwinsi 1 HOpMaJHU HAMPEKEHUS B pejicaTa 3a CEYEHUETO ¢
MaKCHUMaJIeH OI'bBaIll MOMEHT OT ToBapeH mojen LM71 — BTOpo TOBapHO ChCTOSHUE.

Ky_soil Ky_pridge Max N OLm71k Oim71Ed
[N/mm] | [N/mm] [Nmm] [N] [N/mm’] | [N/mm’]
40000 13890 23294800 11444 71.32 103.41
50000 14920 23160100 10974 70.85 102.74
60000 15710 23045500 10645 70.47 102.18
70000 16320 22952100 10409 70.16 101.73
80000 16800 22876100 10232 69.91 101.36
90000 17210 22809800 10086 69.69 101.05
100000 17540 22755600 9973 69.51 100.79

Tabauna 23. Pazpe3nu ycuinns 1 HOpMaJaHU HAIIPEKEHUS B pelicaTa 3a CEUEHUETO C
MaKCHMaJIHa OCOBa cuja OT ToBapeH Mojaen LM71 — BTOpo TOBapHO ChCTOSTHUE.
Ky soil Ky_pridge M Nmax OLm71k OLm71Ed

[N/mm] | [N/mm] [Nmm] [N] [N/mm’] | [N/mm’]
40000 13890 3037300 15140 11.08 16.06

50000 14920 2934200 14525 10.69 15.50
60000 15710 2861600 14096 10.42 15.10
70000 16320 2809000 13786 10.22 14.82
80000 16800 2769500 13555 10.07 14.60
90000 17210 2737000 13365 9.95 14.42
100000 17540 2711600 13217 9.85 14.28

N3Boan

Bbnpekwu, ye npu oTBOpHU mo-Majgku oT 60M rpu ctoManeHn 1 90M pu cTOMaHOOETOHHU
U KOMOWHUpAHM MOCTOBE, H3YHCICHHATA MOTAT Na0bJaT MPOBEACHH IO OPIIOCTCHUTE
npouenypu onucanu DIN-Fb 101, Anekc K, I'maBa 2 - 6e3 mpoBepka Ha JOMBJIHUTEITHUTE
pesncoBu HampekeHus. OT HalpaBEHUTE U3YUCIICHHUS MOXKEM Jia 3aKJII0UYHMM, Y€ MPOBEpKa 3a
JTOITBbJIHUTEITHUTE HaNpeKeHus B3aumoaericteuara Mmexx1y I'C u MocToBa KOHCTPYKIIMS Clie/1Ba
na ObaaT HalpaBeHHU.
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Ot onucaHuTe YUCIIEHU NIPUMEPHU B T.3 € BUJIHO, 4€ Npu HarpsBaHe Ha peicure 30°C, a
Ha MocToBaTa KoHCTpykims 10°C u mpreTa XOpU30HTAIHA KOpaBHHA Ha 6anacta 7637 kN/m?
[2] B pencuTe OT B3aMMOJEHCTBHETO ¢ MOCTOBaTa KOHCTPYKLHS C€ IOJIy4daBaT HOpPMaJHU
HATHCKOBH HAIPEXEHUs ¢ MAaKCHMMalHa CTOMHOCT 0KojIo 75+86 N/mm?, KouTo ca Maiko Io-
BUCOKH OT JIOITyCTUMHTE HAaTHCKOBU HAINIPEXKEHHsI B pejicaTa BCIIEACTBUE B3aUMOJICHCTBUETO
oT 72 N/mm? B crotBetcTBHE C [6]. [Ipn CHIIOTO BB3/AeHCTBHE U 6€30aNacTOBO MPEMUHABAHE
HAa JKeNe3HUs IIBT, TOIBLIHUTETHUTE Hanpeskerus ca 93N/mm? npu gomyctumu 92 N/mm?,

W3cnenBanusTa 3a HHEPIIMOHHUTE XOPU30HTAIHU CHIIM MPU ChOPBHKEHUETO ChC CPEIeH
OTBOD U 6€30a1acTOBO MPEMHUHABAHE Ca HAIIPABEHU 32 a3 IMYHH ChIIPOTHBIICHHS HAa PEJIICOBOTO
CKperuieHrne. B HopMuTe ce omycka NMpu MO IBJITH ChOPBKEHHUS MPUTUCKATEIHATa CUila Ha
CKpeIJICHHATAa B 30HATAa Ha MoOcTa Ja Obae HamaneHa. B 1. 3.3.2. e HampaBeH aHanIu3 ¢
HAJJIBKHU  CBHIPOTUBICHUSA Knh fastening =1000+10 000 kN/m, npu koero MakcumaliHaTa
croiiHocT Ha X=0,425 (32 kn fastening =10 000 kN/m), karo ToBa moka3Ba, 4e dYacTra OT
cnypaTenHaTa Cujla MoeMallla ce OT HEMOJBMXHMS Jiarep € IMOYTH ChIIaTa KakTo M IpHU
0anacToBO MpeMUHAaBaHEe Ha KOHCTPYKIHUATA, HO TPY MUHUMATHUTE CTOMHOCTH 3a X UMa HaJ 2
nbTH paznuka x=0,172 (3a kn_fastening =1000 kN/m), nokaro mpu 6anacToBo mpeMHHaBaHE 3a
x=0,385 (32 kn_ballast =2000 kN/m).

OT M3I0KEHOTO A0 TyK MOXKE Jla C€ 3aKJIIoud, Y€ NMpeMUHaBaHETo c Oe3daiacToBa
koHCcTpykius Rheda 2000 BbpXy pas3riexIaHOTO MOCTOBO CHhOPHKEHHUE € TEXHHUYECKU TI0-
nenecr00pa3eH BapuaHT, IPU KOMTO OCBEH MO-ToyiiMara YCTOWYMBOCT Cpelly MU3MsATaHE Ha
cKapara M Mo-JIeKaTa BpbXHa KOHCTPYKIHS, € Bb3MOKHO U 00JIeKUYaBaHe HAa HEMOJBUKHUTE B
HaJIbKHA TIOCOKa Jlarepu . To3u epekT € 0co0eHO BaXKEeH MPU CTapu KOHCTPYKILIHUHU B CIIyYauTe,
IpY KOUTO MOAMSHATA HA JIATEPUTE € TPYAHO OCHILECBUMA.
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HA BUCOKO EJJACTUYHMU ITOJAJIOKKH HA CKPEIIVIEHUATA
ITPU BAJIACTOB U BE3BAJIACTOB XKEJIE3EH II'bT

IBeran Baaroes!

Yuusepcumem no apxumexmypa, cmpoumeincmeo u ceodesusi (YACI), Cogus

INVESTIGATION OF THE EFFECTS OF IMPLEMENTATION
OF HIGHLY ELASTIC FASTENING RAIL PADS
ON BALLASTED AND BALLASTLESS RAILWAY TRACK

Tsvetan Blagoev!

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: Nowadays the requirements of geometry of railway track are very high. The
operational velocity, intensity of traffic and axle load of rolling stocks increase at the
time as well as the requirement of the travel comfort. This necessitates more and more
intensive maintenance of the railway lines in the ever shorter windows for repair works.
Various railway administrations are implementing modern structures and methods, such
as a monolithic track, pads under the sleepers, more elastic fasteners, frequent grinding
of the rail heads, etc., in order to reduce the adverse effects of the impact of the rolling
stock on the track. In the present article an analysis of the implementation of a slab track
system is made. The implementation of different elastic rail pads in the transition zone
between ballast and ballastless track, as well as in the conventional ballast system is
analyzed.

Key words: Ballasted track, ballastless track, transition zone, fastening system, highly
elastic rail pad

1. BbBeaenne

3a J1a ce HalpaBU aHAJIW3 Ha HAIPErHaTOTO U Ae()OPMUPAHO CHCTOSIHUE HA JKEJIE3HUS IBT
B Pa3IUYHUTE MY 30HH, KAKTO U B 30HATa HA IPEXO MEXy OanacToB 1 6e30a1acToB JKeJle3eH
0BT € BBb3MOXHO H3IOJ3BAHETO Ha COPTyepeH MPOAYKT Oa3supaH Ha METOJA Ha KpalHUTE
enementd (MKE). 3a nenrta e usnon3an SAP2000.v.14. 3a na MoxeM ga Mojeaupame
aZiekBaTHO cucrteMata Ha ropHoro crtpoeHe (I'C) karo rpeaga Ha enacTM4Ha OCHOBA, €

! [geran Brnaroes, ri. ac., 1-p, MHX., Kateapa ,,Kenesuuu“, ®akynrer no TpancnoptHo cTpoutenctso, Codus,
V. Xpucro Cmupuencku 1; e-mail: ceco_z@abv.bg;

Tsvetan Blagoev, Chief assistant Professor, PhD, Eng., Railway construction Department, Faculty of
Transportation Engineering, Hristo Smirnenski 1 Str. Sofia; e-mail: ceco_z@abv.bg
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HEOOXOIMMO J1a ca M3BECTHU E€JIACTHUYHUTE XapaKTEPUCTHUKU Ha pasriexnanute tumnose ['C,
KaKTO M 110 KaKbB HA4YMH C€ U3MEHS KOPaBUHATA B IIPEXOHATA 30HA MEXKTY TSX. (JIMHEHHO Win
cTplanooOpasHo). B  Hacrosmara mnyOnukanuMs ca pasmiieaHd 2 KOHCTPYKIMH:
KOHBEHITMOHAJICH Keyie3eH MbT (C OamactoBa mpusma) u Oe3bamacroBa cuctema tun Rheda
2000 (macoBo pasnpoctpaHeHa B EBpona). OmnpeneneHu ca e1acTUYHUTE XapaKTEPUCTUKUTE
Ha naBata Tuma I'C, Kato ca MpeIVIOKEHHW DPAa3IMYHU BapHaHTH 3a MPEXOJ] MEXIy THX,
MIOCPEICTBOM BHCOKO €JTaCTUYHHM IOJIPEIICOBU TOJIOKKH.

2. OnpenensiHe HA eJTACTHYHUTE XaPAKTePUCTHKHU Ha 0e30a1acTOBUSA U
0aJ1acTOBHS Kejle3eH IbT

B Hactosimara pazpabotka ca pasriieaanu asa tuna ['C macoBo usnonssanu B EBporna u
Snonus: 6anactoB xkene3eH bt ¢ pesick 60E1, ckpennenus W14 Vossloh, tpasepcu B70 (CT-
6) unmu ¢ nono6na kouctpykuus (340 kg), 6anacroa npusma (22,4+62,3) ¢ MmuaumymM 33 cm
no0pe yIIbTHEH 0aslacT MOJ| TPaBEpPCUTE B 00JaCTTa HA CTHIIBAHETO HA PEJICUTE U MUHUMYM
40 cm zamuted miact (Purypa 1); u 6e36amacroBa cucremMa Rheda 2000 c pencu 60E1,
ckperuieHue loarv 300 Vossloh, Tpasepcu B355.3 U60M, 30cMm XuapaBiInyHO CBbp3aH IJIaCT
U MuHUMYM 50 cM poTHBO3amMpb3Ban] miact (Purypa 2).

penci UICE0

ckpannasimm SKL14

TRasspon CTE
banacropa NpHsMa

2ALUMTEH ANACT

5%

®urypa 1. Hanpeuen pa3pe3 Ha KOHBEHIIMOHAJICH 0aJIaCcTOB )KEJIe3€H MIbT

Crpemreriie loarv
300 Vossloh

7
Xmapapmiraso ceppsan wiact (XCIT) \ ‘l
r

I é

/ / =1 7
: o037 Sl ol

IIporasozanps 3B§fw mracr (11371) =3,

/7 ]
Fenma g&'ﬂaﬁa (30) —/ ~ L

OCHOBA HA 0e303.7acToBATa afereng{r: E=34 000N/num < beron 3a
5000 - 10 000 Nimm ° / XCIT E>
20 N'mum ° BT E=1
Nz © 30 -F=45.

®durypa 2. Hanpeuen paspe3 Ha 6e30amactoB xkene3eH mbT Rheda2000
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2.1. OnpenesisiHe HA €JIACTUYHATA KOHCTAHTA HA JIBeTe KOHCTPYKIMH

HaHpeI‘HaTOTO CbCTOAHUEC HA KCIJIIC3HUA IIBT 3aBHUCU OT O6H_IaTa MPpy’>KWMHHA KOHCTAHTAa Ha
KOJIOBO3A lotal. CTOHHOCTTA Ha 001I1aTa MPY)KUHHA KOHCTAHTA otal C€ (POPMUPA OT ENIACTHYHHUTE
XapaKTePUCTHKN HAa BCHYKM €JIEMEHTH M IUIACTOBE Ha jKene3Hus mbT. CToiHOCTUTE Ha
CJIACTUYHUTC KOHCTAHTU Ha CICMCHTUTC IO JAHHW B3CTH OT HU3MCPBAHUA B I'CPMAHCKATa
KeJIe30ITbTHA MPEKa ca KaKTo CIIe/IBa:

e Pernca ruit= 50000100000 kN/mm cbe cpenna croiinocT 75000 kN/mm;

e Tpasepca rsiiper =500+800 kN/mm 3a nspBenu tpasepcu u 12000+15000 kN/mm
cbe cpenna ctoitHocT oT 13500 kN/mm 3a cToMaHOOETOHHU TPaBEPCH.

e banacT rpaiast=380 kN/mm n3mepeHa KOHCTaHTa IIPH ,,3aMBbPCEH"* OastacT 2 TOIUHU
CJIE]I TIOJIAaTaHEeTO MY.

e 3eMHa OCHOBA rsubstructure = 2060 kKN/mm cbc cpemna croriHocT ot 40kN/mm 3a
YaKbJIECTH OYBU U CTOMHOCTTH Fsubstructure = 80100 kN/mm 3a 3ampb3Hana 3eMHa
ocHoBa u Oanact. IIpu manka nebennHa Ha Oanacta BbpXy O€TOHOBO KOPUTO Ha
TYHEJ WM CTOMaHOOETOHHA IJI09a BBPXY MOCT Ta3W CTOMHOCT MOXeE JIa TOCTUTHE
10 250 kN/mm.[30]

e PencoBa moOINOKKA - rpad — €IACTUYHATA KOHCTAHTA HA MOAPEICOBATA MOJIOXKKA
HMa 3HAYUTCIIHO BJIIMAHUC BBPXY KOpaBUHATA HA KCJIC3HUSA IIBT, 4 OT TaM U BbPXY
pasmnpeensHeTO Ha HAaTOBapBAaHETO BBPXY TPABEPCHTE WIIM CTOMaHOOETOHHATA
wiovya. CTOHHOCTUTE 3a KOpaBHHATA HA TOJPETICOoBaTa MOJI0OKKA Bapupar ot 45
+600 kN/mm 3a ctaHgapTHH PEJICOBH CKPEIUICHUS MPH 0AacTOB KeJIe3eH BT, a
3a ckperuienue IOARYV 300 Vossloh monnoxkara, u3paboTeHa OT CEJIEHTHK € ChC
3HAYUTEIIHU €JIACTUYHH XapaKTEPUCTHKH, KaTO rpad=22,5 kN/mm.[30], [31]
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®urypa 3. [IpuHoc KkbM enacTUYHOCTTa Ha enemeHTuTe ot ['C

Tabmuma 1 Moke Aa cioyXKu KaTo OpHEHTHP 3a H300p Ha 3eMHa OCHOBa IpHU
MPOEKTUpaHEeTO Ha 0e30aacToB kele3eH MbT, KATO MUHUMATHATa CTOMHOCT C€ MPernopbhyBa
na OBIe rsubstructure=86 KN/mm. OcBeH ToBa mpu croiiHocTuTe 32 C W r mMMaMe JMHEHHa
3apucuMoct U r =C.F/2, xpaero F e KoHTakTHara IUIONI MEXIy TpaBepcac W Oamact
(F=5700 cm?) (Eisenmann) [4]
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Tabauua 1. [4] 3aBucumocT Mexay koeduruenta Ha jerniotro C u KoepuimeHTa Ha
€JIACTHYHOCT r 32 K0JI0oBO3 ekunupan ¢ pencu 60E1 u tpaepcu B70 u 6e36a1acToB K0JI0B03

Hocema cmocoOHOCT Ha 3eMHaTa OCHOBA

banacToB xene3eH ObT

Bes0anacToB xkeJe3eH IbT

HUCKA nobpa BHCOKA HUCKA nobpa BHCOKA
C [N/mm’] 0.05 0.10 0.15 0.30 0.35 0.40
Fsubstructure(30) 14 29 43 86 100 114

2.2. U3meHeHne HA 0011aTa KOPABMHA HA KOHCTPYKIMATA B 3aBHCUMOCT OT
KOPABHHATA HA 3eMHATa OCHOBa (substructure).

Ha ¢urypa 4 (Tabnuma 2) ce B2 U3MEHEHHETO Ha 00IaTa Mpy>KMHHA KOHCTAHTA Total
(Ciotal) BB (PYHKIIMSI OT KOpaBHHATa Ha 3eMHaTa OCHOBA, KaTO € HAIlPaBEHO H3CIIE/IBaHE C
pasnuuHK nouyBu. OT Ta3u rpaduka MoXke Aa ce BUAU KaKbB IPUHOC KbM O0IaTa eJacTHYHA
KOHCTaHTa MMa KOpaBMHAaTa Ha JIOJHOTO cTpoeHe. M3cimenBaHu ca ciiydau ¢ 0anacToBO
MpEMUHABAaHE ChC CTaHJApaTHA MojapesicoBa moioxkka Zw687 - k = 500kN/mm wu Haii-
ChBpEMEHHaTa oJy10XKKa oT ceneHTHK Zw700 ¢ k > 50 kN/mm. KakTo u 6e306a1acToB xene3eH
T Rheda2000 ¢ 3 nognoxku — Zw 692-6 — k=225 kKN/mm ; Zw104/150NT — k=800 kN/mm
U MexxauHHa nopioxkka Grp 21/150.

Ta6auna 2. 3meHeHnre Ha o011aTa KOpaBHHA Ha )KENE3HUS BT B 3aBUCUMOCT OT
KOpaBHWHATa Ha 3eMHaTa OCHOBA (substructure)

I'substructure | l'tot zw687 l'tot sellentic | l'tot rheda200
20| 18,28 13,75 10,31 kN/mm
30(26,28 17,84 12,45 kN/mm
40|33,65 20,96 13,89 kN/mm
5040,45 23,41 14,92 kN/mm
60|46,76 25,39 15,70 kN/mm
70152,62 27,02 16,31 kN/mm
8058,08 28,39 16,80 kN/mm
86|61,17 29,11 17,05 kN/mm
90|63,17 29,56 17,20 kN/mm
100 | 67,94 30,56 17,54 kN/mm
110|72,41 31,44 17,82 kN/mm
120]76,61 32,20 18,07 kN/mm
130 80,57 32,88 18,28 kN/mm
140 | 84,30 33,49 18,46 kN/mm
150 | 87,83 34,03 18,63 kN/mm
160|91,17 34,52 18,77 kN/mm
17094,33 34,96 18,90 kN/mm
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ptotal Fpaq)nKa rtot:a\l(rsubstructure)
100.00

90.00 ~
80.00 /

. /
70.00

60.00 / ban.Zw687

50.00 .
/ Ban.sellentic

40.00

30.00 // Rheda2000
20.00 7

10.00

0.00 T T T T 1
0 40 80 120 160 200 P substructure

®@urypa 4. 3meHenne Ha o0IIaTa KOpaBHHA Ha KETIE3HUS BT B 3aBUCUMOCT OT KOpaBHUHATa
Ha 3eMHaTa OCHOBa (substructure)

Tpu oT eneMeHTUTE Ha TOPHOTO CTPOEHE HA JKEJIEe3HUS BT — PEJICH, TPaBepCH U Oanact
uMar camo 6+10% mprHOC KbM €IACTUYHOCTTA HA XkKeje3Hus bT. ChIIECTBEH NPUHOC UMAT
€JaCTUYHOCTTAa Ha MOJPEJICOBUTE MOMJOXKKHU Ipad M €JIACTUUHOCTTA HAa 3€MHATa OCHOBA
Fsubstructure. OT TIpezicTaBeHuTe B Tabnuua 2 (¢ur. 4) pesynraTu craBa sICHO, Y€ MPY>KUHHATA
KOHCTaHTa Ha TMOJApEICcOBaTa MOJJIOKKA HMMa 3HAYUTEIHO BB3JICHCTBHE BBpPXY oOIIara
KOpaBHHA Ha KOJOBO3a riotal. CHINO Taka c€ BIKIA, Y€ row= 18,28+94,33 kN/mm — mpu
KOHBEHIIMOHAJIeH 0aacToB jKeJe3eH MbT ChC CTaHJapTHA PesicoBa MOAI0XKKa. ToBa Boiu 10
pa3IuKy OT HaJ 5 MBTH B 00I1aTa KOpaBUHA MOPOJCHH OT PA3JIMKUTE B KOPAaBUHUTE HA 3eMHATa
ocHoBa. IIpu ckpemnseHne ¢ BUCOKAa €JaCTUYHOCT OT CENEHTHK C rpad> 50 kKN/mm - rioa=
13,75+34,96 kN/mm — pa3nukara e camo 2,5 mbTH.

Protal I'paduka 6e3 moapescoBU MOMJIOKKH
rtotal(rsubstructure)

160.00

140.00

120.00

100.00 — 3
/ an_380 _kN/mm
80.00
/ Ban_120_kN/mm
60.00

20,00 / Rheda2000
20.00

0-00 T T T T 1
0 40 80 120 160 200 P 'substructure

®durypa 5. VzMeHenne Ha o011aTa KOpaBuHa Ha JKEJIE3HUS BT 0€3 MOAPEIICOBH MOJIOKKH B
3aBHCUMOCT OT KOpaBUHATa Ha 3eMHaTa OCHOBa (substructure)

[Tpu 6e36anacToBara cucteMa, OJiarolapeHre Ha M3KIIFOUUTEHO elacTUYHaTa TOJTI0KKA
OT CENIEHTHK C Mpad=22,5 kN/mm Bapuanusta Ha o011aTa Ipy>KHMHHA KOHCTAHTA € OIle M0-MajKa
rota= 10,31+18,90 — mo-manko oT 2 mbTH paziuka. SICHO ce BWXkKIa, 4e IpHU IO-KopaBara
koHcTpyKiusa Ha Rheda2000 3emHaTa OCHOBa OKa3Ba 3HAYMTEIIHO MO-MAJIKO BIMSIHUE BHPXY

321



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

oOmrara KopaBuHA Ha KOHCTPYKIUATA. BakHO € CchII0 Ja ce 0TOenekH, 4e He3aBUCUMO OT T10-
KOpaBaTa KOHCTPYKIIUSI Ha Oe30anmacToBus keje3eH mbT (dur.S), obmata My KOpaBHHA € C
77,3+399,1% mo-manka crpsmo ¢ Ta3u Ha 0anacTOBUS KEJIe3eH BT C OOMKHOBEHH MOJIOKKHI
ZW687. KoJKOTO TMO-KOpaBa € 3€MHaTa OCHOBA, TOJIKOBA IIO-3HAYMM € MPUHOCHT HaA
€IACTUYHHUTE TOPETICOBH TOJUIOKKHU. ToBa SICHO ce BIKIa OoT Gur.4, KbAETO Ype3 BIAraHETO
Ha TIOJJTO’KKU OT CEJICHTUK C BUCOKA €JTACTUYHOCT PA3JIMKUTE B KOPABHHUTE Ha 0ANacTOBUS U
0e30amacToBHs Kelle3eH MbT ce peayrnupar a0 33,4+85%. Ot ToBa MOXKeM J1a 3aKIII0OUnM, 4e
U3II0JI3BaHETO MM, OCBEH 3a HaMaJIsIBAaHE Ha BUOPAIIMUTE OT HEPABHOCTH B KOJIETIaTa M PEIICHTE
U HaMaJIsIBaHE Ha O0IaTa KOpaBUHA Ha KEJE3HUS BT, TC Ca U3KIIOYUTEITHO TOIXOISAIIM U 32
BJIaraHe MpHU OJIM3KO MpEeMHHaBaHE KbM 0€30al1acTOB BT, Thid KATO MPEXOABT B KOPABUHHUTE
Ou OWJI 3HAUUTEITHO TO-TUIABEH.

3. A3MeHeHHe HA KOPABUHUTE MO KeJIe3HUS TbT B 30HATA HA MPeXo] — 0aJaCTOBUIT
'bT, IPEX0AHATA 30HA U 0€302/1aCTOBHUAT KeJIe3eH IIbT.

3a nma ObmaT peryaupaHd BB3IACHCTBHUATA B MPEXOJHATa 30HA MEXAYy OamracroBa U
Oe30anacToBa KOHCTPYKIIHS, IPEXOABT MEXKIY NIBETE TPsAOBa 1ga Ob/ie N3MHUHABAH 3a HE I10-
Manko ot 0.5 s Ipu IpeMHUHaBaHE Ha BJIAaK ¢ MaKCUMAaJlHA JOIyCTUMa CKOpoCT. M3xoxaaiku
oT ¢akrta, ye u 3a jaBara pasriaenanu tumna ['C mo3Bosienara ckopoct € V>250 km/h, T.e.
V>69,44 m/s, To MEHMMaTHaTa ABDKMHA HA TpexojgHaTa 30Ha TpsOBa ma Ovae 35M.[30]
M3uckBaHusATa 32 3¢eMHaTa OCHOBA NpHU 0e30a1acTOBUS KEJIe3eH IbT ca MHOTO 3aBUILIEHU -
M3HCKBA Ce 3/IpaBa U H3KIIOYUTEIHO J00pe YILTHTHEHA ITOYBa, C IeJI N30STBAHETO HA CISTAHMUS,
pa3BHBAIllM CE BbB BPEMETO U JIOMyCKaHEe Ha TOJIEeMH OCTaThYHH JeopMaIii, KOUTO HE MOrat
na Ob/IaT KOPUTHPAHU C BH3MOKHOCTHTE Ha PEJICOBUTE CKpeTUieHUs. TOYHO TOBa € MpUYNHATA,
KOSATO Hajiara Jia ce€ M3MOJI3BaT MOYBH C MPYKWHHA KOHCTAHTA [substructure=80+170 KN/mm 3a
sJ1aTa JHJDKMHA HAa KOHCTPYKIUATA — O0ajgacToB, 0€30aacToB BT M MPEXOHATA 30HA.

CrangapTHaTa MpexojHa 30HA TpPHU MOJOOCH THUI KOHCTPYKIMH € BB3MOXKHO J1a Ce
u3rpakia B JeTaiiyia Ha Oe30aiacToBaTa KOHCTPYKIUS U C pa3fielisHe Ha MPexXoJHaTa 30Ha Ha
3 paBHu noa3oHU 110 11,67 M, B KOUTO ce Bi1araT NOAPEICOBH MOUI0KKH C Pa3IMUHU €1aCTUYHU
xapaktepuctuku — Zw104/27.5 , Zw104/40 u Zw104/55.

Rheda IlIpexonna 3ona BanacroBa K-nius
40.00
30.00 * ————
4 S
) g ¢ —&—tranzition_86kN/mm
= 20.00 » -
0 N g ' Ballastless
h'l-‘
10.00 ballasted
0.00 tranzition_100kN/mm
0.00 10.00 20.00 30.00 40.00 50.00 60.00
L [m]

®urypa 6. KopaBuHu B mpexo/iHaTa 30Ha U MPUJIEKAITUTE U
OanacToB 1 6e30aJ1acTOB JKeJIe3€H BT

Ha ¢urypa 6 e npencraBena rpadukara Ha I3MEHEHHE Ha 00I1aTa KOpaBUHA Ha KEJE3HUS
BT B 30HaTa Ha npexoj. M3o0pazenu ca 10M. ot O6e30amacToBaTa KOHCTPYKIHUS, 35 MEeTpoBa
NPEXOHA 30HA C TOA30HU C BIIOKEHHU B TSIX CIIOMEHATHUTE MO-TOPE MOJPETICOBU MOATIOKKH C
HapacTBaIli KOPaBHHU M 0aJacTOBHUS JKeJIe3eH IBT C eIaCTHYHA MOJPEJICOBA MOJUIOKKA OT
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cenieHTUK. HampaBeHuTe aHanmsu 3a o0iaTa KOpaBUHA Ha KEJIE3HUS BT loral Ca TIOKA3aHU 32
CTOWHOCTH Ha MPYKMHHATA KOHCTAHTa HA 3€MHATa OCHOBA [substructure=8 OKN/mm (CHH IBAT) U
rsubstructurezlookN/mm ()K’B.HT HBHT).

3.1. U3MeHeHMe HA MOAPEJICOBUTE PEAKIUM HA sKeJIe3HUsI BT B 30HATA HA NMPEXO/I.

3a moApencoBUTE PEAKINK B MPEXOJHATA 30HA U B MPUIICKAIIUTE M KpauIia 0aracToB U
0e30a1aCcTOB JKEJIe3eH MBT € Pa3padOTEeH aHATMTUYEH MOJEN M0 MoauduImpaHTa TEOpUs Ha
Humepman (2), uznoxena B [1] u uzobpazena Ha ¢urypa 7, kpaero S [kN] e nmopaencoBata
peakius B MSCTOTO Ha mpuiiarade Ha ToBapa (x=0) — 250/2 kN — moaBuH OCHO HaTOBapBaHe OT
KOMITIOHEHTaTa Ha ToBapeH mojen 71. [4],[5]

(2) Sseatfload(x) =b- a. CZ-y(X)’

KBJETO: Sseat load — MOJpPEICOBAaTAa peakuus; b — muUpoynHa Ha (UKTUBHATA rpena; a —
Pa3CTOSIHUE MEX]ly TPaBEPCHUTE; Y — MOAPEIICOBA BEPTUKAIHA JeopMaLusl.

Rheda IIpexoana 30Ha BanacroBa K-nus

45 p
44 4 g
43
42

41
40 - —&— Rail Action

39 l
38 1

S [kN]

000  10.00 20.00 30.00 40.00 50.00  60.00
L [m]

®urypa 7. [TogpencoBu peakiiuy B MPEeXoIHATa 30HA U MPHIISKANTUTE M 0aTaCTOB U
0e30a71aCcTOB KEJIE3€H MbT

HaroBapBanero Ha I'C Ha kenme3Husi MBT Mpu Oe30alacToBaTa CHCTEMa € IMO-MallKo
OTKOJIKOTO TIpU 0ajlacTOBHS KEJe3eH BT BBIIPEKH IO-KOopaBaTa My KOHCTPYLKHs. ToBa ce
JBJDKU HA PA3Ipeesnus eeKT U Ha BUCOKATa €IaCTUYHOCT HA TIOJIPEIICOBUTE MOJIOKKH Ha
croTBeTHOTO cKperuieHue (loarv system 300 Vossloh). OGmiaTa KopaBUHS riotal HA KOJIOBO3A CE
MPOMEHS TUTAaBHO OT HHUCKUTE CTOWHOCTH Tipu Oe30amactoBara cucrema Rheda2000,
HApacTBAWKH 0 BUCOKUTE CTOMHOCTH 32 0aacTOBUS JKeJIe3eH BT Mpe3 MpexogHaTa 30Ha. [Ipu
MOAPETICOBUTE pPEaKIMM Ha CHOTBETHHTE ONOPHU TOYKU (TpaBepcuTe) ce HabromaaBa
He6HaFOHpI/I$ITHO HapaCTBAaHC B 30HATA HA NPCXOA U CJICA TOBA HaMAJIIBAaHC IPU 6aJ'IaCTOBI/I$I
XKeJe3eH MbT. T03W HaMalsBall CKOK B JHarpamaTa Ha CHJIMTE MOKa3Ba, Y€ Ta3W MPEeXoJHa
KOHCTPYKIIUS UMa HYXa OT MOJ0OpEeHHE 3a TaKka pa3riiek1aHaTa KOHCTPYKITHSI.

3.2. AHa/11M3 HA IPeX0/AHATA 30HA

[Topanu wm3noxeHWTe B NpeAMIIHATA TOYKA MAHHU, TYK €A IPEIJIOKEHH Ppa3IMuHU
BapUaHTHU 3a W3MBJIHEHHE Ha NpexojHaTa 30HA. ENMH BB3MOXKEH BapHaHT € IOCIeAHaTa
noa30Ha ¢ momyioxkka Zw104/55 na ormagHe u mpexoaHaTa 30HA J1a C€ pas/iesy Ha 2 MOA30HU
¢ npiokuHa oT 17,5M ¢ momnoxkku Zw104/27.5 u Zw104/40 (purypa 10). Jdpyr Bb3MOXKEH
BapUaHT € 3alla3BaHe Ha CTaHapTHaTa KOHCTPYKLMS HAa IPEXOHATA 30HA U IOPbUYBAHE Ha I10-
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KOpaBU TMOAPEICOBH TOJJIOKKH OT CEIICHTUK 3a OanmacToBusi kele3eH mbT (purypa 9).
[ToxpencoBa noasiokkKa ¢ Npy>KMHHA KOHCTAHTA rpad=60kN/mm e nmoaxonsiia, Thil KaTo ToraBa
ce ToJTyJaBa HapacTBaHE B 30HATA Ha 0aJaCcTOBUS XKeJe3€eH BT (CIPSIMO MOCIeIHATA ITO30Ha
Ha nipexona). [Ipu To3u BapuaHTt, ob6aye, OanacroBaTa KOHCTPYLKHS 1€ CE BIUsE MOBEUE OT
KOpaBHHATa Ha 3éMHaTa OCHOBA, IMOPAJM MO-KOPABOTO CKPEIJICHUE, W CIeABa J1a C€ TPOBEpHU
e(eKTUBHOCTTA HA Ta3U 3aMsHA.
3a ta3u 1ien B nporpamuaara cucrema SAP2000.v.14 ca HanpaBeHH 3 YHCICHHU MOJIea:
e Mogen 1 — Mozen Ha pasriexaaHaTa B myOauKamus KOHCTPYKIUS ¢ 3 TIOJI30HU Ha
Mpexoja, ¢ TOJUIOKKH, KakTo cineaa: Zw104/27.5, Zw104/40 u Zw104/55
(¢urypa 8)
e Moguen 2 — cpuiara npexoaHa 30Ha karo Mogen 1, HO ¢bhC CMEHEHa MO-KOpaBa
MOJTOXKKA 3a O6amacToBaTa KOHCTPYKITUSA - rpad=60 kKN/mm (¢purypa 9)
e Mogen 3 — MoJen Ha pa3riiexkaaHaTa B MyOIuKaIus KOHCTPYKIUS ¢ 2 MOA30HH Ha
Mpexo/ia, ¢ MOJJI0KKH, KakTo ciensa: Zw104/27,5, Zw104/40 (durypa 10)

=
=
G —
—
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e T
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durypa 8. Mogen 1
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]
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i

®urypa 9. Mognen 2
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®urypa 10. Mogen 3

N3Boan

Ot ananu3upanute mMojaenu (urypa 8, purypa 9 u durypa 10) ce BuxIaT TpaHUIHUTE
MOMEHTOBH JHMArpaMH B MPEXOJHATA 30HA M B MPIJICKAIIUTE KpaWIla 32 KOMEHTHPAHUTE B
TOYKa 3.2. IeTailyii Ha KOHCTPYKIMH. SICHO ce Buxkaa, ye mexay Moaen 1 u Moaen 2 Hiama
pa3NuKy B TpaHUYHATa MOMEHTOBA Auarpama. [Ipu Monen 3 uMa 3HaUYUTEITHO MO-TOJISIM CKOK
B I'paHMYHATa AMarpaMma Mexay JABara MOJIyIpexo]a, KaKTo U MeXIy BTOPHS MOJIYMpPeXoa U
OanacroBaTa KOHCTPYKIIHUS.

OT TyK MOXe Ja ce 3aKJII0UH, Y€ CTaHAAPTHUS MPeXo/1 ¢ 3 OJ30HU € Mo-1enecho0pas3eH,
KaTo MMa Bb3MOXKHOCT JIa C€ M3CJICBAT U JOIMBIHUTEITHH BAPUAHTH, KOUTO J1a C€ CHIIOCTABSIT.
3a na ce HampaBH ISUIOCTHa OOOCHOBKa Ha mpobiiema, cliefBa Jla ce HamlpaBU JUHAMHYEH
aHaIM3 W HATYpPHO U3IMTBAaHE, C IIeNl ONpeeNissHE Ha KPUTHYHATA CKOPOCT 3a JajeHara
KOHCTPYKIIUSA, [IPH KOSITO AMarpaMara Ha pa3pe3HUTe YCHIIUS MOXKE J1a M3TJIEXkK/1a 10 JPYyT HaYKH.

JIUTEPATYPA

[1] Blagoev Ts., Ballasted and ballastless track in transition zone and on facilities — PhD in
self - study 2017

[2] Esveld Coenrad, Modern railway track — Digital edition 2014, version 3.1

[3] Lichtberger B. Track compendium, First edition. Eurail Press. 2005.

[4] Konstantinos Giannakos, Interaction Between Superstructure And Substructure In
Railways

[5] Kim In Jae, Yang Sin Choo, Han Sang Chul, Study on Behavior Characteristics of
Turnout and Bridge

[6] The rail fastening System 300-1-60 fulfils all requirements of EN 13481-5 -
,Performance requirements for fastening systems - Part 5: fastening systems for
ballastless tracks*

[7] Blagoev Tsvetan, Modern concepts for railway track elements design, IX International
Scientific Conference "Design and Construction of Buildings and Facilities 2016", VSU
"Chernorizets Hrabar"

[8] Henuena 31., ['opHO CTpOCHE U MO TbpPKAHE HA JKEIE3HUS BT — yISOHUK

[9] Jlenoes M., B. JloneB, MoaepHu BUCOKOCKOPOCTHHU KIT TEXHOJIOTHH — CII.
XKeneszombren Tpancnopt, 6p10/2013, cTp.30-34

[10] Jlenoes M., B. boneBui, Hamansine Ha ”3HOCBAHETO B €JIEMEHTUTE OT TOPHOTO
CTpoeHe, ¢ TpaHCTOPTHO CTPOUTENCTBO U HHPpacTpykTypa 6p.3/2013 cTp.42-45

325



326



SECTION 7
I X. Organization of Construction

XI. Safety and Security
in Construction

PA3SAEJ 7
IX. Opranusauus Ha CTPOUTEJICTBOTO

XI. be30nacHOCT M CUTYPHOCT
B CTPOUTEJICTBOTO






XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

SUPPLY AND DEMAND IN ENGINEERING AND MANAGEMENT
Bojidar Yanev!

Columbia University, New York, USA

Abstract: All successful infrastructure products and processes exemplify the
collaboration of engineering and economics in space and time. In their respective
domains, the two specialized professions optimize supply and demand (S / D) of energy
and money. If their priorities diverge, structural and economic failures result. The
various stages of a bridge lifecycle and the transitions between them are examined as
vulnerable nodes and links when diverging constraints of supply and demand must be
reconciled. Robustness, resilience and sustainability are considered as properties which,
if sufficiently defined, can model realistically the cost-effective performance of the
infrastructure under varying conditions over extended lifecycles.

Key words: bridge, demand, energy, money, performance, resilience, robustness, supply

1. Introduction supply / demand (S / D) in economics and engineering

The Industrial Revolution channeled the social transactions and acquisitions of
intelligence, information, money, and energy in increasingly specializing professions.
Concurrent technological and economic schools of thought evolved as a result. In the
dimensions of physics, natural information / energy and time / space are integrated. In the
dimensions of economics, social ones are distinct. Economics and engineering process and
produce tangible social assets, however they operate in social and natural time / space,
respectively. Engineering harnesses natural information and energy into relatively more
permanent products. The universally valid laws of thermodynamics underly all design of
engineering products. Economics specializes in more dynamic processes in terms of money,
whose value is local and transient. Engineered structures demonstrably supply strength superior
to the service demands. Demands exceeding supplies energize social development. As a result,
engineering solutions attain a higher level of determinacy in the natural environment than do
those of economics in society. Von Neumann and Morgenstern [1] acknowledge: “Our
knowledge of the relevant facts of economics is incomparably smaller than that commanded in
physics at the time when mathematization of that subject was achieved”. In Egs. 1a and 1b the
defining contrast between the two fields is reduced to the supply / demand (S / D) equilibria
governing them:

(1a) Economic processes: S <D [$],
(1b) Engineering products: S > D [Energy]

! Bojidar Yanev, Adjunct Professor, DSc, P.E., Department of Civil Engineering & Engineering Mechanics,
Columbia University, New York, USA; e-mail: bojidaryanev1l@gmail.com.
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The inequalities of Eq. 1a and 1b express opposite dynamics in incongruent dimensions.
They reflect the varying unsatisfied demand inherent in all economic processes and the
invariable satisfaction supplied by all engineered structures. Economics improves the process
of supply S to meet the greater demand D. Engineering perfects the oversupply S in products
creating future demand D. Economics maximizes by indeterminate negotiations under the
restraint of money. Engineering optimizes by deterministic calculations under the constraint of
energy. Both utilize the instruments, tools and methods of art and science. In both, reversing
the governing inequalities of Eq. 1 produces failures. With luck, the claims of ‘re-engineering
government’ and ‘economical structures’ remain overreaching fantasies. Drucker’s [2]
statement “Everything degenerates into work™ is quantifiable in the engineering dimensions of
energy. Managers similarly agree that bottom lines reduce (if not degenerate) into money.

Table 1 presents a comparison between the specialized domains of economics and
engineering. The two systematically mingle and borrow from each other. The processes and
products of the transportation infrastructure are optimized when they integrate. The inherently
different restraints and constraints on the supply and demand in the two fields are briefly
examined, in order to qualify and quantify the terms of their collaboration.

Table 1. Economics and engineering

Economics Structural Engineering
Domain Society Nature
Instrument Politics Physics
Preferred models Probability, Statistics | Determinism, Mechanics
Type of equilibrium Dynamic, unstable Static, stable
Method Negotiation Calculation
Dimensions $, Time Energy, Space
Bounds Adopted restraint Imposed constraint
Supply / Demand S<D S>D
Outcome Process Transaction Product Acquisition

2. Supply and demand (S / D) in economic processes

Von Neumann and Morgenstern [1] begin by stipulating that “there exists at present no
universal system of economic theory” and “if one should ever be developed, it will probably
not be in our lifetime”. Hence, they model obtain mathematically rigorous solutions for games
representing “the endeavour of the individual to obtain a maximum utility, or in the case of the
entrepreneur, a maximum of profit”. In that reduced domain demand exceeds the available
supplies (S < D) and players win / lose or minimize their’ losses / maximize benefits.

Social models assuming S > D reduce all non-negotiable constraints to optional restraints.
If they were attainable technologically and psychologically, a stagnant indifference, analogous
to entropic death might result. Hence, the various schools of economics differ primarily on the
optimal S/ D <1 ratio and on the constructive means to influence it. From Adam Smith (1723-
1790), Anne Robert Jacques Turgot (1727-1781) and Henri de Saint-Simon (1760-1825) to
Friedrich Hayek (1899-1992) and John Maynard Keynes (1883 — 1946), on to Milton Friedman
(1912-2006) and John Kenneth Galbraith (1908-2006), complementary, contradictory, and
conflicted views on the need for ground-up and / or top-down regulation of the economy have
evolved and are still in progress. As Von Neumann and Morgenstern [2] state, the empirical
evidence amassed over centuries remains insufficiently homogeneous and much too subjective
to be conclusive. A hopefully realistic expectation is that the top-down regulation / ground-up
deregulation schools might integrate into an optimal dynamic hybrid. Thus far, the two agree
that ‘social engineering’ of the type championed for example by Auguste Comte (1798 — 1857)
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and Karl Marx (1818 — 1883) is not that hybrid. As a by-product of that conclusion, reached
over three centuries of free market research, engineering and economics have specialized in
acquiring products in space, and transacting processes in time, respectively.

2. Supply and demand (S / D) in engineering products

In physics, as in economics, a unified theory remains elusive. Von Neumann and
Morgenstern [1] point out that “It happens occasionally that a particular physical theory appears
to provide the basis for a universal system, but in all instances up to the present time this
appearance has not lasted more than a decade at best.” As in Game Theory, engineering
achieves its stated objectives by defining the limited domain over which they apply. Engineered
products supply services exceeding known present and expected future demands in terms of
quantifiable information and energy. A structure is built to resist greater loads than expected.
A new transportation facility is designed to accommodate present and anticipated numbers of
users. The material ‘oversupply’ is dimensioned in time and energy, under various names, such
as ‘safety factor’, ‘reliability index’, and ‘performance index’. It is perpetually reviewed and
refined. When the constraints are rigorously defined, the process becomes optimization.

During the 20™ century physics gained critically important intelligence about the
transactions and acquisitions of information and energy in the natural world. The S / D
relationship in engineering evolved accordingly, as documented in the many editions of the
Bridge Design Specifications by the American Association of State Highway Transportation
Officials (AASHTO). The Allowable Stress Design (ASD) evolved to Load Factor Design
(LFD), and (thus far), to Load and Resistance Factor Design (LRFD), now in its 8th edition,
AASHTO [3]. The relationship between the demand of loads Q and the supply of structural
resistance R is stated in Eq. 2a, 2b, and 2c, and illustrated in Fig. 1:

f(R,Q) EconomicDemand / Engineering Supply

Loads Q G-1o,-(-@)r, | [{esistance R
'\
O = ——
an D >E‘—*ﬁf R, Q

3 failure &

Figure 1. Distribution of load demand Q and structural resistance R,
recommended by AASHTO LRFD Bridge Design Specifications

(2a) ASD (1928): R>SF.Q
(2b) LFD (1960s): oR>Y vy O
(2¢) LRFD (1994): aR>> niyiQi
where: R — structural resistance;

O:; —demand of load i;
S.F. — safety factor;

o  —resistance factor;
yi  — factor of load i;
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ni —modifier of load i.

The parameters of Eq. 2 are physically quantifiable. However, they also qualify socially
evolving views. Engineering supplies resistance R, constrained by material properties, to meet
the demands the economically restrained design loads Q.

The fundamentally deterministic Eq. 2 and Fig. 1 reflect the different levels of uncertainty
in modelling the socially restrained demand for service loads and the naturally constrained
supply of structural resistance. Material strength and reliability are consistently improving. So
are the quality and quantity of information about all pertinent variables. Thus, the supply S of
engineering resistance R can approach the demand D of the loads Q (as ever from above).
Higher quality and reduced quantity of materials have produced tallest towers, longest bridges,
largest aircraft, and further-venturing spacecraft. The concurrent trends in lifespans might
benefit from a more far-sighted economic assessment.

3. Supply and demand (S / D) in economics / engineering management

Drucker [2] wrestled with the vagueness of the management process as follows:

"Management is a practice rather than a science. In this, it is comparable to medicine,
law, and engineering. It is not knowledge but performance. Furthermore, it is not the application
of common sense, or leadership, let alone financial manipulation. Its practice is based both on
knowledge and on responsibility."

The economics and engineering ‘knowledge and responsibility’ in Drucker’s rumination
differ. Long-term, both should tend towards maximizing social benefits, however under the
opposed constraints of S <D [$] and S > D [energy], respectively, short-term priorities diverge.
Economics and engineering do not anticipate convergence to S = D but they approach that
equality by a lower and an upper bound path, respectively.

As financial restraints govern most contemporary management, decisions related to the
infrastructure at the highest levels are taken ‘top-down’ by economists, lawyers and ultimately,
politicians, whereas engineers deliver assets ‘ground-up’. Figures 2a and 2b illustrate the
evolving engineering and management chain of supply and demand.

Figure 2a depicts a bi-lateral relationship between comprehensively resourceful manager
and competent builder. From the pyramids, the Code of Hammurabi (1730-1685 B.C.), and the
Roman aqueducts to some modern ‘signature’ structures, such exclusive interactions have
supplied outstanding products, respecting natural constraints, and selective about social
demands. Between 1928 and 1964 the fortuitous collaboration of master manager Robert Moses
(1888-1981) and master designer Othmar Ammann (1879-1966) produced the unique network
of record — breaking spans in New York City. The demands for preserving that network today
compete with other services for restrained funding supplies.

Figure 2b depicts a typical modern democratic chain of infrastructure management
responsibilities. The levels of responsibility, the competences, the constraints, and their
dimensions are different throughout the various stages of the process. The S / D restraints on
money and constraints of energy are implicit. As the number of links and nodes increases, so
do the potentially vulnerable transitions where S / D dimensions change and priorities reverse.
Economics adjusted to the scientific and technological advances, by shifting its priorities from
static acquisitions to dynamic transactions, dimensioned in time, energy, and money. Ground-
up at the bottom of the chain in Fig. 2b, structural engineering supplies products exceeding the
performance demands.
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Figure 2. Supply and demand at different levels of management and engineering

The accelerated pace of social transactions has affected the longevity of structural
acquisitions. Whereas old bridges have lasted for centuries, AASHTO currently recommends a
useful life of 75 years, and contemporary bridge decks often serve only 30 years. The trend
reduces the supply of services by the engineered product but expands demands in the economic
process. Therefore, infrastructure management must reconcile ostensibly opposed economic
and engineering views and dimensions. Particularly sensitive are the stages involving the
disparate sets of actors, with their incongruent dimensions of supply / demand.

In a letter to the author, dated 10/6/1993 President Bill Clinton wrote:

“I agree with you that America must address the problems of its vast network of bridges
and highways if we are to remain a strong nation during the next century.”

However, on 10/23/1993, Chief Highway Administrator (later Secretary of
Transportation) Rodney Slater specified the restraints as follows:

“Needs typically exceed the means available to address them. ... Clearly if funds were
unlimited, we would do more.”

No profession can compete with engineering in the design and construction of the
infrastructure. In management however, engineering must collaborate with economics. The first
step in meeting that demand is to model the products constrained in space and energy also as
processes restrained in time and money. Bridge management initiated that transition in the U.S.
and worldwide during the 1990s. It is reflected for example in Purvis [4], Hudson, Haas and
Uddin [5], Hawke [6], and Brithwiler and Adey [7]. Yanev [8] expands the static snapshot of a
bridge management operation shown in Fig. 3a to the dynamic presentation of a bridge lifecycle
shown in Fig. 3b. The intelligence, information, money and energy, demanded and supplied at
each stage of the lifecycle differ, satisfying different S / D ratios, obtained and measured by
different means. In a typical transportation network, all stages are concurrent, demanding
complementarity and collaboration of the diverse competences.

Lifecycle costs: present worth (PW) versus annualizing

Economic and engineering tend to assess future supply and demand by the present worth
(PW) and annualizing methods, respectively. The PW of future costs and benefits is a function
of a selected discount rate i, according to Eq. 3a and 3b.

(3a) i=(l+cc)(l+fr)(l+pi-1

where: cc = ‘real’ opportunity-cost of capital
fr = required premium for financial risk associated with the considered investments
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pi = anticipated rate of price inflation
Neglecting the higher order terms is justified by their relatively small values and reduces
Eq. 3a to the following:

(3b) i = cc+fr+pi
The present worth of an amount 4 occurring N years into the future is reduced by the

factor //(1+ i)N. The aggregate present worth of amounts a occurring annually during N years
from the present is equal to:

N
(4a) a> 1/(1+i)" =a(l+14)[1-1/1+i)]
n=1
N
(4b) lima) 1/(1+ )" =a(l + 1/i)
n=1
Hence, i determines a finite discounted present worth of the infinite series (a, a, q, ....... ).

The ratio of the discounted sums of a finite NV and # tending to infinity is equal to:
(5) a(l+1/4)[1—-1/(1+)]/a(d+1/)=[1-1/(1+i)"]

Given a discount rate i, a period of N years can be selected such that the neglected
remainder of the infinite sum would not exceed an acceptable error ¢, as shown in Eq. 6:

(6) N=-Ine/In(l +1i)

Yanev [8] shows that, at a discount rate i = 4% and a period N = 75 years (the bridge
useful life recommended by AASHTO), the remainder of the infinite sum is 5%. The truncated
‘attention span’ of the PW method moved Leeming [9] to conclude:

“Future maintenance costs are regarded as visionary while capital costs are real. ... If
maintenance of our bridge stock is to remain a fixed percentage of the total governmental
expenditure on construction, then there is an argument for a zero-discount rate in calculating
the net present value of maintenance."

Annualizing distributes all lifecycle costs equally over the structural life. Whereas
economics considers infrastructure assets over a limited time, new engineering facilities
permanently alter geographic space. Hence, annual maintenance costs can be expressed as a
relatively constant percentage of the renewal cost, changing proportionally over the years.

If services are tolled, the annual maintenance can be expressed as a percentage of the
revenue. For infrastructure facilities requiring periodic maintenance and replacements, De
Gramo et al. [10] recommend perpetuity, e.g., a uniform series of indefinitely running
payments.

In order to provide for annualized payments X, a principal P must be set aside at annual
interest in % (interest # discount rate), such that P in = X. If the payments are not annual but
arise at k periods, the relationship is expressed by Eq. 7, as follows:

(7) X=P[(+in)-1]
where: P = the capitalized value of X.

Under the diverse engineering and economic assessments of future and even present
supply and demand in the domains of money and energy, particularly sensitive are the
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transitions from one lifecycle stage to the next, when the S / D parameters and their ratios
change. Brief descriptions of each follow.

Condition Rating|
{Cuality of
Structure
asis
Quantity of
delerioration.)
Load Rating
Quality of
Service
Live and
Deadload

Capacity
a)
Figure 3. The Bridge Management lifecycle: a) Cross section, b) Plan

3.1. Design and selection

Codified design supplies structural resistance in acceptable excess over the demands of
standard load combinations or states. Barring the rare error, the constraint of S > D stipulated
in Eq. 2 is satisfied in terms of forces R > Q. For bridges of average size, forces are applied
statically or pseudo-statically. The dynamic demands of the service life are acknowledged for
example in fatigue and seismic provisions, and in some serviceability recommendations
(including displacements). Redundancy and ductility, allowing load redistribution on the global
(structural) and local (element) levels are encouraged.

Performance-based design has become a broadly defined subject, ranging over
heterogenous engineering and economic parameters. This is elaborated for example in Wilson
[11], Bell and McGuire [12], Frangopol [13], and Furuta [14]. The perpetually elaborated
demands of a performance-based design by far exceed the laconic form of Eq. 2.

Design selection is one of two critical moments in the structural lifecycle which are
briefer than the commonly recognized ‘stages’, and hence, do not appear explicitly in Fig. 3b.
Assuming that all design alternatives satisfy S > D in terms of R > Q, structural costs are restrained
by the supply of money, e.g., S <D in terms of $ < §. Lower first costs are strongly favored, even
if they might correspond to higher lifecycle costs. The PW method enhances this effect.

Given adequate funding supply, lifecycle costing considerations can justify higher first
costs. An owner can require a larger S / D ratio, serviceability, inspectability, maintainability,
or other design enhancements.

Peer review is targeted by cost-cutting, whereas Value Engineering has emerged as a
process of reconciliation between the two opposed constraints of first cost and lifecycle
performance. It has an incentive to produce multiple recommendations reducing the demand of
first costs. An owner may implement few or none of them.

Despite the extensive commentary of AASHTO LRFD (2017 and earlier editions),
structures supplying R > Q can perform below the long-term and even the short-term demand.
Purvis [15] and Yanev [16] are among many arguing that expansion joints fail to satisfy the
demand for R > Q in the domain of forces under normal traffic over relatively short periods.
Joints are not considered as essential links in the transfer of live loads and hence, are not
designed to resist the impact forces of even moderate service. They fracture, but are not fracture
— critical and hence, their under-performance affects resilience and sustainability over long
service periods more than it does robustness under brief extreme events. If robustness and
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resilience were qualified and quantified sufficiently for direct reference in design specifications,
they could serve as the criteria of lifecycle needs.

3.2. Construction

The constructors and owners manage energy and money in space and time under different
and even opposite constraints. Projects materialize after the supply and demand of these
constraints are successfully negotiated. In roughly 80% to 90% of the cases, construction is
awarded to the lowest bidder, reflecting the strong economic constraint of first costs. The time
constraint is negotiated in terms of contractual incentive / disincentive. Both owner and builder
have incentive to minimize the time and space of construction. However, the supply / demand of
projects and assets differ. The constructor’s incentive is to minimize construction time and cost.
The asset manager’s incentive is to maximize service and time at minimum cost. As a result, the
‘knowledge and responsibilities’ in Drucker’s [2] preceding quote diverge. Quality assurance of
the process (QA) and quality control of the product (QC) traditionally ensure that all contract
specifications are met, however both are conducted on a spot-check and sample basis. Under
diverging constraints, QA and QC can reduce to spot-checks optimized by risk assessment.

The design / build method reduces the project demand for time by merging the two stages.
Once again, design and construction prioritize S / D differently. Design transacts abstract
intelligence and information, whereas construction acquires real money and energy. As the
capabilities of analysis and construction are expanding, so are the design options. Ultimately,
the design / build method is likelier to restrain the intelligence and information of design to the
money and energy constraints of construction.

3.3. Delivery and Service

Project delivery, as design selection, is a brief but critical moment in the bridge lifecycle,
not explicit in Fig. 3. Both the constructors and the future users have incentives to open the
structure to service. As a result, the transition from constructed project to asset in service is
plagued by haste and incomplete assessment. All construction constraints of space, time and
money may be satisfied at delivery without guaranteeing the owner’s ability to deliver service
over the structural lifecycle. According to certain management practices large infrastructure
projects are inspected 10 years after completion. Divergences from the designed performance are
attributed to the responsible parties, including owners, designers and builders. A more volatile
economy precludes such practice. When, after 40 years of service, the 1-35 bridge over the
Mississippi at Minneapolis collapsed on Aug. 1, 2007, the designing consultants were no longer
active. The critically important design calculations and construction drawings were unavailable.

Whereas the Federal Highway Administration mandates biennial bridge inspections, it
recommends preservation and serviceability, as in AASHTO [17] and FHWA [18]. Some
recommendations may translate into performance — based design specifications, however with
a considerable time-lag.

So long as FHWA funded construction but not maintenance, the supply of service
declined and the demand for construction grew. After the policy was rescinded, the funding
could meet more diverse demands, within the same restrained supply. If the total deck area A
of a bridge network and its condition R are relatively constant from year to year, Eq. 8 should
reflect the equilibrium between the demand of the annual deterioration r and the improvement,
supplied by reconstruction and repair.

(8) (A - Arec) 7 = Arec AR yec + Arep ARrep

where: A — the deck area of the bridge network
Arec — deck area under reconstruction
Arep — deck area under repair
ARyec — average annual change of R of A4ec
ARyep — average annual change of R of Aep
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R — bridge condition
r — rate of bridge deterioration in annual increments (= 0R/0¢)

A cost-effective maintenance should reduce the deterioration r, and hence, the demand
for costlier reconstruction and repair. Yanev [8] points out that maintenance and preservation
supply unquantifiable benefits over indeterminate lifecycles, whereas their funding demands
are immediate and compete with the more attractive capital condition upgrades. The supply /
demand (S / D) of service and of structural preservation are easier to ‘monetize’ at toll
structures. By incorporating maintenance into the more general preservation, FHWA 2011
allows the qualifying activities to be planned as discrete projects with quantifiable costs /
benefits.

The demands of probable random extreme events are more effective than those of
predictably determinate regular maintenance in supporting bridge serviceability demands.
Robustness has emerged as a measure of structural performance under unique loading demands
over limited time. Resilience and sustainability expand that demand over the recovery and the
ensuing lifecycle.

4. Supply and demand S / D in masterpieces and ‘signature’ structures

The Renaissance separated art and science, predating, and prefiguring separation of
economics and engineering in the Industrial Age. The French language refers to large
infrastructure assets as ‘ouvrages d’art’. A structural masterpiece exceeds lifecycle service
demands within economic constraints to such a degree that it becomes a ‘signature’ of the
professional art and science. According to Billington [19] the two fundamental ideas of
structural art are efficiency and economy (of both process and product). The author argues that
the products of structural artists, such as Eiffel, Roebling, and Freyssinet continually meet
service demands, while their process minimized first costs. The Brooklyn, Golden Gate, and
George Washington bridges, and the Eiffel Tower have become signatures of their creators and
of their localities. If structural masterpieces have established their standing over millennia,
‘signature’ structures deliver instant gratification. In a reversal, the demand for a ‘signature’
structure can precede its ability to supply the service within the governing constraints.

Demands for ‘signature’ structures relax funding restraints. The advanced analysis and
construction capabilities can foster the illusion that the energy constraints in terms of R > Q are
similarly relaxed. In such instances, the long view of supply / demand in terms robustness,
resilience and sustainability introduces a sobering restraint.

‘Signature’ structures have resulted from individual visions, as well as from popular
demand (as in the case of the San Francisco — Oakland East Bay Bridge). President Francois
Mitterand’s Grands Travaux burnished his pharaonic image, but over time joined older Paris
signatures. At the Viaduct de Millau Lord Norman Foster and Michel Virlogeux designed, and
Eiffage constructed a masterpiece, such that R > Q. Fifteen years later the structure bears the
signature of its authors and of the region.

5. Supply and demand (S / D) in structural failures

Engineering commonly attributes structural failures to a demand of loads equaling or
exceeding the supply of resistance in terms of forces (R < Q). However, most failures can be
traced to multiple coinciding supplies falling short of demands (S < D) in the dimensions of
time and money. The investigation following the failure of the Silver Bridge at Point Pleasant
in 1967 found critical deficiencies in all stages of its lifecycle, including design, construction,
maintenance, and inspection. One assessment of the collapse in 1994 of the Seongsu Bridge
over the Han River in Seoul, found the structure “poorly designed, built, and used”. Multiple
causes were identified after the failures at the Charles de Gaulle airport in France in 2004 and
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suspected at the I-35 bridge over the Mississippi in Minnesota in 2007. At each lifecycle stage
the S / D relationships imply and reflect different vulnerabilities in the process and the product.

5.1. Design and construction

A restrained supply of money is unlikely to cause deliberate design or construction error
however, it can constrain time and thus render the process vulnerable. Since the quantities
supplied and demanded in construction exceed those for design, that is when a misplaced S <
D ratio is likelier to affect the R > Q ratio adversely. Since QC and QA can add to the cost and
delay delivery, their demands can be viewed as counter-productive and targeted for
‘streamlining’.

5.2. Service

It is impossible to estimate how many service failures have been prevented as a result of
the bridge management efforts following the Silver Bridge failure, not only in the US, but
worldwide. The main contribution is due to the funding of the National Bridge Inventory (NBI)
and the biennial inspections of vehicular bridges. The push for funding of bridge lifecycle
extension has been less effective. Among the reasons may be the institutional inertia restraining
all ‘expense’ funding to S < D. The funding of large (possibly ‘signature’) projects is popular,
but the continuing preservation of assets is ‘streamlined’ and eliminated. Thus, each stage of
the lifecycle inherits pending demands from the preceding ones and expands them to the next
one. Concurrently, it is argued that biennial inspections should be relaxed to a ‘risk-based’
schedule at the discretion of the owner.

5.3. Management

If failures are expressed as S > D and S < D by economics and engineering, respectively,
they are bound to occur when the processes and products managed by the two domains unduly
influence each other. Hence, all failures are failures of management. Just as structural failures
are likelier at links transferring loads between elements, so are management failures likelier at
transfers of responsibilities. Figure 2b illustrates the proliferation of such links. Engineering
design delivers redundant products. Economic management ‘streamlines’ processes by
eliminating ‘duplication of effort’. As time and money are negotiable restraints in economics
and absolute constraints in engineering, most management failures can be traced to
unreconciled economic and engineering supply of and demand for time and money.

6. Supply and demand (S / D) for robustness, resilience, and sustainability

Robustness, resilience, and sustainability are relatively new qualifiers (and hopefully,
quantifiers) of structural performance during regular service and extreme events. Their many
and still slightly vague definitions reveal an attempt to reconcile the diverse S / D restraints and
constraints governing the various stages of structural lifecycles. For structures designed to
supply R > Q, robustness and resilience gain significance when ‘adverse’ conditions threaten
to reverse that inequality. Bruneau and Reinhorn [20] define resilience as “the ability to prepare
and plan for, absorb, recover from, and more successfully adapt to adverse events”. Robustness
is defined as the ability of a structure or network with an impaired resistance to redistribute its
supply to meet the load demand in constrained time, for example during ‘extreme events’. Thus,
robustness can be dimensioned in space and energy, and resilience — in time and money. The
two properties are correlated with structural redundancy and ductility and can be extended from
structural design to network management. A resilient network comprises robust assets. Each
asset is a resilient network of robust and resiliently linked elements. In Fig. 4 robustness and
resilience are attached to the codified strength and stability governing performance-based
structural design.
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Figure 4. Robustness, resilience, and the structural performance properties
currently designed according to specifications

Figure 4 illustrates the following stages:

e Performance — based design according to AASHTO 2017 supplies structural
strength, stability, ductility, and redundancy to exceed rigorously codified demands,
including regular service loads, environmental conditions and ‘extreme events’.

e ‘Normal’ service conditions gradually reduce the as-built levels of the structural
properties. The rate of decline is drawn as a range, rather than a line, to represent
the implicit uncertainties and variability.

e ‘Extreme demands’ of brief durations reduce the structural supply to an uncertain
new level. Any residual supply of structural resistance is a measure of its
robustness. The time during which the impaired structure can supply some level of
service is a measure of its resilience.

e The rapidity with which the supply of service can be restored to meet and exceed
acceptable demand levels is a measure of resourcefulness.

With some qualifications, the reasoning can be extended to networks. If a network’s
sustainability is quantified by its annualized lifecycle supplies and demands, robustness and
resilience can be shown to improve it, in both engineering and economic terms.

Conclusion

Under the dynamic social restraints and more permanent natural constraints, the different
managers of bridge economics and engineering optimize (or more often prioritize) the supplies
S and demands D of different resources, over different time — horizons. The resources of energy
and money tend to, but do not reach, S = D by upper- and lower-bound routes. At various stages
of their activities, both economics and engineering may apply ratios of S/D>1and S/D <1
to different parameters under different restraints and constraints. Engineering designs the
relatively stable parameters of products such that R > Q, but once it adopts time and money as
governing constraints (as for example during construction), it too seeks to minimize the supply
of services and costs. Thus, engineers and economists may tend to demand and to supply more
and less than the necessary funding. Therefore, it must be recognized whether these ratios are
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as intended, or due to mismanagement. Economics expects future supplies to meet current
demands. Present engineering supplies exceed projected future demands. In all structural
achievements economics and engineering have reconciled that difference. They must do so
perpetually, as rigorous optimization is not possible. The alternative is failure.

Billington [19] points out that masterpieces create the false impression of courting risks,
because they meet demands with minimum supply of material, time and money. In the
meanwhile, insufficient supply is blamed for failures. Upon closer examination of an
engineered masterpiece, it appears that R > Q is a hard constraint in the domain of ultimate
forces, but S <D has been an optimized restraint of the initial resources.

In a market democracy the overriding political management supplies services to voters.
Consequently, it is highly risk-averse over its short-term mandate, but has limited long-term
incentive and competence in economics, let alone engineering. As a result, S / D optimization
can narrow down to risk minimization. Qualifying management and inspections as ‘risk-based’
signals not a reduction of risk by increasing supply, but a reduction of supply, while trying to
control risk. The risk of supplying only the means demanded by hazard mitigation, common in
the early days of bridge management, can creep back into it.

From their origin in assessing structural performance under extreme events, robustness,
resilience and sustainability are expanding to integrated qualifiers and, potentially, quantifiers
of transportation networks in economic and engineering terms. Moreover, they are applicable
to management itself, with its nodes and linkages, as illustrated in Fig. 2b. Sustained robustness
over extended periods within the restraints and constraints of the available supplies amounts to
resilience. Such a definition expands the design responsibility from the performance of the
product under specified loads to the benefits of the process within the social fabric over the time
of service. Restraints of money and constraints of energy reconcile. In this expanded view,
sustainable design and management can be qualified and quantified for consideration in
political debate. Thus far, the design, construction and preservation of robust, resilient and
sustainable bridges are recommended. Forthcoming bridge design specifications are addressing
this subject in more concrete terms.
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Abstract: Over the past two years construction industry has been operating in a contest
of COVID 19 pandemic and has experienced several difficulties in supplying materials,
the management of processes, as well as contacts. At the same time, digital §and is critical
for achieving sustainable goals and restart of the economy. In these conditions, the
constant applies to the area for which UNESCO is noted that engineering “itself must be
transformed to make it more innovative, attached and responsible” [1]. The Branch also
must comply with the adopted Professional Code of Engineers of the World Federation
of Engineering Organizations (WFEQO) [2]. The new requirements also require changes
in the preparation of specialists in construction, which we also must comply with the
European Charter of specialists. Report analyses the problems that place these
requirements as well as the role of industry, organizations, government, and public
administration in solving the problems.
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1. BbBeaenne

W3MHUHATUAT BEK Ce XapaKTepu3upa KaTo BEK Ha TOJIEMUTE OTKPUTHUS, CPEA KOUTO
HECHbMHEHO JIUJIEp € KOMIIOTHPBT M HEroBaTa pojisi 3a ObpP30TO pa3BUTHE U MPUIOKEHHE Ha
UH(POPMALIMOHHUTE TEXHOJOTMM M 3a cTapTupajiara B Hadanoro Ha 21 Bex HMuapycrpus-4,
JUTUTaTHATa TpaHCPOPMALU U U3KYCTBEHUAT UHTENEKT. [10-HATaTHIIHOTO TAXHO pa3BUTHE U
NPUJIOKEHNE TPOMEHU H3IUI0 HAaYMHUTE HAa KOMYHHKAIMs, peKjamMa M YIpaBlieHHE BbHB
BCUYKH 00JIaCTH Ha YOBeIIKaTa AeHHOCT. THhOopMallmOHHUTE TEXHOJIOTUHU U IUTUTATN3ALUATA
BEUE ca B HAIIMTE JOMOBETE, Ou3HEC OUCUTE, TEICBU3UUTE, YIIPABICHUETO HA OOIIECTBEHUS
TpaHcnopT. M3KYyCTBEHMST HMHTEJIEKT BCE I0-OCE3a€MO HAaBJIM3a B JKMBOTA Ha JHEIIHOTO
00I11eCTBO.
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EnnoBpemeHHO ¢ pazButHeTo Ha HaycTpus-4, npe3 NOoCIeIHUTE 1BE TOJUHH, CE IOSIBU
u mangemuss COVID 19, kosto ¢ Obp3u TEeMIOBE Ce NPEBBbPHA B TJIOOAICH MPOOIEM H
IpeIu3BUKa JpacTUYHU IPOMEHM B HauMHA HAa JXUBOT U IIOBEJEHHETO Ha Xopara M
001IeCTBOTO, MPOMEHU B MKOHOMHUKATA, YOBEIIKUTE KOHTAKTH, TPUKUTE 3@ YOBEIIKOTO 3/IpaBe
U y4yeOHHTE 3aHATUS B 00pa3oBaTETHUTE MHCTUTYIMH. BBB Bpb3Ka C Ta3u HOBA CUTYyaIus,
r - )ka Ypcyna @on nep Jlaiien [1] B peuta cu ot 16.08.2020 B bprokcen, cien KaTo aHaIM3Upa
cberostHueTo Ha EBporneiickust Coio3 B ycnosusita Ha COVID 19 or6ensiza, ye ToBa e riiodanHa
KpHU3a U clieiBa J1a uMa U riobdanHu ypouu. [lopaau ToBa, 4e cTpaHUTEe—4ICHKM B HAYalIOTO Ha
NaHAEMHUsI CE CIIpaBsixa C HEsl HEOPraHM3UPAHO, TS MPU30BaBa Ch3JlaBaHETO Ha EBponeiicku
3[paBeH CbhlIO3 M rapaHUMH, 4ye HoBara mporpama ,,EC 3a 3apaBeoma3BaHe” 1€ yCTOM Ha
M3NUTAHMATA HA MMAHJAEMUATA BbB BpeMeTo. be aHOHCHpaHO M cb3aaBaHETO Ha EBponericka
areHIUs 3a CbBpEMEHHU OMOMETUIIMHCKY U3CIIEeIBaHUs U Pa3pabOTKH, KAKTO U MOJICUIIBAHE Ha
EBpomneiickara areHnus 1o jgeKkapcTsara U EBponeickus HeHTbp 3a PEBEHIUSA U KOHTPOJ Ha
6osectute. [logueprana 6¢ HEOOXOAMMOCTTA OT ISIOCTHO MPEYCTPOMCTBO HAa HAYMHA Ha
KUBOT W YIpPABJIEHWE Ha YOBEUIKaTa JEHHOCT B YCJIOBUA Ha NaHAEMHATa, a Clel
BB3CTaHOBSIBAHE HA UKOHOMUKATa U M3MbIIHEHNE HA 3€JIeHaTa CJelKa Ha EBpOnencKus chro3.
B yHHCOH C mOcoueHUTe KOHCTAaTallMk U HAOeJsI3aHN MEPKHU € U U3Pa3eHOTO CTAHOBHILE Ha
OCHOBaTeJI M U3MbJIHUTENCH Tipeacenaren Ha @opyma B JlaBoc Kiayc [1IBao, koiiTo mocouw,
Yye BCUYKH aCleKTH Ha HaIIuTe 00IecTBa 1 MKOHOMUKH clieABa fa Obaat peopMupanu Kato
ce 3amoyHe OT ,,00pa30BaHUE JI0 COIMAIHHU JOTOBOPU M yciioBus Ha Tpyn~, [2]. 3a ToBa ca
HeoOXxouMHu ,,HOBM MHBECTHIIMY B XOpaTa U B OKoJHaTa cpeaa’, [3]. 3a mocTuraneTo Ha Te3u
LeNIH AUTUTalIHATa TpaHchopmanus, Kpbrobara MKOHOMUKA M YCTOMYHUBOTO pa3BUTHE CIIEBA
na ObaatT KIo4oBU MHCTpyMeHTH. [IbpBara peakuusara Ha EBponeiickus [Tapaament u CrBet
0sixa mpuetute nokymeHTH (PermamenTtu u J[UpeKTHBU), KOUTO Ja OCUTYPST YCHEIIHOTO
pa3BUTHE Ha JWUTHTaNHaTa TpaHchopmaius B crpaHuTe—wieHKH Ha Cwioza: (1) Jupextuna
2011/83/EU, xosito peduHUpa CHITHOCTTa Ha Aurdtanu3anusata u (2) Jupektusa
2019/770/EU, kosiTO ypekaa caMHUTe JOTOBOPH 3a TOCTAaBKa M JUTrHTain3anus. EBponeiickust
ChBET € HANpPaBWJI OICHKA Ha JWTWTAJHATa CBBP3aHOCT, JTUIMTAIIHATE YMEHUS W OHJIANH
AKTUBHOCT B Pa3JMYHUTE CTpaHU wieHKH Ha EC M 3aK/II04EeHHETO Ha TOBA NPOyYBaHE HE €
MHOT'O ONITUMUCTHYHO - ,,[TIPOTPECHT B HAKOU CTPAHU € BCE OlIE HE3aJ0BOJIUTENIeH 3a EBpona”.
Hanuue e ronsima pasiuka B qururanusanusata B pazauyaure crpanu ot EC. OTkpoenu ca
CTpaHU-TIUJIEPU C BUCOKA olleHKa, karo [anus, lIsenusa, ®unnanaus u Hunepnanaus, cien
TsX OBp30 ce npubmmkasat JlrokcemOypr, Upnannus, Ecronus, benrus, Kunsp u Ucnanus. 3a
chkajieHue bbiarapusi mpoabipkaBa aa ObAe Cpell M30CTaBalllUTE U IO ONpEesieHUsATa Ha
EBpomneiickata KoMHCHs, TSI U IPYTUTE CTpaHM Iie TpsOBa Ja M3BBPBAT ABIBI BT 32 Ja
U3IIBJIHAT 33JaUnTe 33 TUTHTalHATa TpaHchOopMalus U J1a MOTaT Jja ca KOHKYPEHTOCTIOCOOH!
Ha ri00agHarTa CIieHa U Ja OTTOBOPAT HAa KPUTEPUUTE HA JUTHUTATHATA ernoxa. PhKOBOACTBOTO
Ha EBponeiickus cbio3 OIeHsIBa OM3HECHT KaTO MHOTO MOBEYE TUTHTATU3UPAH OTKOJIKOTO
THPrOBUSATA U CTPOUTENHUS OpaHIll, KOUTO ce pa3BUBa ¢ OABHU TEMIIOBE.

3a mpeoponsiBane Ha mpooOiemute, ch3mageHn oT COVID 19 u BB3pakmaHe Ha
MKOHOMMKUTE Ha cTpaHuTe—wiIeHKH oT EC, 3anouHa nperies 1 KOPEeKLUUN UM BbBEXK/IaHE Ha
HOBM 3aKOHU 3a: KpbroBaTa MKOHOMHKA, KJIMMaTa, €HEpreTuKara, eHepronoTpebIeHueTo Ha
crpanute, OMOpPa3HOOOPa3UeTo, 3eMeIeINeTo, HHoBauuTe. LlenTa Ha MOATOTBSIHUTE 3aKOHU
3a KJINMATa, 32 €HEPreTUKaTa U TIXHOTO W3MBJIHEHHE € J1a CE FapaHTUPA IIbJIEH HEYTPAIUTET
Ha EC oT K1MMaTHYHUTE IPOMEHH, U CH3JaBAaHETO HA KIMMATUYHO HEYTpajiHa €HepreThka. B
nokymeHtd Ha EC BBB Bpb3Ka C eHeprerukara ce oOOpblla CleluagHO BHHMAaHHE Ha
WHTEJIUTCHTHATa CeKTOpHA uHTerpanus Ha BEU, enexTpo- ¥ TOIIonpon3BoACTBOTO, KAKTO U
Ha JeKapOOHM3aIuaTa Ha mpupoauus ra3. C miaHa 3a neicTBue mo kpbrorara nkoHomuka EC
HachpyaBa MPOU3BOJICTBOTO Ha YCTONUMBY (3€JIEHH) IPOAYKTH 3a MHOTOKpATHA yroTpeoa.
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3a BB300OHOBSIBAHE HAa MKOHOMHUKHUTE Ca TPHUETH 3a M3MBIHEHUE U JPYTd 3aJauH,
[4]:0pranu3upane ¥ TPOBEKIaHE HA MEPOTIPUITHUSA 32 CITPABSIHE C TTAHIEMUATA; AaHTAKUPAHE HA
€BPOIEHCKUTE TpaxaaHu BHB (OpPMHUpPAHETO HA JHEBHUS pel Ha MHUcHHTEe KbM PaMkoBara
nporpama Ha EC 3a HayuHu u3cnenanus ,,Xopu3oHT EBpoma,, (2021-2027); 6sxa mokaHeHH
yieHoBe Ha EBpomneiickus aqMaHc 3a YUCT BOAOPOJ 3a MPEJACTABIHE HA MPOCKTU CBBP3aHU C
BBH300HOBSIEMH HUCKOBBITIEPOAHHU TEXHOJOTUHU U PEIICHHUs, C KOUTO J1a C€ Ch3/ajJe MaKeT OT
pa3zpaboTku 3a mocturane Ha nenutre Ha CTpaTeruara 3a HW3MOJI3BaHE HA BOJOpOJAA M 3a
rapaHTUpaHe Ha KJIMMaTHYHO HeyTpanHa EBpoma; oOsBen Oe Ilman 3a Bb3CTaHOBSIBaHE U
ycToWYnBOCT Ha EBpoma W eBponmaepuTe ce JO0roBOpHXa KbM MPHUETHS OMJKET Ha
EBponeiickus cbio3 3a mepuoaa 2021 -2024 na 6b1e 106aBeH 1 Bb3CTAaHOBUTENCH (DOHT KOWTO
IIe TapaHTHpa W3MBJIHEHUETO Ha mnporpamara ,Nextgeneration EU”; Jlopazuta Oe
aHoHcupanarta npe3 2020 uaes 3a bayxayc u Ha npoBeneHarTa, npe3 anpui Ta3u roguHa, X XI
oHJaifH kKoH(pepeHms Ha Tema «HoBusT eBpomneiicku bayxaycy», r-xa Y. ®@on aep Jlaiien e
nedbunmupana nentra: «Ypes HoBus eBpomeiicku bayxayc Hue wHckamMe Ja HampaBuUM
eBporeiickara 3eyneHa cleiaka ocezaema’;

OuakBaHusiTa ca 3ejeHara cAelKa U IJIaHOBETe 3a peopMH U BH3CTAHOBABAHE Ha
WKOHOMHKATa Ja ObJaT MHBECTHIIMOHEH KaTallM3aTop W Jla MOMOTHAT 3a MpeMaxBaHE Ha
eHepruitHaTa 0€THOCT U 3a penraBaHe Ha neMorpadckus mpoodsiem B EC, HO ce ouakBa 1a umaT
u reononutndecku edext [5]. M3kazaHu ca W MHEHHS, Y€ pelIaBaHETO Ha mpolieMa C
M3MEHEHHUATA Ha KJIMMaTa U Bb3CTAaHOBSIBAHETO HAa MKOHOMHKaTa He camo B EBpoma, HO U B
CBETa, 1[I HAMaJId OMACHOCTTA OT MPECEJICHUE Ha roJIeMH Macu XOpa U L€ MMa MPHUHOC 3a
HAI[MOHAJHATa CUTYPHOCT Ha CTPAaHUTE—WICHKH.

2. Kou ca cbBpeMeHHUTE NMPOOJIeMH Npe] CTPOUTETHUS OpaHin?

JHec cBeThT ce 6opu ¢ pasmpocTpaneHuero Ha 3apazata COVID 19 u cTpoutenHust
OpaHil e mpuHyAeH Ja paboTu B Te3W ycioBus Ha manaemus. [IpeansBukaresncrBara ca
CBBpP3aHU C J00aBsHE KbM H3UCKBAHMSITA 32 3[PABOCIIOBHA Cpefia U O€30TaceH TPyY/I U Clia3BaHe
Ha HaJIO’)KEHUTE HOPMHU 3a HEPAa3MpPOCTpaHEeHUE Ha MaHieMusiTa. B cbI10TO Bpeme, cienBa aa ce
MPEoAOABAT MPOOJIEMU ChC CHAOASBAHETO C MaTEpUalH, OCHIIECTBIBAHE HA HEMPEKHCHATO
PBHKOBOJICTBO Ha TMPOLECUTE U OCUTYypsIBAaHE Ha TIXHAaTa HENPEKbCHATOCT, OTYUTAHE Ha
NEHHOCTUTE, B T.4. U OCUTYpsIBAHE Ha PEAOBHOTO ydyacTHe Ha pabOTHUIMTE B paboTraTa Ha
obextute. CreroBaTEIHO, OPAHIIBT UMa 33IBJDKCHUETO J1a OTPa0OTH METOIUTE CH Ha paboTa
B YCIIOBHSTA HA TTAH/IEMUs 32 Jia ObJ/Ie TOTOB JIa OCpela MoJ00HU MPEN3BUKATEIICTBA U BHB
Opelle.

Crpoutennust Opani e Haii—roaemuar padoroaaren B EBpona, [6]. Toit gaBa 9,9 % ot
BBII u 54,9 % ot bpyTtHus Quckanen kamnuran, naBa npenutanue Ha 14,9 muH. paboTHHLIH,
KoeTo npeacTanisBa 6,4 % ot obmata 3aeroct B EBpona u moutu 29,3 % ot nHAyCcTpHaNHaTa
3a€TOCT; Ch37aBa 18 MITH. TUPEKTHU PaOOTHU MeCTa; OCBEH TOBa 43,6 MJTH. paOOTHUIIN 3aBUCST
MPSIKO WM KOCBEHO OT CTPOUTENHUS CEKTOp (€IUH pabOTHHK OT CTPOUTETHATA UHAYCTPHUS €
paBeH Ha JBaMa paOOTHHIM OT JAPYrH CcekTopu): uMa 3,1 MaH. pabotemu Gupmw.
CTaTuCTUYECKHUTE JaHHU IOKa3BaT, 4e | €BpO HM3pa3XoABaHO B CTPOUTEIICTBOTO TeHEpHpa
3 eBpo B 0o011aTa UKOHOMUYECKA aKTUBHOCT. Vi MHaue Ka3aHo, CTPOUTETHUAT OpaHIll € euH
OT BRXXHUTE JIBUTaTeNN Ha KoHOMHKaTa B EC 1 Toii cienBa 1a 3aeMe BaKHO MSCTO U POJIs PH
peanuzanusaTa Ha MEpONPUITHUSITA Ha 3€JIeHaTa C/IeJIKa U Bh3CTAaHOBIBAHETO HA MKOHOMHUKATA.

JlanHWTEe TOKa3BaT, Y€ B IENUS KU3HEH IMMKBJI Ha Crpaaute (M3BIMYAHETO Ha
OPUPOJHUTE CYPOBHHH, IPOU3BOJACTBOTO HA CTPOUTENHU MPOAYKTH, CTPOUTEICTBOTO,
eKCIIJI0aTaluATa, YIPaBICHUETO W pa3pylIEHUETO Ha CrpaJuTe) Ha ceKTopa ce najar [4]:
MOJIOBUHATA OT U3BJICUCHUTE OT 3eMsITa MaTepHalii; MOJIOBUHATA OT KOHCYMUpaHaTa EHEprus;
eIHa TpeTa OT KOHCYMHpaHaTa BOJa; €IHAa TpeTa OT TeHEePUpPAHUTE OTHATBIIU.
[Ipenn3BUKaTEICTBOTO MpPEN CTPOUTETHHS OpaHII € poJiATa KOSITO Ce Hajara Ja Wrpae B
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pelIaBaHeTo Ha MPOOIEMUTE 32 YCTOMYHMBOTO Pa3BUTHE HA Ype3 M3IOJ3BAHE HA TEXHOJIOTHH,
MO3BOJISBAILM OMAa3BaHETO Ha OKOJIHATA CpeJa U 32 MKOHOMHYHO U €(EeKTUBHO M3IOJ3BaHE Ha
MPUPOJHUTE PECYPCH, a TaKa ChILO Ja TapaHTUpPa CUTYPHOCTTA HA CTPAJAUTE U ChbOPHKEHUSATA
npe3 Lenuss UM JKU3HEeH IUKBI. OcTaBa U mpoOJieMbT C HU3MOJI3BAHETO HAa PELUKINpPaHU
MaTepuanu. Toil He € HOB, HO OpaHII'BT HE M3IIBJIHU 3aJI0’)KEHUTE KOJIMYECTBA 32 TIPHUIIOKEHUE
1o 2020.

Ha npoBenenusar Ha 21 maii T.r. kourpec Ha EBponeiickara ¢enepanus Ha CTpOUTEIHATA
unnayctpus (FIEC) r-xa Kagpu Cumcon (komucap Ha EC no enepreruka) oroensza [7], ue EC
€ Ha mpara Ha OrpOMHA MPOMSsIHA, KOATO 3acAra crpagure. Taka HapedyeHara “BbJiHA Ha
caHMpaHe” IIe uMa 3a uen moaepHuszamusa Ha 35 muH. crpagu B EC. ToBa e HOBO
MPEIM3BUKATEIICTBO KbM CTPOUTEIHUS OpaHIll, KOETO aKo OBbI€ OCBHIIIECTBEHO IIE CE pasmoara
¢ o3apaseH crpaneH Goun B EC. Ts otbenssa ome - "MIMEHHO CTPOWTEIIHUTE KOMIIAaHUU Ca
KJIIOYBT KbM yCIl€Xa Ha Ta3W Ba)KHA UHUIIMATUBA, KOSITO 1€ JI0BEJE IO TAKOBA HAMaJICHHE Ha
€JIeKTPONOTPEOICHUETO, KOETO Ja MO3BOJIM U3ITBIHEHUETO Ha LeauTe chrilacHo [lapmkxkoTo
criopazyMeHHe 3a KiuMaTa” U TyK Iie 100aBUM U Ha 3eneHara caenka. MoxeM J1a 100aBUM U
craHopuiieto Ha FIEC u4wmiiTo akmeHT maza BbPXy MaTepuajiHaTa MU TEXHOJOTMYHA
HEYTPATHOCT, Ype3 KOATO Ja c€ YCKOPHU ~3eJeHuAT U uudpoB mpexo. 3a uenra 6u TpsoBao
Jla C€ 3aCHJIM U TOMYJISIpU3Upa MIaHUuPpaHoTo ,,JIb10oko canupane”. OdakBa ce€ €HEPrUitHOTO
OOHOBsIBAaHE HAa CrpaauTe Jna ObJe €IWH OT OCHOBHUTE KOMIIOHEHTH Ha IUIAHOBETE 3a
Bb3CTaHOBSIBAHE U YCTOMUYMBOCT.

B noxnang va FOHECKO, npexacraBen 4 maprt T1.r. 3a orOens3Bane Ha CBETOBHHUS JICH Ha
WHKeHepa [8] ce oTuMTa pemraBamivs MPUHOC HAa WHXKEHepa (B T.4. U CTPOUTEIHUSAT) 3a
nocrurane Ha llenute Ha ycToitunBoTo pa3sutue (L{YP). B Ta3u Bpb3Ka ciiefBa 1a IpUIIOMHAM
3aIBJDKEHUETO Ha OpaHIla 3a M3MOJ3BAHETO Ha PEUUKIUMPAHU MaTepualy, HaMmaleHHUEe Ha
emucunute Ha CO2 U Oma3BaHETO HAa OKOJHATA Cpefia.

B chiara nocoka € v NpuUBETCTBUETO Ha I-H AHTOHHUO ['yTapuill, reHepaieH ceKkpeTap
Ha OOH na I'moGamuust unxeHepeH koHrpec mnpe3 2019 [9], koitto otbensza - “OCHOBHO
npeausBukarenctso Ha OOH ca nenuTe 3a peanu3upaHe Ha YyCTOMYMBOTO Pa3BUTHE, 32 KOETO
pelIeHusATa U3UCKBAT CHTPYJHUYECTBO HA XOpa OT PAa3jIUYHU JIUCLUUIUIMHUA U 1€ MMa 3a
pe3yaTaT MpOMsHA HAa COLUMATHO—MKOHOMMYECKATa CHUCTEMa YCTAaHOBEHA IPE3 IMOCIEIHHUTE
HSKOJKO Beka”. Tyk ciieqBa 1a 700aBUM OIe CIICTHUTE 3aAbKCHHUsS, KOUTO ca aapecupaHu
KbM cTpouTeaust Opanmi[10], a uMeHHO:

e OcwurypsiBaHe Ha 4MCTa BOJA U CAHUTAPHO—XWTMEHHHU ycloBusA. M3nckBaHe KpM
OpaHIIIa CBEP3aHO C OCUTYPSIBAHETO HA YCTOMYMBA M HAJIE)K/THA TIOCTAaBKa HA YUCTA
BOJIa Y IOBCEMECTHO NMPEYUCTBAHE HA OTHAJAbYHUTE BOAH, B T.4. U IOBTOPHOTO UM
U3IOJI3BaHe, a Taka ChIIO ChOMpaHe Ha IBKIOBHUTE BOAHM M TMOJI3BAHETO UM 3a
OUTOBU HYKJU U MOJIMBAHE;

e Pa3BuTue Ha WHOBaLUHUTE M UHPACTPYKTypaTa, KOETO IIe HUMa ChIIECTBEHO
3HAUEHUE 33 KOHKYPEHTOCIIOCOOHOCTTA HAa HHTYCTPHUSATA, U HE Ha IMOCJIETHO MSCTO
1€ NPUBJINYA UHBECTUIINH 32 TAX.

e UsrpaxnaHe Ha yCTONYMBH rpafioBe U OOIIHOCTH MOCPEACTBOM pa3zpaboTBaHE U
peanu3npaHe Ha HOBM KOHIICMIINH, 3a J1a OTTOBOPH Ha MPEAU3BUKATEICTBaTa BbB
BpB3Ka ¢ ypOaHU3aIMATa U U3TPAKIAHETO HA YCTOMYMBY KIJIMIIA U JIOTUCTHKA 32 TX.

CtpoutenHUsT OpaHII € eUH OT Hali—MOITHUTE U e(DEKTHBHU 00JIACTH HA UKOHOMHKATA.
Toii, obaue, € U eMH OT HA—KOHCEPBATHBHUTE KbM HHOBAIMU. TOBa € MpUYMHATA Y HAC
OpaHIIBT Aa € Hall —c1a00 MUTHTATU3UPaH, ClIe]] HEro Ce HapeKaa CaMo CEICKOTO CTOMAHCTRBO.
JlHec cme cBuaeTeNn Ha MHOro Obp3a OUTHTAIM3alUs U HA M3KIIOYUTEIIHO BHUMaHUE KbM
BIM. Te mo3BosisiBaT MoOJy4aBaHETO HAa HEMpPEKbCHATA M ChBPEMEHHa WH(pOpMAIHs, KOSTO €
IIPEANOCTAaBKa 33 peakUus M B3€MaHE Ha aIeKBAaTHU pelleHMs. /lururannsanusara ycremHo
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MOKa3a CBOSATA MMOJI3a 10 BpEMe Ha MaHIeMUATa. 3a 1a OTTOBOPST Ha TOBA MPEIN3BUKATEIICTBO
MPPB npe3 2020 cw3nmane pabotHa rpyma, a Ha 27 maii T.r. B KCb 6e yupenen ,,EBponericku
1M (pPOB MHOBAIMOHEH Xb0 B CEKTOP CTPOUTENICTBO”’, KOWTO e MMa OTTOBOpHATA 3a/aya 3a
BbBEX/aHE Ha JUTUTAIM3AlUATa B CTPOUTENIHUS MPOILEC, 3a Jla Ce MOBUIIaBa KamaluTera,
3HAaHMUATA W YMEHHUSATA HA MAJKUTEe W CPEIHU MPENNPHUSATHS B CTPOUTEIHUS CEKTOp H
nyOJauMYHaTa aAMUHUCTPALIMSL.

Cepuno3HM 3a1bKCHHUS 32 HAIIKS OpaHII MOoCcTaBs u npuetus oT CBeTOBHATA (eepalius
Ha numwkenepuute opranuzanuu (WFEO) IIpodbecnonanen koaekc , I [puHnmmnm 3a amantupane
KbM M3MEHEHHsTa Ha kiaumara’. KoaekchT € cBOeoOpa3sHO PBKOBOJACTBO 33 TOBAa Kak
WHKEHEPUTE J1a aHaIN3UpaT U3MEHEHHETO Ha KJIMMaTa U Kak TOBa J1a ce OTpa3siBa Ha TSAXHATa
npodecrnoHanHa mpakTuka. HeroBoto npuiarase 1e moArnoMorHe OpaHIIOBUTE OpraHU3aluu
Jla MTHUIIMHUPAT JeCTBU 3a afanThupaHe KbM M3MEHEHHUETO Ha KIMMaTa, KOETO MO-CIelHUaIHo
3acsra rpaxxaaHckaTa HHQPacTPYKTypa U CTPOUTENICTBOTO Ha crpanu. B Hero ca popmynupanu
U 3aJjaud KaTo Mperyie]] Ha aJeKBaTHOCTTA Ha JEWCTBAlIUTE CTAaHAAPTH M MPUIOKEHHE Ha
npoeCHOHATHUTE TMPELEHKH W MPAKTUYECKW HACOKH 3a: MUIAHUPAHE HA eKCIUIOATAllMOHHUS
J)KUBOT, KAKTO M OLICHKH Ha pUCKAa U MOHUTOPHUHTA HA IPAaBHUTE OTTOBOPHOCTH [11].

[Ipen uHgyCcTpHsATA 32 MPOU3BOJACTBO HA CTPOUTEITHH MaTEPHANU C ToJiiMa OCTPOTa ca
npobnemuTe 3a: HamansBane Ha emucuute Ha CO2, MPOU3BOJACTBO HA YCTOWUYMBH (3€JICHN)
MaTepuaiy, T.e. MPUJIATAHETO HA PEHHUKINPYeMH MaTepuadd M Ha TaKWBa 32 MHOTOKpaTHA
ynoTpeoa.

COVID 19 ce orpa3u 0co0eHO CHIIHO Ha 00pa30BaHUETO, NPEKbCHA HOPMAIHA JEHHOCT
U TpeIu3BUKa JOMBIHUTETHU pazxoaud. MHOro o0pa3oBaTelHM WHCTUTYLIMU YcIsxa Ja
U3MOJI3BAT Ta3W M3BBHPEIHA 00CTAHOBKA, 32 J]a YCKOPAT AWTUTAIM3AIMITA CH. B cekropa ce
HaMepUxa YCHEIIHW TEXHOJOTMYHHU pEelIeHUs, KOUTO My TMO3BOJIUXa Ja IMpeojojiee
MPEIM3BUKATEIICTBATA HA MAHJIEMUSATA, Ype3 MUHUMAIIM3HpaHe Ha (PU3NIECKOTO MPUCHCTBHUE.
B mpomeca Ha pabora chC CTyAeHTUTE, 0Oaue, Mpej BUCIIETO 00pa30BaHHME CE OTKpOMXa U
HSKOM mpo0yiemMu:

e BYVY3 06sxa npuHyeHu Aa BbBEAAT OHJIAH 00y4YeHue, 1a Ch3a/1aT CBOU IPOrpaMu
WM J1a 3aKyTST TOTOBU TaKMBA 3a J1a MOTaT Jla M30erHat CTpynBaHe Ha CTYJEHTH B
JICKIIMOHHUTE 3aJIH T.€. Bh3HUKHA HYKJIa OT 3a/IeTITHE Ha JOMBJIHUTEITHHA CPEICTRA.
Jururanuzanusata B 0Opa3oBaHUETO CE€ MPEBBbPHA B CTPATETMUYECKH MPOOIeM U
MPHOPUTET.

e Jlururanuzanusira, Ch3JaJICHUTE HHOBATUBHU TEXHOJOTUU ¥ METOIM Ha 0OydeHue,
IpeIM3BUKBa MeJarornueckara HayKa Jia u3jie3e OT CBOSiITa YHCTa aKaJMUYHOCT U
Ja pa3BUE WCTUHCKA OPHEHTHUPAHH MOJENH 3a WHTETPUPaHEe Ha OOYUYCHHETO,
HayKaTa U TPOU3BOJACTBOTO. B JHEIIHO BpeMe BPB3KUTE: KOJIEK—TIPEANPUSITHE,
YHUBEPCUTET—TIPEATPUSATHE, YHUBEPCUTET—H3CIICIOBATEIICKU WHCTUTYT—
OpeanpusITHE, YHUBEPCUTET-TIPEANPUATHE—U3CIIE0BATEICKU UHCTUTYT
npuaoOUBaT W3KIIOUMTENIHO 3HAYCHHE W Ca YCIOBHE 3a TMPOAYKTOBaTa WM
uHTerpauus [12].

e  Odopms ce HOBO OTHOIIEHHE KbM AUCTAHLIIMOHHOTO 00y4YEeHHE, KOETO Ce OuepTaBa
KaTo JIBUTATEll Ha MPWIOKEHUETO Ha HOBUTE TeXHOoTuu. Tyk obaue cieBa na ce
uMa TpeaBUJ U TOBA, Y€ MMa MH)KEHEPHHU CIIELHUATHOCTH, MPU KOUTO HE Ou
TpsOBAJIO a ce MUHABA M3IUIO HAa JUCTAHIIMOHHO OOYYEeHHE 3a J]a He Ce HapYIIu
Taka HeoOX0IMMOTO MPU0OUBaHE HAa MPAKTUYECKU YMEHUS.

e QOuepraBa ce ,00mak 0a3upaHOTO MOOWJIHO 00pa3oBaHWE™ 1@ MPEIOKHU
KpEaTHBHU Bh3MOXKHOCTH KAKTO 3a MPEIOoAaBaTeINTe, Taka U 3a CTYJACHTUTE, Thid
KaTo MO3BOJIsIBa aKTHBHA yueOHa aTMoc(epa HaBCAKb/IE U 10 BCAKO Bpeme. CmsTa
ce, 4ye To3u MH(POPMATHUBEH THI HA Y4YCHE € MOJIbpKAall IpHU Moao0psBaHe Ha

346
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HAyYHUTE KOMIIETEHTHOCTH Ha CTYAEHTUTE OT MHKEHEPHUTE crienuanHocty [13].
Crypenture creiBa na ObJaT NOATOTBEHHM 3a MPUIOKEHHWE Ha OO0JIayHUTE
M3UYMCIIEHU 3a ]a MOraT yCIEIIHO J1a CE peayIn3upar B IpakTukaTta [14].

e HanoxutenHo e wu3pabOTBaHe HA CTAaHAAPTH 3a U3MEpBaHE, OICHSIBAHE,
IpelcKa3BaHE Ha CTYICHTCKUTE MeTacyOeKTHH pe3yiaTaTH OT OOYy4YEeHHETO.
CrobmaBa ce 3a HanuyHM JiecHu Metoau [15]. Tyk me orOenexum, ye uMa Haj
KaKBO OlIlle Ja ce paboTu, 3a Jla ce OIEHH aJeKBaTHOCTTa Ha ChIIECTBYBAIIUTE
METOAM C TPAKTUYECKUTE pe3ynraTH. B Tasm Bpb3ka € U TOpoOdIeMbT 3a
TUTUTaIHATa TPAMOTHOCT, 32 KOATO ChHIO Beue MMa Ch3JaJICHU METOAU, HO YHUATO
IpoBEpKa MpOAbIDKaBa Aa ObJie aKTyalHa, Thil KATO TOBA € YCIOBHUE 32 Ch3/1aBaHE
Ha yHU(UIIEPaHO HHPOPMAIIMOHHO 00pa30BaTEIIHO MPOCTPAHCTBO.

IOHECKO uma pa3paboTeH ¥ M3MBIHEH NPOEKT ,,00pa3oBaHMEe 32 YCTOMYUBO pa3BUTHE
Ho6pu mpaktuku N 1 — 2007, KOHECKO. O6pa3snos. CexkTop”’, B KOWUTO ce OTOEIA3Ba, Y€ eIHa
OT LIEJIUTE Ha BUCHIETO 00pa30BaHME € MOJArOTOBKATa HAa CTYJCHTUTE 32 YCIEIIHA pealn3anus
Ha Ta3apa Ha TpyJa, EKUIMPAHU C 3HAHUS 3a OCTIEIHNUTE JOCTHKEHHS Ha HayKaTa. B chiioro
BpEMe Ce aKIeHTUpa BBPXY OKOJHATa Cpela M HEHHOTO oOMa3BaHE - cera M B ObJelIe.
VYHuBepcuterure TpsiOBa Aa NagaT BUCOKOKAYECTBEHO 00pa3oBaHHE, ChUETAHO C OTIMYHU
NPaKTUYECKH YMEHUS BbB Bpb3Ka ¢ YCTOWYMBOTO pazButue. [Ipu ToBa, ObICIIUAT CIICUATUCT
TpsIOBa J1a € M3rPaIuil CIIOCOOHOCTH 3a CAMOCTOSITEIIHO YUCHE, KOeTO TpsiOBa fa Ob/Ie 4acT OT
YMEHHUsATA TPHU 3aBBPIIBAHE HA BHCLIETO oOpazoBaHue. Tol TpsOBa 1a MMa U KIIOYOBUTE
KOMIIETEHTHOCTH, (¢opMynupanu B EBpomeiickaTa paMka Ha  KOMIIETEHTHOCTUTE
(2006/962/EC):1/ Komynukauuu Ha poaeH e3uk; 2/ KoMyHuKanuum Ha 4YyXId €3HIH;
3/ MaTtemaTtnuecka KOMIETEHTHOCT U OCHOBHM KOMIETEHTHOCTH B 00JIaCTTa Ha MPUPOIHUTE
HayKM U TexHoJoruure; 4/ JIururaaHa KOMIOETEHTHOCT (M3MOJI3BaHe Ha IU(POBU TEXHOJIOTHH
3a mHpopMalsg U KOMYHHKanus); 5/ YMeHHE 3a caMoCTOsATeNHO ydeHe;, 6/ CnenuasiHu u
rpakJIaHCKH KoMIeTeHTHOCTH; 7/ YceT 3a KynTypara. Kem nmocouenure B EBpomneiickara xapta
M3HMCKBaHUS MPU MOJTOTOBKATA Ha CIIELIMATIUCTH C BUCIIE 00pa30BaHUE B MOCIEIHUTE TOIUHU
ce Hajlara ¥ MHEHHETO B TJI00aJIHaTa epa B 00pa30BaTEeTHIS MPOLIEC Ja CE 3aa3Ba HAMOHATHHS
XapakTep, /1a Ce KyJATUBUPAT U 3ala3BaT HAIMOHAJHUTE U PETHOHATHNA 0COOEHOCTH [16].

Te3an KOMIETEHTHOCTH ca J00pa OCHOBAa 3a IMBJIHOLIEHHA peaju3alus Ha MJIagus
CHEINANINCT, KAKTO B OOIIECTBEH, a TaKka ChIIO U B JIMUEH IUIaH. Y MEHHETO 32 CAMOCTOSTEIIHO
yueHe, ChUETaHO C MaTeMaTHyecKa, MPHUPOJOHAayyHa M JWTHTAJIHA TPAMOTHOCT ca ao0pa
rapasius 3a nmpodecruonasna MOOMITHOCT (YCBOsIBAaHE HAa HOBU MPO(GECHOHATHU YMEHHUS) U 3a
JIeCHa ajanTaius KbM Obp30 IPOMEHSIIUTE ce HY>KIHM Ha ma3apa Ha Tpyda. Ciensa ga ce nuMma
npeaBua, 4e (popMUpaHETO W Pa3BUTHETO HAa M30POCHHUTE KOMIIETEHIIMHM € IPOIEC, KOHUTO
oOxBala Ieaus KU3HEH T Ha ChbBPEMEHHMS CIICIUAIUCT, HO CHCTeMaTa Ha 0O0pa3oBaHME
urpae peuaBaiia poJs.

JlHenHyTe Hallli CTYJ€HTH, OBJIAJICNIA T€3U YMEHHS U KOMIIETEHTHOCTH, yTpe 111e ObaaT
M3IIBJIHUTENN Ha nporpamute U pemieHusara Ha OOH, na aupextusure Ha EC u EIl u Ha
pelieHusTa Ha OBITaPCKUTE BJIACTH 3a YCTOMYUBOTO CTPOUTENICTBO. TsixHaTa pabora 1ie Obe
OT pellaBallo 3HAa4YeHHe 3a BKIIOYBAaHETO Ha bbiarapus B peaunure Ha JUIEpUTE B
OCHUTYpSIBAHETO Ha ycTOW4HBO Obaenie B EBpoma u Ha cTpaHaTa.

VY Hac, MOArOoTOBKaTa Ha CTYAEHTHTE 3a padoTa B YCIOBHUSATA HAa YTBBbpXKJIaBaHE Ha
YCTOWYMBOTO pa3BUTHE B YHHMBEPCUTETHTE 3allOYHA C BBBEXKJAHE HA JUCHUIUIMHUA KaTo
,» Y cToitunBo pazsutue”, ,,Ctpoutenctso u exonorus’” u T. H. (BCY ,JI. Kapasenos”, BCY , Y.
Xpaosp”, EIIY u np.). B yact oT yHuBepcuTeTHTE, MOATOTBALIM WH)KEHEPH, B OTICITHHU
JUCIUIUIMHU C€ M3y4yaBaT U MPOOJIEMUTE 3a PELUUKIMPAHETO HAa CTPOUTEIHUTE OTMAIBIIH.
HoBute u3uckBaHus 3a yNpaBieHHE HAa CTPOUTEIHHUTE OTMHAIbIM HajlaraT pasllMpeHHe Ha
IpOTpaMHUTe IO YIIpaBJeHHE Ha IIPOEKTHU C BKJIIOUBAHE U HA TO3H Ipobiem. Karo nmonoxutenna
TEHJCHIIUS ClIe[[Ba J]a oT4yeTeM U (haKTa, ye B TOJIMHUTE Ha HACTOSIIOTO JIECETHIIETUE BCUUKU
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KOH(EepeHIIMH B 00JIaCTTa Ha CTPOUTEICTBOTO BKJIIOUBAT TEMATHKa, CBbpP3aHa C YyCTOWYMBOTO
ctpourenctBo. BCY ,,U. Xpabbp” naBa npuMep B TOBa OTHOIIICHUE C MPOBEJCHUS MAaCTOPCKU
KJIac ,,Y CTOMYMBOTO Pa3BUTHUE — IBUraTell 3a MHOBALIMU B CTPOUTEIHUS CEKTOP™, KAKTO U ChC
NPEACTOSIIOTO CTapTUPaHE HAa HOBAa Marucrbpcka mporpama ,,CTpaTerus 3a yCTOWYMBO
CTPOMUTEJICTBO U MHOBALIUM

[Tocouenara o — rope KBanu(pUKaMOHHA paMKa MTOCTaBsl U3MCKBAHE 32 OPUEHTAIMS Ha
o0pa3oBaTeNHUS NpOLeC HE KbM HayuBaHE Ha (akTH M HATPyIBaHE HA TMO3HAHUS, a KbM
KYJITUBUPaHE Ha KOMIIETEHTHOCT U Ja MOATOTBs JINYHOCTH, a HE 00y4YeHHU crenuanucTu. Tyk
me 100aBUM M J1a ca MOATOTBEHH Ja pa3paboTBaT M yNpaBisgBaT NMPOEKTH, Ja Ipuiarat
uHpOpMaLMOHHUTE TexHonoruute. Te TpsaOBa na paboTAT B yClOBMATA Ha Hajaraiiara ce
KpbroBa MKOHOMHKA, Ja ObaT MOTUBUPAHHU, CMEJH, 1a 00MYaT Xopara U Aa ce JoBepsBaT Ha
€Heprusara 3a IpoMsHa — HpocTo jaujepu. Tyk me mocouuM MU onuThT Ha DosnnpareH -
CrnoBakus, KbAETO ce H3MBIHABA OakamaBbpckara mporpama ,JIlmoc”, KOATO OCBEH
TEOPETUYHM U MPAKTUUECKU MO3HAHUSA, KYJITUBUPA U KOMyHUKAlUOHHU YMEHHUs, yIpaBIE€HUE
Ha [IPOEKTH, eKuIHa padora u T.H. CTyJeHTUTE ciie]] IbPBUTE JIBE TOJMHH XOAT Ha CTaX Ipe3
BakaHIMHUTE. TperaTa rognHa paboTsT B 3aBOJUTE, KBbAETO NPUI00UBAT MPAKTUIECKUA YMEHHS.
YerBbpTaTa roJiHa ce BPBILAT B YHUBEPCHUTETA 3a Ja MOATOTBAT CBOSATA IUIUIOMHA paboTa.
I[Ipe3 mbpBUTE rOAMHY T€ UMAT MEHTOP C IOMOILTA HAa KOITO MpU100MBaT NOIJIE A BbPXY LENns
npolec Ha aBTOMOOMJIOCTPOCHETO, a Mpe3 TpeTara TOAMHA Beue creuuanuiupar. Tasu
nporpaMa LeiHu J1a ThbPCH BHUCOKO MOTHMBUPAHU MIIAJM XOpa, KOMTO HMCKAaT Ja pabdoTAT 3a
OBIEIIETO CH.

IleneHacoueHOTO MHBECTUPAaHE B YMEHHMATa BbB (DpaHIMs BKIIOYBA BbB3MOKHOCTTA
MOTHBUPAHUTE MIIAJN X0pa ¢ 0akataBbpcKa WIM MarucThpcKa CTENeH Aa ObAaT U3NpaiiaHy OT
bupMuUTe WM AAMUHUCTPATUBHUTE CITY>KOU B YHUBEpCUTETUTE HA 3, 6 1 12 MeceuHu KypcoBe.
Tpu MeceunuTe KypcoBe UMarT 3a LieJl 3al03HABaHE Ha MJIAJIUTE CHELMAIMCTH C HOBOCTUTE B
CHhOTBETHATa 00JIaCT, a 6 MECEYHUTE U TOAMIITHUTE KYPCOBE, OCBEH C 3al103HaBaHe C HOBOCTHUTE,
pemaBaT 3aiafeHu OoT paboromarenute npobiemu. B kpas Ha cpoka pa3pabOTKuTe UM ca
3allUTaBaHU B KOMHUCHH, C Y4aCTHUETO Ha MPEICTaBUTEN HAa paboToAarens. Y clielHaTa 3aluTa
Ha paszpaboTkaTra OTBapsi I'bTS 3a MU3pacTBaHE Ha MIaaus crenuamuct. HeycnexbT — KbM
0cBOOOXKJaBaHE M BB3CTAHOBABAHE Ha cpelacTBaTa Ha paboronatens. IIpakTukyBa ce OT
(GupMuTEe M U3NpallaHe Ha MPOSBUIIM C€ MJaJu Xopa ¢ 0akanaBbpcKa CTENEH J1a MPOIbIKAT
00pa30BaHUETO CH B MAaruCThPCKa CTENeH. Ta3u npakTUKa Ou MoIJIa a ce Mpuiiara u 'y Hac 3a
Jla c€ TMOATrOTBAT MJIAJUTE CIELUUAINCTU 33 M3IBJIHEHHWE HA W3HUCKBaHMUATA 32 yCTOHYMBO
pa3BUTHE HA OTPAChJia MU HA CTpaHATA.

N3Boan

[Tangemusara COVID 19, nururannara TpancopManus U 1iaHa 32 Bb3CTaHOBSBAHE Ha
EBpomna mocraBuxa OCTpO Mped CTPOUTENHHS OpaHI, OCBEH BBIIPOCA 32 W3MBIHEHHE Ha
3a/1audT€ MO YCTOMYMBO CTPOUTEICTBO, @ Taka CbhIIO M pEaulla HOBU M3UCKBAHUS.
OtroBopHoCcTTa Ha OpaHIla, KaTo €IWH OT OCHOBHUTE pabOTOJaTeNd W JBUTATEId Ha
nkoHomukara B EC u ctpanara e rossama.

OO0pa3oBaHueTO, B T. 4. M CTPOUTEIHOTO, € BAXKCH (PAKTOP 32 MKOHOMHUYECKHS PBCT U
pa3BUTHETO HAa HaUMTE. TO CaeaBa OTYETE MPEIU3BUKAHUTE OT AUTUTATHATA TpaHchopManus
¥ TaHJAeMHATa MPOMEHU BHB BOJICHETO Ha Tpolleca Ha OOydeHHWe, 3a Ja C€ TOATOTBST
CIELHATMCTH C TapaHTUPAH MIPUHOC 3a IPEBPBILAHETO HAa CTpaHaTa HU ¥ EBpora B KIIMMaTH4HO
HEYTpPAJHU.

Hanure ca mpobiaemMu 1 nMpeau3BUKATEICTBA U € HEOOX0IMMO 00€TMHEHNE HA YCUITUSATA
HA CTPOUTEIHUTE CTCIHATUCTH, OPAHIIOBUTE OPTaHU3AINH, TPABUTEIICTBOTO U MyOIUYHATA
aJMUHUCTpanusl OKOJIO ujaesra 3a mnpocnepurer Ha boirapus. Mceropusta Ha Tperara
bearapcka gppkaBa mokas3Ba, 4e OOCIMHEHHM OKOJIO HallMOHAJIHA WJes W yrmopuTa padora
rapaHTHpaT ycrHexu B pa3BuTueTo Ha CTpaHara.



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

JIUTEPATYPA

1] http:/www.data.eu/rapid/press

2]  Schwab K., The Fourth Industrial Revolution, W E F,2016, 165 p.

3] Barow H., http:/www.foreinaffers.com/articles/2015 -12-12/ Forth Industry

4] Uganos ., lururanu3amnusata — HEOOXOAUMOCT 3a cTpouTtenHus opanmr, ['og. BYM,
T13. 2020, ¢.103 — 1009.

51 http://www..foreinaffer/2020

6] http://www.FIEC/org.2018

71 http: www.n.p. Stroitel, n3,2021, p.1

8] http:// www.eunewesco.org/raports

9] http:// www. Feani south regional neeting,2021

10] http://www.n.p.Stroitel, n2,2021, p. 2

11] http://n.p. Stroitel, n3, 2021, p.4

12] http://www.iaeme.com/IJCEIT/

13] http://www.academia.edu/USABLE.

14] Yadav, Cloud computing in education, [JIRCCE, v.5, 2017, p.17348-17354.

15] http://www.iaeme.com/IJCIET

16] Huda M., S. A. Aminin, Sustaining civic —based moral values: Insights from language
learning and literature, IJCIET, v.9, n.4., 2018, p.157-174.

349



XXI MEXXAYHAPOJHA HAYYHA KOH®EPEHLIUA NO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

NIEHTUOUILIUPAHE HA PUCKOBU CBbBUTUA
ITPAU Bb3JIAI'AHE HA OBIIECTBEHHU ITOPBYKHU

Mopaan Kapaupanos!
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IDENTIFICATION OF RISK EVENTS
WHEN AWARDING PUBLIC PROCUREMENTS

Yordan Karaivanov!

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: Ynpasnenuemo Ha puckoseme npu o0WecmEeHU NOPLUKU € OMm 20JIAMO
3HAYeHue 3a NPedomMEpPaAms8aHe Ha He2amueHU NOCICOUYU NPU MPBAICHU NPOYeOdypU, 3a
cmpoumencmeo.  Hacmoswusm  00knad — aumaiusupa  uoenmugukayuama  om
VAPABIEHUemo HA PUCKA NpU 6b3ldeaHe HA 00WecmeeHU NOPBLUKU 3d CIPOUMeNCHeo,
Kamo 00600wasa OCHOBHUME PUCKOBE NpU NPOGeXCOaHe HA 0OWecmseHU NOPHLUKU HA
bazama Ha peannu npumepu u 00opu npakmuku. Llerma na uzcredseanemo e oa ce
uzgedam aodexeamHu NPenopvKu U 0a ce Npeodnodcam KOHKPemHU MepKU, KOUumo od
npeoomepamsam He2amusHume nocieouyu npu MpvicHume npoyeoypu.

Key words: identification, risk management, public procurement, construction.

1. BbBeenne

CropsiMO HKOHOMUYECKHUS OTYET HA CTPOUTEIIHUS CEKTOP, JAaHHUTE MTOKa3Bart, e 3a 2020r.
o0miaTra CTpOUTeNHA aKTUBHOCT UMa CIICAHHUTE TIOKA3aTeNIN: CTPOUTEITHATA IPOAYKIIHS BB3IN3a
Ha crtoiHOCT OoT 17 262 mnn.iB., cnaxg ot 0,3% cnpsamo 2019r. CrpaiHOTO CTPOUTEICTBO
Bb3mM3a Ha 9 840 mun.giB., cnan ot 3,4% copsmo 2019r., a MHXEHEPHOTO CTPOUTEICTBO
BBb3NU3a Ha 7 422 MIH.JIB, pBCT OT 4,2% crnpsamo 2019r. O0sBeHnTe 00111eCTBEHN MOPBHUKH ca
2621 6p., Ha ctoiHOCT 5 717 MuH.IB., pbeT OT 14,0% Ha Opos u cnax ot 16,5% Ha croitHOCTTa
[1].

OO01ecTBeHUTE OPHUKH B HAIlaTa CTPaHA CE Bh3JIaraT Bb3 OCHOBA HA HaW-W3roJlHATA
UKOHOMMYECKU odepra. MikoHOMUYecku Hail-u3ronHara odepra ce omnpezens Bb3 OCHOBA Ha
€MH OT CJIEIHUTE KPUTEPUU 3a Bb3JIaraHe: Hal-HUCKA 1[€HA; HUBO Ha pa3XOAUTe, KaTo ce
OTYMTa pa3xogHaTa e(EeKTUBHOCT, BKIIIOUUTEIHO pa3XOJUTE 3a LEIHs XU3HEH LHKbI;
ONTUMATHO CHOTHOIIIEHUE KAdyeCTBO/IICHAa, KOETO CE OICHSIBAa Bb3 OCHOBA HA IIEHATA WIIU
HUBOTO Ha pa3xoJguTe, KaKTO W Ha MOKa3aTelH, BKIIOYBAIIM KaueCTBEHHU, €KOJOTUYHH U
COLIMAJIHU acTleKTH, CBbP3aHH C MpeMeTa Ha O0IIecTBeHAaTa mophyuka [2].

! flopnan KapausanoB, YHUBEpCHTET 10 apXHTEKTypa, CTPOUTENcTBO 1 reosesus (YACT), Codus
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WnentudumnupaHero U ynpaBleHHETO Ha PUCKOBETE MPH OOIIECTBEHU MOPBHUYKH Ca OT
OTPOMHO 3HAYCHHME 3a IPEIOTBPATIBAHE Ha HETATUBHHUTE MOCIEANIIN ITPU TPBKHU MPOIETYPH,
3a CTPOMUTEICTBO. PuckoBuTE chOUTHS TPsiOBa M@ OBbAAT MASHTH(PULIMPAHU U YIIPABISBAHH, HE
caMo MO BpeMe Ha CTPOUTEICTBOTO, HO U MPEIH Bh3JIaraHe Ha AaJieHa MPOIeaypa, Thil KaTo
OlIle B TO3M €Tall ce KPHAT JAOCTa TOJIEMH 3aIUIaXxH OT PHCKOBE, KOUTO MOTaT Jia JOBEJaT 10
HETaTHBHYU MOCIEAWIN W Jla 3acerHaT MHTEPECHTE Ha BCUYKM 3aMHTEPECOBAHU CTPAaHH B
CTPOUTEJICTBOTO.

VYnpaBneHHeTo Ha pUCKa € KyJATypa, CTPYKTYpa, MPAKTUKH, TPOIECH, 3aIIUTHI MEPKH U
pasmnpezeneH: OTTOBOPHOCTH, KOUTO Ca HACOUEHHU KbM HICHTH(HIIMPAHE, OIICHKA, B3EMaHe Ha
pEILIeHNs] ¥ OCBINECTBABAHE HAa JICHHOCTH IO OTHOIIEHHE Ha PHCKOBETE B J1a/JlcHa KOMITAaHHS
WIA aMUHUCTpAIMs, C LEJN IpeloTBpaTsSBaHEe Ha PEaTM3HpPAHETO Ha PUCKOBETE WM 3a
MHHHMH3HpaHEe Ha IETHTE, aKO PUCKOBETE ObJaT pean3upaHi.

Lenrta Ha nokiana e fa npeicTaBu UACHTU(DUKAIMATA HA PUCKOBU CHOUTHUS KaTO 4acT OT
yIPaBJICHUETO Ha PUCKa MPU Bb3JIaraHe Ha OOIIECTBEHH MOPBYKH 32 CTPOMTENICTBO, KATO CE
0000IIAT OCHOBHUTE PUCKOBE MPH MPOBEXkIaHE Ha OOIIECTBEHU MOPHUKHU, Ha 0a3a HA pealHu
npumepn. OcBeH UIeHTUHUKANNATA, CE ITpeIaraT KOHKPETHU MEpKH, KOUTO J1a TPEAOTBPATAT
HETaTUBHUTE TOCIEIUIN IPU TPHKHUTE MPOLEAYPH.

2. UnenTuduuupane Ha pUCKAa

Etanure Ha ynpaBieHHe Ha pHUCKa ca MOKa3aHW Ha (ur.l u ce cbCTOAT OT IJIaHHpPaHE
VOpaBIEHUETO Ha pHCKa, HWACHTU(UIMpaHE HA PHCKA, KAUYECTBEH aHaIN3 Ha pPHUCKA,
KOJIMUECTBEH aHaJlu3 Ha PUCKa, IVIaHWpaHe peaklusaTa Ha pUcKa U HaOJIoIeHne U KOHTPOJI Ha
puckal[3.4].

WUnentuduumpaneTo Ha pucka € UTepaTUBEH MPOLIEC HAa YCTAHOBSBaHE HA OHE3U PUCKOBU
CHOUTHS, HYHUATO MPOMSHA MOOTACTHO WM 3aeAHO OW MpeAu3BUKala MIPOMSHA B OCHOBHUTE
XapaKTepUCTHKU Ha TMPOEKTa — IeJ, o0XBaT, CPOK, OIOKET, KaueCcTBO, CHOTBETCTBUE C
HAI[MOHATTHU MPUOPUTETH, €(HEKTUBHOCT U JIp.

Nnentudukanusara Ha pucKa € IbPBUSAT €Tar B Ipoleca Ha yIpaBlieHue Ha pucka./¢ur.1/
[IpaBuiHOTO HIEHTUDUITUPAHE HA PUCKA MIpeaonpeens epEeKTUBHOCTTA Ha IeNUs MPOIIeC Ha
yIOpaBlieHHE Ha pUCKa. AKO MEHWIKBbPUTE MO PUCKA WIM YYAaCTHHULIUTE B MPOEKTa, KOUTO
U3MBIHABAT TO3U MPOIEC HE YCHEsT a UACHTU(UIIMPAT BCUYKU 3aryOu WM TIedanou, mpen
KOUTO € M3IpaBeH J1aJIeH MPOEKT WK OOIIeCTBeHa MOpPbhUKa, TO HEOTKPUTUTE U HEU3SICHEHU
PHUCKOBE OCTaBaT HeyInpasisieMu. B mporiec Ha U3MBIHEHHE Ha CTPOUTEIICTBOTO HECH3HATEIHO
HsMa J1a ObJaT OTYUTAHU U MPEANpUEMaHN HUKAKBU JACWCTBUSI OTHOCHO TSAX U MOCIEAUILINTE
MoTar Jia ObJIaT U3KIOYUTETHO HeXXeaaHu[S].

MnaHupaH
Sl UpeHTMdUKa KauectBeH Konunuectsex MnaHupaHe Ha6noaeHue
ynpasaeHu . . ELEVZERE] ELEVERE] Ha peakuuu WU KOHTPOA Ha
eTo Ha k] [ [l pucka pUcKa Ha pucKa pUcKa
PUCKa

®urypa 1. ETanu Ha ynpaBieHue Ha pucka

Ha ¢ur. 2 ca ocHOBHUTE pecypcH, HHCTPYMEHTH U Pe3yJTaTh NMPH UACHTU(DUKAIUS HA
pucka ceriacHo PMBOK Guide [6].

Yecto HU3I0JI3BaHU, JOCTBIIHU U YI[O6HI/I TEXHHUKHU 3a I/II[GHTI/I(bI/IKaI_[I/ISI ca mnpcerjicaa Ha
JOKYMEHTAIUATa, aHaJIu3 Ha JIONMyCKAHUATA W CIUCHK C OYAKBaHU W TNPEIBUIMNMH PUCKOBE
(checklist analysis), ch3ga1eH Ha 6a3a Ha IPEIUIIICH OTTUT U Jp.
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Pecypcu UHCTPYMEHTH 1 TEXHUKK PeaynTaty

MnaH 3a ynpaeneHune Ha pucka npeaned Ha

OueHKH Ha pa3sxoguTe 3a - doKyMeHmauusma
AenHOCTUTE

OueHKH Ha NPOABNXUTENHOCTUTE TexHuku 3a cbﬁupaue Ha

Ha edHoCTUTe uHpopmayus
Basosa pamka Ha obxBara AHanus Ha cnuckLKa 3a
PervcTsp Ha - -
npoeepka (Checklist analysis) l Peructbp

3aMHTepecoBaHUTe CTpaHu
Mnax 3a ynpaesneHue Ha
pasxogute

Mnax 3a ynpaenexue Ha
rpacduka

Mnau 3a ynpasnexune Ha
KayecTBoTO

[oKymeHTauus Ha npoekTa -

AHanus Ha donycKaHuama Ha pUCKOBeTe
HAuazpamHu memodu

SWOT aHanus

lMonbneaHe Ha aHKemMHU

Kapmu

DakTopw Ha cpenara Ha dusuyecka UHCNeKyuAa Ha

opraHu3auusTa usnv/iHeHUemo Ha npoexkma

OpraHn3auMoHHKU NPOLECcHK Memoodu 3a eKcrepmHa

aiuen oyeHKa

®durypa 2. Pecypcu, HHCTpyMEHTH U Pe3yJITaTU NMPH UACHTH(PUKAIKS HA pUCKa

B crpourennuTe mpoekT Moke Aa 0Ob/ie HAPABEH CTPYKTYpHUPAH Mperiies] Ha MPOeKTHA
JNOKYMEHTallUsl, CHUTyalusi, YepTeXH, pa3MoJIOKeHHEe Ha MalIMHeH TMapK U JOCTBII,
cneundukanuy Ha o0opyaBaHeTo. Pa3pemuTenty, IMIEH3H U J0TOBOPH /KOJIEKTUBHH TPYIOBH
U C aIMUHUCTpALUATa/ CBIIO MOTaT J1a BKIIOYBAT U3UCKBAHMS, KOUTO Ja ObJIaT WHINKATOPU
3a pHCKa B MPOEKTA.

CnuchKBT 3a MpOBEpPKa HA UACHTHU(HUIIMPAHUTE PUCKOBE MOXE J1a ObJie pa3pabdoTeH Ha
0a3zara Ha WCTOpUuecka WHGOpPMAIUs W 3HAHUS, KOHUTO ca OWJIM TOJYYeHH OT MPEIUITHU
MOJ0OHU MPOEKTH U OT APYTU M3TOUYHMLM Ha MH(OpManus. AHAIU3BT Ha CIUCHKA MOXE J1a
BKJIFOYBa CJICMCHTU KAaTO BHJA Ha AOTOBOpaA, H€6HaFOHpI/I}ITHI/I KJIay3u, MCCTOIIOJIOKCHUEC U
paiioH, METEOPOJIOTHYHO BPEME, 3aKOHOBH M TPYAOBU (aKTOPH, OCBEIOMEHOCT HA KIIHMECHTA U
ApP. BKIIIOYUTCIIHO O6anﬁHHTe OLICHKKM Ha MH3UCKBAHHUA KbM CTPOUTCIIHATA TCXHUKA,
TEXHOJIOTHS U MaTepHalu.

CnucheKbT 32 MpoBepKa TpsOBa a ObJie Mperiiexkaad Mo BpeMe Ha MPUKII0YBAHETO Ha
MPOEKTa, 3a Ja MOKake HOBHM U3BJICYEHM MOYKU M 3a Jla C€ YChBBPILIEHCTBA 3a IOJ3BaHE B
OBJICIIN TTPOCKTH.

Bceku mpoekT v Bceku uASHTUPUIMPAH PUCK B IPOEKTA Ce MOpa)Kaa ¥ pa3BUBa Ha Oazara
Ha Ha60p OT XHUIIOTC3H, CHCHAPUU WU NOIYyCKaHU:. AHamu3bsT Ha AO0IMyCKaHUusATa M3CJICABA
BaJIMIHOCTTAa MM, KOTAaTO T€ OBJAT BKIIOUEHHU B MpoekTa. Tol maeHTHudumpa puCKOBETE B
MPOEKTa OT HETOYHOCTUTE, HECTAaOMIHOCTTA, HEMOCIIENOBATETHOCTTa MM HEMbJIHOTATa Ha
JOTyCKaHuATa. Bcuuku nonyckanus HampaBeHu Mo BpeMe Ha TpbkHaTa (a3a TpsioBa 1a Obaar
IperyieXIaHu IEPUOIUIHO.

Haii-npunaranusat MeTon 3a WASHTH(HUKAIUS HAa pUCKa B IMpolleca Ha U3MbJIHEHHE Ha
npoekta ¢ Qu3nmyeckara uWHcHeknus. M3uckBa MHOrO n0oOpa mpeaBapuTENHA MOATOTOBKA,
KOSITO BKIIFOUBA TJIAHUPAHE HAa BpeMe 3a MPOBEXKIaHEe Ha MHCTICKIUATA, OJIAHKH 3a MPOBEXKIaHE
Ha MHCIIEKIMATA, METOIMKa 32 00paboTKa Ha pe3yNTaTUTe OT MHCIEKIUATa U T.H. ChIIWHCKATa
HHCIIEKIIUA C€ CbCTOU B IIOCCIICHUE HA MIICTOTO Ha MHU3IBJIHCHUE W IIOIIBJIBAHC Ha
pa3paboTeHuTe OIaHKK OT OTACTHUTE ydacTHUIIH. Ciex 00paboTBaHETO HA PE3YJITATHTE MOTAT
na ObaaT UACHTU(DUIMPAHUT HOBH PUCKOBE M OLIEHKA HA BIMSHUETO Ha UACHTU(DULIUpAHUTE
Ipeid TOBA PUCKOBE.

B pesynrar Ha uneHTHGUITIPAaHE HA PUCKOBE CE ChCTaBsl PUCK PErHCTHP, KOUTO MOXKE
Jla ChIbpXKa:

® CIUCHK Ha WACHTU(DULMPAHUTE PUCKOBE, KOUTO CE OMHUCHUCBAT B HEOOXOJUMUTE
JeTalIn.

® CIHCHK HAa OTEHIUAIHUTE PEAaKIMK, KOUTO MOTaT Aa ObAaT OoNpeesieHu 1Mo
BpeMe Ha Ipolieca 1o uAeHTuuIrpaHe Ha PUCKOBETE.

® [IbPBONPUYMHHM 32 PUCKOBETE- HAPUUYAHU PUCK ,,CITYCHLIH .
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WNnentudukanusara uma 3a e Aa ce ONpeIeid CIUChKA ChC CIYYaiiHH CHOUTHS, KOUTO
MOraT Jia MonpeyaT Ha MOCTUTaHeTO Ha MPOSKTHHUTE Leu. PHCKOBUTE CHOUTHSI ca CBhP3aHU C
ONpeesieH MPOEKTEH €IEMEHT, UMaT CIy4aeH XapaKTep U ako Ce CIydar, MoraT Ja MOBJIUSAT
C ompezesieHa CUjla BbPXY MOCTUTAHETO Ha LEJMTE Ha MPOEKTA.

3. llpuMepu U 100pH NPAKTUKH NPU UIeHTH(PUIIUPAHE HA PUCKA

3.1. Puck perucrbp Ha NMPOEKT 32 U3IPAKIAAHE HA JPEHAKHA CHCTEMA HA JIeTCKO
y4eOHO 3aBe/ieHHe.

OOEKTHT € peasieH 1 MPEeICTABIISABA H3TPaXKIaHEe HA IPECHAKHA CUCTEMA H BH3CTAHOBSIBAHE
Ha BEPTHKAJHA TJIAHUPOBKA HA JETCKA TpajJWHA, 3apajid KOMIPOMETHUPAHH OOJIUIIOBKU IO
CTCHUTC B CYTCPCHA Ha Crpaaara, BCJICACTBUC OGI/I.HHa BJIara.

I/I3xoz[;1maTa AOKYMCHTAaIMd, C KOATO pasrojara B’bBHO)KI/ITeHHT, ChbAbpiKa: TCXHUYICCKHU
NacropT, KOHCTPYKTUBHO OOCJEIBaHE U KOJIUYECTBEHO-CTOMHOCTHA CMETKAa 3a ONHUCAaHUTE
npobaemu, HO € oT 2014 T., a roguHaTa, B KOATO ce Tpetupa obekra e 2020 T.

Bb3noxurensT uMa HaMmepeHHe Ja MpoBene OOIIecTBEHA MOPbUKa 3a M3rpaKAaHe Ha
JIpEeHa)KHA CHCTEeMa [0 HaJMyHaTa JTOKyMEHTAllUs U KOJUYECTBEHO-CTOMHOCTHA CMETKa OT
2014 r. Cnen mpoBeleHHU Cpely ¢ HEro W OrJie]l Ha MsACTO Ha OOeKTa, cTaBa sICHO, 4e
npoOJIeMBbT, KOITO € JaThupal KbM FOJJMHATA Ha U3TOTBSIHE HA JOKYMEHTAIUATA CE € pa3pacHar
3HAYUTCIIHO, TBU KaTo mponagaHeTo Ha BCPTHUKAJIHATA IIJIAHUPOBKA W HABOJHABAHCTO Ha
CyTepeHa ca HapacHanu 3HauuTenHo. OdeBHIHA € OcTapsyaTa U HeakTyalHa HHPOopMaIus B
HaJIM4YHaTa JOKyMEHTALMs.

Brnimaranero Ha O6H_I€CTB€H3. MOpBHYKaA 11O HAJIMYHA JOKYMCHTAIUA U U3XOAHU NAHHU €
TBBP/IE PUCKOBAHO M CE€ Hajlara ymnpaBjeHHE Ha pUCKoBeTe Ha oOekrta. HampaBeH e puck
perucTpp Ha oOekTa, B Tabn.l, KbpaeTo ca HICHTUDHUIIMPAHH PHUCKOBUTE CHOUTHS H
MOTEHLMATHUTE MEPKH 32 PEJOTBPATIBAHETO M.

Tab6auna 1. Maentuguuupanu puckoBe U MEPKH 332 HEIOMYCKAHETO HM.

Puck Mepku 3a HEJONYCKAaHE Ha PUCKA

e DBpo3narane Ha U3roTBSIHE HA HOB TEXHUYECKU
NacopT, KOWTO J1a € akTyaneH kbM 2020 r.;

HeaktyanHo 3aganue ot ctpaHa e Bwpinmarane M3TOTBIHETO HA HOBO KOHCTPYKTHBHO
Ha Bp3noxureis obcrneaBane, KOeTo J1a € aktyaiaHo kpm 2020r.;

e Bwnbanarane Ha HOB TPOGKT 3a IPEHAYKHA CHCTEMA WITH

XUAPOU30JIAITHS.

Jlumca Ha sICHOTa Jajau e BwpinaraHe Ha U3rOTBAHE HA MPOEKTH, KOUTO I
MpeABUICHUTE CPEICTBA ca mamaT MaKCHMallHa SICHOTa 3a TOBa Ha KakBa
JOCTATHYHH. croiHOCT BB3m3aT CMP.

o E)KGCGI[MI/I‘IHI/I CpGH_II/I C BCHUYKHU CJIy)KI/ITe.HI/I, KOUTO
.HI/IHCEI Ha KOMyHI/IKaI_[I/I}I n IIoOATOTBAT ,Z[OKYMGHTaI_[I/IHTa 3a BbB3JIaraHE Ha
KOOPJAWHAIIHS B MOPBUYKH CBBbP3aHU ChC CTPOUTEICTBOTO;
aAMUHUCTpaIUsATa e OOyueHus B cepara Ha yIpaBlIeHUE Ha PUCKA;

e HasnauaBaHe Ha MPOEKT-MEHUUKBP B €KHUIIA.

Jlurca Ha TeXHUYECKa MpeleHKa
3a €EKTUBHOCTTA U
e(hUKaCHOCTTA Ha IPOEKTA.

e [loBumaBaHe Ha CHTPYIHUYECTBOTO;
e [lpoBexxagane Ha 0OydeHUsI.

e Bwpanarane Ha o0IIECTBEHU MOPBHUKHU 33 CTPOUTEIICTBO
caMO M0 akTyalHa IMPOEKTHA JOKYMEHTaIlusl |
AKTyaJTH! KOJIMYECTBEHO-CTOMHOCTHH CMETKHU.

e Unentuduiupane Ha PpPHUCKOBETE U MEpPKU 3a
HEJOMyCKAaHETO MM Tpeau Bb3Jlara Ha TpPbXKHA
npolieslypa 3a CTPOUTEICTBO.

HenpaBunHo Bi10eHU CpeACcTBa U
HEITBJIHO U3IIBIHEHUE Ha
npeasugeHute CMP.
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B ropeonucanara mpakTHKa ca W3MOJ3BAaHU HSIKOM OT METOJUTE M CpEJCTBAaTa 3a
uAcHTU()HUKAIMS HA PUCKA, @ UMEHHO: TIPErJie]l Ha IOKyMEHTANUATA U CIIUCHK C OUYAKBAHUS U
npeasuanmu puckose (checklist analysis), cp3nanen Ha 6a3a Ha IPEAUILIECH OIHUT.

Mepkute 3a HEIOMyCKaHE Ha pHUCKA Ca NPWIOKEHU. TEeXHUYECKUSAT NacrnopT Hu
KOHCTPYKTUBHOTO OOCII€ZIBAHE C€ aKTyaJIM3UpaT, U3TOTBS CE HOBA ITPOEKTHA JOKYMEHTAIHS 1O
yactu: Apxurekrypa, Koncrpykuuu, I'eonesust u BuK, xosito nokassa, ye mpobiemure ca B
MHOT'O TIO-TOJISIM 00XBAaT, KaKTO U MPEIBUICHUTE CPEJICTBA.

Cpencrara, KOUTO ca MPEABUACHU U 10 KOUTO IMbPBOHAYAIHO BBH3JIOXKHUTEINAT UCKA J1a
BB3II0KH TIpOIeaypara ca ¢ 67% mo-Majako OT peaHO HeOOXOIUMHUTE, Thid KaTo €IUH OT Hali-
roJIeMUTEe PHUCKOBE Ha Ta3u MOPbYKA, a4 HMMEHHO HEaKTyaJlHO 3a/laHue OT CcTpaHa Ha
BB3JIOKUTENS 00XBalla MpoOieMUTe B MHOTO MO-MalIlbK 00XBaT U B IPEILIHO HaIlpaBlIeHUE. Thil
ChriacHo MpenopbKUTE OT KOHCTPYKTUBHOTO OOCieaBaHe, M3roTBeHo npe3 2014 1., TpsiOBa na
Ce U3TPaju ApeHa)kHa CUCTEMa, KaKTO M Bb3CTaHOBSIBaHE Ha BEPTHKAIHATA MJIAHUPOBKA OKOJIO
30% ot oOmiara u yacr.

Cnen akTyanu3upaHe Ha 33JaHHETO OT CTpaHa Ha BB3JIOKUTENS, KOETO BKIIOYBA
MEpPKUTE, ONMHCAHU B PUCK PETUCTbpa HEOOXOAMMOCTTAa OT BH3CTAHOBSIBAHE HAa BEPTHUKAIIHA
IJIAHUPOBKA OKOJIO crpaaa HapactBa A0 90 %, koero € ¢ 60% moBeue OT IIbPBOHAYAIHO
npensuaeHuTe. Oka3Ba ce HEBB3MOXKHO M3rpaXkJaHe Ha JpeHakHa CHCTeMa Ha crpajara,
3aI0TO CYTEPEHHOTO HUBO MOMNa/a MO-HUCKO OT HUBOTO HA KaHAIMU3AIHATA.

B pesynarar Ha mpennmpueTuTe MEPKU M YIPaBICHHETO HA pUCKa 0OEKTa € MpHumep 3a
no0pa MpakTUKa, KOSITO pellid OMUCAHUTE MPOOIEMH ABITOCPOYHO. KauecTBEHOTO U3ITbIHEHNE
1 u30sArBaHe Ha KaTacTpodalHW pe3yJTaTd 3a Ta3W OOIIEeCTBEHAa MOpbhYKA CE TBIDKH Ha
yIpaBIEHUETO Ha PUCKa, KOETO Ce U3BBPIIIBA B paHEH €Tall, Ollle IPeau T4 Aa Ob/ie Bb3JIOKEHA,
KOETO OT €/IHa CTpaHa yBeJIHUH pazxoaute ¢ 67%, HO OT apyra pely Bb3HUKHAIUTE IpobiieMu
JBJITOCPOYHO. MHOI0 4eCcTO MpakTHUKaTa MMOKa3Ba, 4e Ce Bb3JaraT MOPBhUYKU 332 CTPOUTEICTBO
0 CTapa U HeaKTyaJHO JOKyMEHTAIHsl, KOETO BOJH 710 3a0aBsiHE U HEKAU€CTBEHO U3ITbIHEHHE,
THH KaToO cpe/icTBaTa He ca JOCTaThUHU, 3apaly Bb3HUKBAHETO HA HEMpPEIBUJICHU JAEHHOCTH.

3.2. PucK perucTbp Ha MPOEKT 32 U3rPazkaaHe HA (PU3KYJITYPEH CAJIOH KbM YUWIHIIE

Bropust o00ekT mnpencrtaBisiBa W3TpakaaHe Ha (DU3KYATYpeH CalOH KbM Y4eOHO
3aBenieHue. Cymara, KOSITO € OTITyCHATa 3a U3TPakJaHETO MY, BKIIOUUTEIIHO MPOEKTHUPaHE € B
pasmep Ha 1 300 000 nB. 6e3 JJIC.

Bb3noxurensT uMa HamepeHue Ja Bb3JI0KU 00ILIeCTBeHa MOPbUKaTa 3a WKECHEPUHT, HO
MpaKTHKaTa MOKa3Ba, 4e TaKMBa MallaOHU MOPBUKHU KPHUAT B ce0e CH JI0CTa TOJIEMH PUCKOBE,
6mno To 3a Bw3nmoxkwurens w/unu 3a M3mbanurtens. Ilpumara ce chIUsAT MOAXOMA, KAaTo €
HalpaBEeH PHUCK PETUCTBP Ha O0eKkTa, B Tabn.2, KBACTO ca WUIACHTU(DHUIIMPAHH PUCKOBUTE
CHbOUTHS U OTEHIIUAIHUTE MEPKH 3a MPEAOTBPATIBAHETO UM.

Cnen mpunaraHe Ha TOPEONUCAHUTE MEPKH, MH)KEHEPUHI'BT € MpeKpaTeH M oluiaTta
MOpBUKa € Bb3JIOXKEHA, KaTo JIBE OT/IEIHH, BKJIIOUBAIIY U3TOTBSIHE HA IPOEKT 3a (QU3KYITYypeH
CAJIOH J0 HW3/laBaHE Ha pa3pelIeHHEe 3a CTPOeX, a Cjlel TOBa € Bb3JIOKEeHAa MOophuka 3a
U3rpaxkaaHe Ha GU3KYJITYPEH CAIIOH 110 000PEHHUTE TTOSKTH.

WsrorBsaHeTo Ha NpoeKkTHa JoKyMeHTamus e Ha ctoiHoct 20000 mB. 6e3 JJIC.
CroitHOCTTa Ha CTpPOUTENIHATA AEHHOCT 3a U3rPakJaHETO Ha cajoHa ca croitHocT 890 000 1B.
0e3 JIJIC. B pesynrar Ha pa3fensHEeTO Ha OOIIECTBEHATa MOpPhbYKAa HA JBE CTOWHOCTTA Ce
Hamassia ¢ 390 000 nB. 6e3 AJIC wim 30%, KOETO € M3LSIIO B 10132 Ha Bb3IIoKUTEIS U Ha
b KaBHUS PeCypc.

[IpakTukara moka3Ba, 4e B TOJIIMa 4YacT OT IOJOOHM TMOPBYKHM € MHOro Mo-mo0pe
WHXCHEPUHTA Ja ObJIe MpeMaxHat 3apajJii UKOHOMHUSITA Ha CPEICTBA, KOSTO Bapupa MexKIy 15-
30%. PuckoBute chOMTHS MPU OOLIECTBEHU MOPBUKH TPsiOBa J1a ce ympaBisBaT HE caMo IO
BpEeMe Ha CTPOUTEIICTBOTO, a OILIE OT HJIesTa 3a Bh3jlaraHe Ha OOIECTBEHATA MOPBHYUKA.
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Tabauna 2. aenTuguuypanyu puckoBe U MEPKH 332 HEIOMYCKAHETO HM.

Puck Mepku 3a HEJONYCKAaHE Ha PUCKA

e PazmensHe Ha  OOIIECTBEHHTE TMOPBYKH 32
MIPOCKTUPAHE W CTPOUTEIICTBO.

e Bwp3nmarane Ha TNPOEKTHPAHETO Ha Crpajgara B
OT/IeNTHA TIPOIEAYypa, ONOOpsBaHE HA MPOCKTU H
n3nasane Ha PC;

e (e M3roTBSHE HA MPOEKTH, KOUTO LIE CE BH3JIOKAT
C OTAeNHA TMPOIEeaypa, ChIbPKAIIM MOJAPOOHU
KOJIMYECTBEHO-CTOMHOCTHU CMETKH I MMa peajiHa
npejacTaBa 3a npeABUcHaTa cyma u
HEOOXOAMMOCTTA OT KOPEKITUH.

HenpaBuiiHo Biio>kKeHH CpeJiCTBa.

e Jlogbop camo Ha  BHUCOKOKBAJU(HUIMPAHU

HexkauecTBeHO pOEeKTHUpaAHE.
IPOEKTAHTH, C OIUT B KOHKETHUTE OOEKTH.

e ExecemMWUHW Cpelld C TPEACTABUTEIH Ha
Jlunca Ha KOMYHHKALUS MEXKITY Bru3moxurens u 3nbIHATEN,

3aMHTEPECOBAHUTE CTPAHU. e (OOyuenus B chepaTa Ha ypaBIICHUE HA PUCKA,

e Has3HnauaBaHe Ha MPOEKT- MEHUDKBD B €KHUIIA.

e CTpUKTHO NpUIbpPKaHE KbM 00XBaTa Ha 000peHaTa
HekavecTBeHO M3IIBIHCHUE HA MIPOEKTHA JOKYMEHTAIHS;

CMP. e Bwrn3narane Ha M3mbeiaHUTE, KOMTO MMa OOraT OIMMT
ChC CXOIHU OOCKTH.

e 1I300p Ha BUCOKOKBUIM(HUIIMPAHH TPOEKTAHTCKHU
€KUIU U CTPOUTEIHU PUPMU;

3abaBsHe Ha MPOEKTHUpPaHETO © HA | o IIperoBopu ¢ M3nbaHUATENS W TpepasnpeaesssHe Ha

CTPOUTEICTBOTO. HE3aeTUTE YOBEIIKH PECypCH.

o [IpaBmiHO mMOAOpaHU JOTOBOPH MEXKAY 3aWHTEpE-
COBaHUTE CTPaHHU, KAKTO ¥ HEYCTOMKHTE TIO TSIX.

PuckoBe mMa mpu BCEKM MPOEKT M Te TpsiOBa ma ObaaT uMACHTUUIIMPAHHU, 33 J1a Ce
n30erHaT OTPUIIATETHN Bb3ICHCTBUS BHPXY ISIJIOCTHOTO M3IIBJIHEHHE. MHOTO OT ITpo0JIeMuTe,
KOHUTO CC HpOHBHBaT B IIO-KBCHUTC (ba31/1 Ha XU3HCHUS HUKBJI HA HpOGKTa, ca pe3yJ1TaT oT
HEYTpaBJIsIBaHU PUCKOBE B Mo-paHHUTE (Da3u. ToBa Mmoka3Ba KOJKO BAXKHO € Jla Ce U3BBPIIU
TOYCH aHaJIn3, 0COOCHO B HauaiHa ¢aza, mpeau 1a 0bae Bb3JI0KeHa JajeHa mopbyukal7].

Llenta Ha ympaBIeHHETO HAa pHCKa MPU Bb3JIaraHe Ha OOIIECTBEHH IMOPBUYKH 3a
CTpOI/ITe.HCTBO c yBequaBaHe J0 MaKCHUMaJIHa CTCIICH Ha BepOHTHOCTTa 3a OHTI/IMI/I?)I/IpaHe Ha
OCHOBHHUTE XapaKTEPUCTHUKU Ha TOpBUYKATA, MPOCKTa M U3IMBIHEHHWETO Ha CTPOUTEIIHO-
MOHTQXHUTE PabOTH U HaMAJIIBaHE O MUHUMAJIHA CTETICH Ha BEPOSITHOCTTA 3a OTPHUIIATESITHO
BB3JICHICTBHE.

N3Boan

JloknmanbsT pasriexnaa WACHTU(UIMpAaHE HAa PHUCKOBU CHOUTUS TpU Bb3JIaraHe Ha
obmiectBern nmopbuku. C ympaBIeHUETO HA PUCKA OT BB3IOKHUTEIS OIe OT CaMOTO Hadajo,
npeau T 1a Ob/1e Bh3JI0)KEeHa, MOXKE J1a Ce JOTPUHECE 10 MAaKCUMAITHO €(DEeKTUBHO U3IThITHEHUE
HA CTPOUTEITHO-MOHTXHU PabOTH, KAKTO U JI0 MPABWJIHO Pa3X0JIBaHE Ha CPENICTBA, IOPHU JI0
NKOHOMMHSA HA ,Z[’bp)KaBHI/I CpeI[CTBa.

Pasrmenanm ca peasiHM TNpuUMepH, KOUTO ca J00pa TMpakTHKa, KOSATO HachpyaBa
YIIPaBJICHUETO HA PUCKA HA OOIIECTBEHH MOPBHYKU OT BB3JIOKHUTEIHTE, 32 Ja CE IPEIOTBPATAT
Bb3MOKHH PHCKOBE TIpU TPHKHH MPOLEAYpU M KaracTpoaaHH MOCISIUIHN 3a
3aMHTEPECOBAHUTE CTPAHHU.
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METO/IMU 3A YIIPABJIEHUE HA PUCKA
ITPA Bb3JIAI'AHE HA OBIIECTBEHMU ITIOPBYKHU 3A CTPOUTEJICTBO

Mopaan Kapaupanos!

Yuusepcumem no apxumexmypa, cmpoumencmeo u ceooesusi (YACI), Cogus

METHODS FOR RISK MANAGEMENT
WHEN AWARDING PUBLIC PROCUREMENTS IN CONSTRUCTION

Yordan Karaivanov!

University of Architecture, Civil Engineering and Geodesy (UACEG), Sofia

Abstract: Ynpasnenuemo Ha puckoseme npu o0WecmEeHU NOPLUKU € OMm 201AMO
3HaueHue 3a npedomepama8ane Ha He2amusHU NOCIeOUYU NPU MPBIHCHU NPOYeoypuU, 3a
cmpoumencmeo. Hacmoswusam 0oxknao ananuzupa memooume U mMeXHUKUmMe 3d
Vhpaenenue HA pucka Npu 6v3lazaHe Ha obujecmeeHu nopvuku. Upes npaxkmuyecku
npuMepu U cpasHumesen aHaiu3 ca 00oouenu nPenopvLKU 3a npuiaeane Ha Memoou u
MexXHUKU, Ype3 KOUMo YNpasieHuemo Ha pucka e MaKkCuMaiHo eq)ekmusHo.

Key words: methods, risk management, practical examples, recommendations

1. BbBeenne
OO6sBeHUTE OOIIECTBEHU MOPHUYKU B OTPACHI CTPOUTENICTBO 33 MHPBOTO TPUMECEUHE Ha
2021r. Bp37m3aT Ha 725 Op. C IPOrHO3HA 00siBeHa CTOWHOCT OT 2 240 MiH. 1B.. TeHaeHIHsATA
Ha ToAMIlIHAaTa 6a3a e perucTpupan pbeT oT 22,9% Ha Opos Ha 00sIBEHUTE MOPHUYKU U PHCT Ha
cTroiiHOCTTa OT 56,6%1].
OO6sBeHu 00111€CTBEHN OPBYUKH 110 BUJ CTPOUTEICTBO 32 TOPELIUTUPAHUS TIEPUO/L:
e UmwxenepHa undpactpykrypa 292 op., wiu a1 ot 40,3% ot obmo obsBeHuTE
NOPBYKH 32 pasIVIeKAaHMsl IEPUOJ, C IPOTHO3HA CTOMHOCT 1 286 MIIH. JIB., KOETO
e 57,4% ot 00mo o0siBeHaTa CTOMHOCT 3a TpuMeceuneTo. Ha roaumna 6a3za ce
Ha0JIr01aBa HE3HAUUTENIEH PBCT Ha Opost Ha o0siBeHuTe mopbuku o1 0,3% u romasm
pBCT Ha cToiHOocTTa OT 134,2%);
e  BuK undpactpykrypa - npencrasisisa 7,0% ot oOuio o0sgBeHUTE MOPBHUKU MK 51
Op. 00siBeHH OOIIECTBEHU MOPBHUYKHU C MPOTHO3HA CTOHHOCT 178 MiH. 1B. (7,9% oT
oOmiara cToiHOCT), KaTo Ha roAuIHa 6a3a ce peructpupa cnaj ot 20,3% Ha Opos
Ha 00SIBEHUTE MOPBUKH U CHaJ HA CTOWHOCTTA OT 65,1%);
e  CrpaaHOTO CTPOUTENICTBO MpeacTaBisiBa 47,2% 0T 00110 0OSIBEHUTE MTOPBHUKHU HITH
342 Opos ¢ mporHo3Ha croiHocT 233 muH. 1B. (10,4% ot obmara CTOWHOCT).

! flopnan KapausanoB, YHUBEpCHTET 10 apXHTEKTypa, CTPOUTENcTBO 1 reosesus (YACT), Codus
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[IpomsHara Ha roauiHa 6aza e pbeT oT 74,5% Ha Opost Ha O0SIBEHUTE MOPHUKU U
cmaf ot 6,0% Ha CTOHHOCTTA;

e Emnepruiina ungpactpykrypa — npeacrasissa 5,5% oT 001110 00sBEeHUTE MOPBHUKU
win 40 Op. 00saBeHN OOILECTBEHN MOPBUYKU C MPOTHO3HA CTOMHOCT 543 MIIH. JIB.
(24,3% ot obmata croiinoct). [Ipy HaOMOAaBaIa TCHICHIIMS HA TOIUITHA Oa3a:
pBCT pu Oposi 00SIBEHU MOPBUKH OT 2,6% U MHOTO TOJISIM PBCT Ha MPOrHO3HATA
croiHocT oT 341,5%.

VYnpaBiaeHreTo Ha puUCKa Ha JaJieHa OOIecTBeHa MOpbhUKa OT cTpaHa Ha Bu3noxurens,
Ipe/CTaBiIsABa U3II'BJIIHEHHE HA TOYHO ONKCAHM IPOLIECHU C LeN J1a He ce JOIyCcKa IIpOMsiHa Ha
OCHOBHHMTE IUIAHUPAaHU M 3a/JaJCHH MapaMeTpud CBBbpP3aHU C IMOpBUYKaTa B HETaTUBHO
HanpasieHue. OCHOBHUTE IIPUMEPH 32 HETraTUBHU HAIIPABIICHUSI ca: yIbJKaBaHEe Ha CpOKa Ha
u3nbiHeHne Ha CMP u cpoka Ha mpoekTupaHe, HaJBUIIaBaHE HA OIOJKETa, OTKJIOHEHHE OT
ob6xBara u Ap. OcHOBHaTa Lien Ha Bb3moxkuTens 3a mopbuka CBbP3aHa ChC CTPOUTEINICTBO €
u300p Ha pupma, KOATO € Hall-BepOATHO Ja U3IBIHH Ja/ieHa HOPbUYKa C J0CTaThUHO Ka4eCTBO,
B CPOK M B PAMKHTE Ha IIPEBUICHUS OIOKET.

2. MeToau ¥ TeXHHKH 32 yIIpaBJieHHe HA PUCKA.

VYnpaBieHneTo Ha pUCKa IMPU OOILECTBEHHU MOPBHYKH 32 CTPOUTECIITBO BKIIOUBA MPOLIECH,
OTHACSIIH C€ KbM: IUNIAHUPAHE HAa YIIPABICHUETO HA PUCKa; UICHTU(PULIMPAHE; aHAJIU3 U OLICHKa
Ha PUCKOBETE; ICHCTBHSI B OTTOBOP Ha TAXHOTO Bh3HUKBaHE U HabmoaeHue (¢pur.1).

Ilenta Ha ympaBIeHHETO € IIOBUIIABAHE HAa BEPOATHOCTTA 3a BB3HUKBAHE Ha
ONaronpusATHU ChOUTHS U MUHUMHU3UpPAHE HA BEPOSTHOCTTA 32 Bb3HUKBAHE U BH3JCHCTBUETO
Ha HeOmaronpusITHUTE[2].

(HAAK3 Ha PHUCRE

Habnropgerue u
KOHTDOA
Ha pMcKa

| aeHTMduumpane
| AHanus 1 cueHka

1

Tis MaaxunpaHe
{1l WpeHTduumpane ‘
{] Ha BoamMOKHK geiicTEMA * B PESYRLN.

3a ynpaBneHue
B OTTrOBOP e

NewcTema i
sorrogon |
Ha pWCKa H

®urypa 1. [{luxkba Ha ynpaBiaeHUe Ha pUCKa

[Iponecure no ynpasieHUE Ha pUCKa BKIIIOYBAT:
® UIAaHUpaHE YIPABJICHUETO HA pUCKa — U300p 3a MOAXO/I, IUTAHUPAHE U y3IIbIHEHUE
Ha OIEpalH [0 YIIPABJICHUETO Ha PUCKOBETE HA MOPBUYKATA;
®  WYJECHTU(UKALMS HAa PUCKOBETE — OINPE/ICIIHE Ha TOBA KAKBH PHCKOBE € Bb3MOXKHO
Jla Bb3HUKHAT U KaKBH Ca TEXHUTE XapaKTEPUCTUKH;
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e  KayeCTBEH aHAJIW3 Ha PUCKOBETE HA MOPBHUYKATA — PA3IOJIATaHE HA PUCKOBETE I10
IPUOPUTETH, BEPOSTHOCT 32 Bb3HUKBAHE U CTENIEH HA Bb3/ICHCTBUE;

® KOJMYECTBEH aHAJIM3 Ha PUCKOBETE HA MOpPBUKATA — KUJIMYECTBEHA OLIEHKA Ha
BJIIMSIHUETO Ha MPOEKTHUTE PUCKOBE BHPXY OOLIUTE LIENIM Ha MOPHYUKATA;

® IUIAaHUpaHE Ha JICHCTBUS B OTrOBOP Ha BB3HMKBAHE HAa PUCKOBHUTE CHOUTUS —
pazpaboTBaHE Ha pa3IMYHU BapUaHTH M JEHUCTBUS 3a TIOBMILIABAaHE Ha
OnaronpusATHO BH3ACUCTBUE U HAMaJISIBaHE Ha 3aIlJIaXUTE 3a MOCTUTAHE Ha LIEINUTE
Ha IOPBHUYKATA;

e HaOmI0/IcHWE W YTMpaBJeHHE Ha PHCKOBETE — CIIEJIeHE Ha WIACHTHU(PUIMPAHUTE
pHUCKOBe, HAOJIOJICHHME Ha OCTAaThbYHHUTE PUCKOBE, HACHTH(HLIHMPAHE Ha HOBU
PUCKOBE, M3MBJIHEHHE Ha IJIAHOBETE B OTIOBOP HA PHUCKOBETE M OLEHKA Ha
e(EeKTUBHOCTTA MIPE3 KU3HEHUS [IUKBJI.

Crniopen oOxBarta cH, pUCKOBETE OMBAT:
® DHCKOBE Ha MpOEKTa — 3acsraT Tpadukara, pecypcuTe HIM KayecTBOTO Ha
IPOEKTA;
e OusHec pHCKOBE — 3acsiraT OpraHM3aIMATa, W3MBIHSBAIIA MPOEKTA WIH
00IIeCTBEHTa IOPBUKA.
Cnopen BB3MOKHOCTTA J1a ObJaT NpEeABUICHU:
® TIpEeNBUANMH — PHCKOBE, KOMTO CE MPEABIIKAAT HA 0a3aTa Ha MPEAUIICH OIHT;
® HEMPEIBHINMH — PUCKOBE, KOUTO € TPYJHO J1a ObJaT IpeiBUACHH.

Tabauua 1. Bunose puckoBe npu 001IeCTBEHH MOPHYUKH,
KOUTO Ca CBbP3aHU ChC CTPOUTEICTBO.

® HABOJHCHHS,
3eMEeTPECCHHUE;
CBavUIIa,;
BATBD.

[Tpuponnu GencTBUs

MIOBpE/ia B KOHCTPYKIIUSTA,
noBpe/ia B 000pyIBaHETO;
TPYAOBH 3JIONOIYKH;
noxap;

KpaxoOa.

Marepuanu

uHpIanms;
HaJIM4Yue Ha (UHAHCOBU CPE/ICTBA;
dbauT.

®OUHAHCOBA ¥ UKOHOMHYECKHU

NIPOMEHH B 3aKOHA U TI0J[3aKOHOBHU aKTOBE;
W3MCKBaHE 32 Pa3pelInTeITHH;
3aMbpCsBaHE W IPaBUJIa 32 OE301IACHOCT.

[TonuTHueckn U OKOJIHA cpena

HelbJIeH 00XBaT B IPOCKTHPAHETO;
HEKa4YeCTBEHO MPOEKTUPAHE;
HETOYHHU Crenu(PUKaIUH.

[IpoekTupane

TPYIOBH CIIOPOBE;
MIPOU3BOIUTEITHOCT Ha TPYIa;
MIPOMEHU B IPOCKTUPAHETO;

po0JIEMHU C MEXaHU3AILHATA,

Crpoutennu
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Tabsmua 2. TexHukH 3a yrnpasjieHHe Ha PUCKa MPU 00IIeCTBEHH MOPHUYKH 32 CTPOUTEINCTBO [5].

Onucanune

CuJIHM CTpaHu

Henocrarbum

1. Ilpersien Ha JOKYMEHTAIMSATA

[Ipernen Ha Hanu4yHAaTa
JIOKYMEHTAITUS , C KOSITO CE
pasmonara 3a jajeHa
MophUKa.

e Morar Ja ce
uaeHTUUITUpPAT
PHUCKOBE, KOUTO J1a Ce
OTCTpAHST, IPE/IN J1a
O0bJe BH3IIOKECHA
nopbyKaTa.

NIOpaJIH JIUTICA Ha
KBaJM(pUKAIUS U TT0-CIIa0
NPOEKTAHTCKH OIUT OT
CTpaHa Ha CITy’KUTEITUTE B
aIMHHHCTPALIIHTE, €
BB3MOXKHO JIaZICHU PHCKOBE
Jia ObJaT MPOITyCHATH.

2. AHAJIN3 HA

cnucbka 3a nposepka (Checklist analysis)

ToBa e NOMOIIHKK 3a
uaeHTH(GUIMpane Ha
MOTCHIIMATTHATE PUCKOBE.
Pa3zpabotsa ce Ha 6a3aTta Ha
UCTOpUYEcKa HH(pOpMaLUs U
3HaHUs, KOUTO ca Ouin
MOJTyYEHH OT MPETUIIHN
M0JI00HU OPBUKH.

®  CHCTEMATHUYHO OLICHABA
OIHTA, HATPYIIAaH OT
CTpOMTEITHATA
UHTYCTPUS;

e MOXe 1a Oblie N3rOTBEH
OT €JIMH aHAJIM3aTOP WIH
MaJika rpyra;

e JIeCEH 3a U3IOJI3BaHE Ha
BHCOKO HUBO.

OrpaHUyaBa ce camo JI0
NPEMIICH OIIUT;
IPEIOCTaBsI CaMo
KauecTBeHa MH()OPMAIINS;
WHJIMBUIyalTHA TEXHUKA.

3. ®usznuyecka

HHCHCKINA HA U3ITBJHCHHUECTO HA MPOCKTA

Hait-npumaranust metoy 3a
UICHTH(QHUIPAHE Ha PUCKOBE
B IIPOLIECA HA U3ITBIHEHHUE Ha
MIPOEKTA, KOMTO C€ CbCTOU OT
MOCEIIeHNE Ha MSCTOTO Ha
M3NIbJIHEHUE Ha JaJIcH BUJL
CMP.

e cljeJ NOCeUuIeHne Ha
MSICTO MOTaT Ja ObJaT
UACHTU(DULIUPAHU HOBU
PHUCKOBE;

e JaBa OLIEHKAa Ha BIIMSHUE
Ha UJICHTU(DUIUPAHUTE
IIpeJId TOBA PHCKOBE.

W3HUCKBa MHOTO J00pa
npeBapuTeiHa
MOJITOTOBKA;

HE € MHOT'O TTOIXO/ISII C
MPOEKTHU C KpaTKa
MPOABIKHTEITHOCT.

4.

MeToau 3a eKCIIEPTHA OLIEHKA

4.1. Metoa ,,Mo3b4Ha aTaka

[13

Cb3paBar ce Be rpynu; e/1Ha
3a TeHEepUpaHe Ha WU U eHa
eKcriepTHa rpyma. Toa e
e(eKTUBEH METO/T J1a Ce
TeHepHUpaT MHOTO HJIEH U CIIe]T
TOBA J1a C€ OIpeesIT Hal-
100pHUTE BH3MOKHU PELLICHUS
3a J1ajJieH mpooieMm.

e VYBenuuaBa IIAHCOBETE
3a MOJIy4aBaHe Ha Haii-
nobpa uzes.

e [lo3BoisBa yuacTue Ha
pa3JIMYHU JIUIIA.

e [lonoOpsBa ananusa Ha
npobiema, KaTo mpeo-
CTaBsl IOBEYE BH3MOKHHU
pernIeHust 1 HeoOMJaiH!
HOAXOAM KbM HETO.

TpynaHo ce cb3naBa
aTMocdepa 0e3 KpUTHUKU
KbM HJICHTE Ha
YYaCTHUIIHTE.

He ca unentudummpanmu
MaJIKUTE MPOOIEeMH, KOUTO
MOrar Jia UMat Cepuo3HO
MOCJICTUIIH.

4.2. Meton ,,deapu‘

BxurouBa npoBexkiaHe Ha
MOCJIeI0BaTeTHa MO3bYHA
aTaka BbpXY rpymna eKCIepTH.
Ilenra e na ce usBneue
nHGOPMAITUS U TIPETICHKH OT
YYaCTHUIINTE, 32 J]a CE YJIECHU
pelaBaHeTo Ha MpoOIeMH,
KaKTO ¥ B3€MaHETO Ha
peuenusi. Exceptute
y4acTBAaT aHOHUMHO.

I'pynoBa TexHuKa.
H3moisBa ce T1aBHO
KaTo TEXHHUKA 3a
MPOTHO3UPAHE.

e Hsama gupexteH
COIlMaJIEH KOHTAKT.

e lIMa BB3MOXKHOCT 3a
npepasriexaaHe Ha
MHEHUSITA.

OTHeMa MHOTO BpeMe U
cpenacTBa.

Hsma BB3MOKHOCT 3a
YCTHO M3SICHABaHE U
KOMEHTap.

KauectBOTO Ha
pe3yaTaTUTe 3aBUCH OT
KOMIIETEHTHOCTTA Ha
EKCTIEPTUTE U OT
CBhIBPKAHUETO HA
BBIIPOCHHKA.
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[Ipu ochiecTBIBAHETO HA CIOKHM WHBECTHLIMOHHU NPOEKTH UYOBEIIKUAT (PakTop €
0c00€HO Ba)KeH, Thi1 KaTO MMEHHO HarjacaTa ¥ OTHOIIEHHETO Ha MEepCOoHaa MOXe Jia BiIHse
Ha TOYHOCTTA 33 YCEIIAHETO Ha PUCKA U ICHUCTBUATA B OTTOBOP HAa BE3HUKBAHETO HA PUCKOBU
cbOuTHs. [Topanu ToBa opranusanusara cieipa Aa uMa 00OILEH MOAX0 KbM yIPaBIECHUETO HA
pHUCKa, OCHOBaBalll C€ Ha IIMPOKaTa M OTBOPEHA KOMYHHKAIMi 3a H3pabOTBAaHETO Ha
yIpaBJIEHYECKH pEIICHUs, OallaHCHpaIld MEXAy OIIeHKAa M MPEBEHIUS Ipe3 LeNus KU3HEH
LUKBJI HA JajicH MpoeKT[3].

VYmpaBieHHEeTO Ha pHCKa € IIOCIENOBAaTENHOCT OT JAEWHOCTH IIpU IIaHUPaHE
yIpaBJIeHUETO Ha mpoekTa. Te oOxBamaT mpouecuTe MO ymnpaBieHue Ha pucka. Ilonesen
MHCTPYMEHT IIpU TOBa € CTPYKTypHATa pa3OMBKa Ha pUCKAa B MHBECTUIMOHHUS HPOEKT. T4
BKJIIOYBA BCHUKU BBTPEIIHHU (PAaKTOPH (OpraHU3allMOHHU M TEXHUUYECKH), BBHIIHUA (PAKTOPU U
camoTo ymnpasieHue[4].

[Tpu u3bopa Ha METOM U TEXHUKU 32 YIPABJICHUE HA PUCKA IIPU OOLIECTBEHU MOPHUYKU
3a CTPOMUTEICTBO, B3UMaMe KaTO OCHOBA HalM4yHAaTa MH(pOpMaIMs, ¢ KOATO paslojiarame 3a
JaseHara nopbuka. B 1ab.2 ca pasrieqaHu TEXHUKY 3a yIpaBIeHUE Ha PUCKA, KOUTO MOraT Jia
HOCTYXaT 3a UACHTU(UIIUPAHE HA PUCKOBHU CHOUTHS, KOUTO € Bb3MOXKHO Jla Bb3HUKHAT IPH
M3IIBJIHEHHUE HA TIPOEKTUPAHE U U3NbiiHeHne Ha CMP.

Upes onucaHuTe MO-A0JIy TEXHUKH € Bb3MOXKHO J1a UACHTU(UIIPaMe PUCKOBH ChOUTHS
ole npeau na ObJe BB3JIOXKEHA JajeHa MOpbhYKa, KOETO OM HU MOMOTHAIO Ja HMPUIIOKHUM
aJIeKBaTHU MEPKHM 3a HEJOoIycKaHeTo MM. B Ta0.3 ca moka3aHM OCHOBHUTE PHUCKOBE IpH
Bb3JIaraHe Ha OOIIECTBEHHM MOPBYKH 3a CTPOUTENCTBO, C KOUTO HAN-4eCTO MpaKTUKaTa ce
cOTbCKBA U Ca OMMCAHU MEPKH 32 HEJOMYCKAHETO UM.

Taoauna 3. OCHOBHU pUCKOBU CHOUTHS IPU Bb3JIaraHe
Ha 00IECTBEHU MTOPBUYKH 33 CTPOUTENICTBO.

Puck Mepku 3a HEJOMMYCKaHe Ha pPUCKa
Hemo6po moarorseno | ¢ Ha3HauaBaHe Ha BHCOKOKBAJU(ULUpPAH IEPCOHAI W/UIH
TEXHUYECKO 3aJ]aHKe BBHILIHU €KCIIEPTH;
OT CTpaHa Ha e (OOyucHues;
Bo3noxurens. e [loBumiaBaHne Ha MOTHUBAIIMSITA.
JIumca Ha

e Ha3nauaBaHe Ha MPOEKT-MEHUKBP B EKHUIIA.

KOOpJIUHAIIUS MEK]
P J e JloBuimasaHe Ha CBTPYAHUYECTBOTO

WHXKEHEPHU U IOPUCTH.
HekauectBeHo e Bwo3narane Ha IIPOEKTUPAHETO camo Ha
IIPOEKTHUPAHE. BHCOKOKBaJTU(UIIMPAHU TPOEKTAHTHU OIHUT B AajieHa cdepa.

e CrTpuKTHO mWpuABP)KAaHE KbM o0OXBaTa Ha 0jg00peHara
MPOEKTHA JOKYMEHTAIusl, ak0 HMa TakKaBa U PEIOBHO
MOCEIICHHE Ha O0EKTHTE;

e Bro3narane Ha M3mbiaHWTEN, KOMTO MMa OOrar OIIUT ChC
CXOJHH OOCKTH.

e 11300p Ha BHCOKOKBaNU(DUIIMPAHU CTPOUTEITHH (PUpMH;

e IIperosopu ¢ M3nbiHuTENA U IpEpA3NPEACIIIHE HA HE3ACTUTE
YOBEILKU PECYPCH.

e [lpaBunHO TONOpaHM TOTOBOPH MEXIY 3aHHTEPECOBAHHUTE
CTPaHM, KAKTO U HEYCTOUKHTE IO THX.

HexauecTBeno
n3nbiaHenue Hva CMP.

3abaBgHe HA
CTPOUTEIICTBOTO.

[IpakTukaTa mokasBa, 4e HeI00pO, KAaKTO M HEAKTyaJTHO TEXHUUYECKO 3aJaHKe OT CTpaHa
Ha BB3noxutens € enuH OT Hal-cpemiaTaHuTe MpoOJieMU, KOWTO BOIU 10 HEKAYECTBEHO
u3nbiHeHne Ha CMP, 3a0aBsiHe B CTPOMTEICTBOTO M MOHSAKOTA J0 HEJOCTUT HAa (PMHAHCOBH
CpeI[CTBa, T’bﬁ KaTo HpOHyCKI/ITe B 3a4aHUCTO KpI/IHT TOJIsSIM pI/ICK OT BB3HHKBAHC Ha
HereI[BI/II[eHI/I pa3xoz[1/1.
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HN3Boau

JoxiansT pasriexia METOAM M TEXHUKH 3a YIPABJICHUE HA HAW-YECTUTE PUCKOBU
C’b6I/ITI/I5I HpI/I Bb3JIaraHC Ha O6H_I€CTBCHI/I HOp’b‘-IKI/I. C HpHnaraHe Ha mMoAXoasIIn TEXHUKU 3a
UaeHTU(UIIMPAHE HAa PUCKA, MOXKEM J1a TIPUIIOKUM aJIeKBaTHU MEPKH 32 HEJIOMYCKAHETO UM.

YrpaBieHHeTo Ha pUCKa € MHOTO BaXKEH €TaIl, KOWTO TpsiOBa /1a Ob/1e BKIIOYCH BHB BCAKA
€lHa TPBKHA MpoLeaypa 3a CTPOUTECITBO, Thil KATO MPABWJIHUTE MOAXOAN KbM JaJECH PUCK,
me goBeaar A0 KAYECTBCHO H3IIBJIHCHHUE B CpOK nu HpaBI/I.HHO BJIOKCHUEC Ha (bI/IHaHCOBI/I
CpeacTBa
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AHAJIN3 HA HAKOU CIIEHU®UYHU N3NCKBAHUSA

3A OCUT'YPABAHETO HA TUXATEJIHATA 3AIUTA ITPU OBYYEHHUE
U MIPOBEXJIAHE HA OCHOBHUTE JEMHOCTH HA OPTAHUTE

3A IIOKAPHA BE3O0ITACHOCT U 3AINUTA HA HACEJIEHUETO

Mutrko Henon!

Axaodemus na MBP, ¢paxynimem ,, [lodcapua 6ezonacnocm u 3awuma Ha HaceieHuemo *

ANALYSIS OF SOME SPECIFIC REQUIREMENTS

FOR ENSURING RESPIRATORY PROTECTION IN TRAINING
AND CONDUCTING THE MAIN ACTIVITIES OF FIRE SAFETY
AND CIVIL PROTECTION AUTHORITIES

Mitko Nenov!

MOI Academy; Faculty of Fire Safety and Civil Protection, Sofia

Abstract: The report analyzes some of the specific regulatory requirements and proposes
appropriate solutions for providing respiratory protection in the training process and in
carrying out the main activities of the fire safety and civil protection authorities.

Key words: requirements, respiratory protection, air breathing apparatus.

1. BnLBeaenue

W3BecTHO €, ye Korato MMa HEAOCTaThIM B ONMCAHMETO M HAYMHA 3a IpUJIaraHeTo Ha
HSKOM CIelU(UUHN M3MCKBAHUS 3a OCUTYPSBAHETO Ha JMXaTeJHaTa 3allluTa, MoraT Ja ce
HapylaT OpraHu3alysaTa Ha Ta3W JEHHOCT M 0e30MacHOCTTa Ha JUIATa, OCHIIECTBSIBAIIN
eKCIuIoaTalusaTa Ha BB3AYIIHUTE JAUXaTeJHU anapaTv. l[IpakTuuecku e JoKa3aHo, 4e
NIO3HABAHETO M aHajM3a Ha HSIKOM HEAOCTaTbLM B CBHUIECTBYBALUTE H3UCKBAHMUS OT
JieicTBAINTE HOPMAaTUBHH aKTOBE € BaKHA MPEANOCTAaBKA 3a Pa3pabOTBaHE U OCHILECTBSIBAHE
Ha MEpOIpUATHUSA, HACOUEHU KbM YCHBBPILICHCTBAHE HA JIEHHOCTTA IO TAXHOTO IpPHUJIAraHe.
Ta3u uHpOpManus € OT 0COOEHO 3HAYEeHUE KAaKTO IpPU aKTyaJU3UpaHe Ha HOPMATUBHUTE
aKTOBE, TaKa U MU MOATOTOBKATa HA IPYT'M HOPMATUBHHU aKTOBE OT chlara obsact [1].

ToBa 000CHOBaBa akTyaJ HOCTTa Ha HacTosIlaTa padoTa, YUATO LN € Ja ce Mpoyyar,
aHaAU3UpPAT U MPEATIOKAT PEIICHHs 3a MPUIAraHeTO HA HAKOM CHEHU(PUYHN M3UCKBAHUS OT

! Mutko Henos HeHos, ri1. ac., umxk., Akagemus Ha MBP, gakynrer ,,IToxkapHa 6€300acHOCT U 3alIUTa HA
HaceJICHUEeTO ", KaTepa ,, I exunka“, Akanemust Ha MBP, rp. Codus, yn. [Tuporcka Ne 171;

e-mail: nennnov@abv.bg

Mitko Nenov Nenov, Assist. Prof., Eng., MOI Academy, Faculty of Fire Safety and Civil Protection;
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»llpaBuia 3a opraHuzauus Ha JCHHOCTTa MO OCUTYpsIBAaHE HA JuxareiHa 3amura’ [2],
HapWYaHM MO HATaThK “‘TipaBuiaTa’.

2. OcHOBHA YacT

B cwhorBercTBHE C 1enTa Ha paboraTa, crienu(DUUYHUTE M3UCKBAHUS OT IpaBUiIaTa ce
aHaJIM3UpaT IO OCHOBHUTE UM ChCTAaBHU 4YacTH (TJIaBU, pa3Jeiu, YICHOBE), KAKTO CJIe/IBa:

CepriiacHo 4. 1 oT mbpBa I1aBa Ha MMpaBUIIaTa, C TAX CE perjiaMeHTUpPAT OpraHu3anusaTa
Ha JICHOCTTa Ha OpPraHUTe 3a MokapHa OezomacHOCT U 3amuTa Ha HaceneHuero (IIB3H) mo
OCUTYypsIBaHE Ha JuxaTenHara 3amura. OT pasnopendara Ha 4i. 2 € BUAHO OILle, Ue IpaBuiiaTa
OTIPEICIIAT OOMINTE U CIeM(PUIHUTE H3UCKBAHUS TIPH OpraHU3MpaHe Ha AUXaTellHATa 3alluTa
B YCIJIOBUSITA Ha €KEAHEBHATA JIEHHOCT, yueOHO — TPEHUPOBBYHHUS MIPOLIEC U MIPH MPOBEXKIaHE
Ha I0XKapOTracUTENIHU M cnacuTenHu naelicteus ot opranute 3a [IB3H. Tyk e BaxkHO na ce
nojyeprae, 4e ¢ IoCOoYBaHe Ha ,,&KETHEBHATA JEHHOCT  ClieiBa M3UCKBAHUATA Ja C€ OTHACSAT
3a U3BbpIIBaHETO OT opranute 3a [IB3H Ha Bcuuku nefiHOCTH peraaMeHTHpaHu 10 3aKoH [3],
KaKTO | 3a JIPyTH MoA00HU [4], KaTo ce M3KIII0UM JUXaTelIHaTa 3alliuTa Ipyu padoTa 1Mo Boja,
KOETO € MOSICHEHO B Wi. 5. AHaNU3bT HAa TEKCTOBE JI0 Kpasl Ha MpaBuUiiaTa MOKa3Ba, Y€ HE Ce
pasriexaa OpraHu3anusITa Ha AuxareiaHaTa 3amuTa Ha opranute 3a [I63H, kouto ve padborar
B HalpaBJIeHUE IO Mo)kaporacutenHa u cnacutenna neitnoct (IIICJI), Bbnpekn ve U 3a TAX
MOJKE J1a Bb3HUKHE HEOOXOJAUMOCT OT IPOBEXk/IaHE HAa TakaBa 3allluTa. 3a apryMeHTHpaHe Ha
TBBPJCHUETO MOXE J]a C€ MOCOYM KAaTo MPUMEp, COydail Korato CIy>KUTeN HepadoTer] B
MIOCOYEHOTO HaIpaBJIEHUE, 3aMECTBAa ChOTBETEH HAayalHUK (Hampumep Ha PaiionHa ciyxOa
[IB3H unu ap.) u npu pproBoAcTBO OT Hero Ha [II'C/] ce nanara na mpuiara u3MCKBaHHsITA 32
JIUXaTeaHaTa 3aluTa KakTo 3a ce0e CH, Taka U 32 PbKOBOJCHHS OT HETO JIMYEH ChCTaB.

[enecr00pa3HO € KaKTO 3a CIY>KUTENH MOMA/Iali B TOCOUYCHUS IPUMEP, TaKa 32 BCUYKU
OCTaHaJIM B TpaBUiiaTa Ja c€ OmpeneisaT oOumuTe W Cchneuu@UUHUTE H3UCKBAaHUS IpU
OpraHU3HMpPAHE HA UXaTeJIHATa UM 3allluTa.

B apyro ykazanue He ca 00XBaHaTH BCUYKU Bb3MOKHU CITydau, KaKBaTo € pa3nopeadara
Ha WI. 3, 4ye MpaBWJIaTa ca 3aIbJDKUTEIHA 32 CIIY)KHTEITUTE OT U30POCHUTE CTPYKTYpH, 0e3 1a
€ B3€TO M0J] BHUMaHHE HAMYMETO B NIOCOUYCHUTE CTPYKTYpU W Ha JAPYTH JIMIIA, 32 KOUTO Ce
OTHaCAT 3aAblDKeHusATa. B moakpena Ha TBBPAEHHMETO MOraT Ja Ce€ MocodaT CTa)KaHTH,
KypCaHTH, CTYACHTU U Jpyru o0ydyaeMu, KOUTO ca OCHOBHUSI ChCTaB Ha 4acT OT MOCOYECHUTE
nBe oO0y4aBamu CTpykTypu. CBBp3aHO C TOBa € IeIeCho0pa3HO B TEKCTA Ha WiI. 3 J1a ce Jo0aBu
TepMHUHa ,,00y4aeMHu*, a Taka ¥ HaBCsAKbIAC (B wi. 8, wi.12, wi.14 u T. H.) TOH Ja 3aMEHHU
CBHINECTBYBAIIUS TEPMHH ,,KYPCAHTH ', C KOETO IIIe C€ 00XBaHAT BCHYKU 00yYaBaHU JIUIIA.

Ot aHanu3a Ha W3HMCKBaHWATA 3a paboTa ¢ BB3AymHM nuxaTenHu amaparu (BIA) B
TEKCTa Ha WI. 8§ U YCIOBUETO Ha ai. 1, Touka 2 Juiara ja ca 3aBbpIIXIM YCHEUIHO ,,KypC 3a
pabota ¢ BJIA®, kaTo HeOCTaTHK MOJXKE JIa CE TIOCOYH TOBa, Y€ HE € MPEIBHUICHA Bb3MOKHOCT
o0ydeHreTo Na € U3BbpIIeHO Ton apyra ¢opma. Karo ce mma mpeaBuj HaIW4YMEeTO Ha
cnenuuYHU 0COOEHOCTH B HAUMHA Ha 00y4YeHHe, TOIXO/ISI] IPUMEPEH TEKCT KOMTO MOXKe /1a
ce 100aBH € ,,\JIM MbPBOHAYAIHO MPO(heCHOHAIHO 00yueHHe ¢ BKIIOUEHO 00yUyeHue 3a paboTa
¢ BJIA B 0o6em HE mO-MabK OT NMPEABUICHUS B TIporpaMara o aji. 3. B Tekcra Ha 4i1. 8 He €
MpeIBUICHO crielnPHIHO N3UCKBAHE 3a IOMMyCKaHe 10 caMocTosTenHa padota ¢ BJIA Ha nuia,
MPUTEKABAIIN JIOMYCK 32 padoTa, HO KOUTO HE ca pabotuiau ¢ BJ/IA mpoabmKUTETHO Bpeme
(HarmpuMep ToBeUe OT eJHa TOAMHA). 3a [eITa MOXKe J1a Ce 3aI0KH U3UCKBAHE 3a TE3U JUIIa ,,Ja
MpEMHUHAT U3BBHPEJEH NHCTPYKTAXK U IIpaKTU4YeCKa TpeHupoBka ¢ BJIA®.

[Ipu pasriexnane u 3aapa004€H aHAIM3 HA TeKcToBeTe B wi. 9, an. | u an. 2 e BuueH
IPOIyCKa, Y€ HE € MpeABUACHA Bb3MOXKHOCT 3a MpeH3JaBaHe Ha JIOMYCK, KOTaTO ChUIUAT €
u3ry0OeH, OTKpaHaT WU YHHUIIOKEH. He e pelieH u BbIpoca ¢ 3/1aBaHeTo Ha JIOMYCK Ha JINIIA,
KOUTO HAMAT W3/aJeH TaKbB, HE3aBUCUMO OT NPUTEKAHHETO HA JOKYMEHT 3a 3aBbPIICHO
o0y4YeHHe OT MOCOYEHOTO B Wi 8. PeleHnero Ha BBIIPOCUTE € Bb3MOKHO C JIOIBJIHEHUE B UJI.
9 ¢ mpumepeH TekCT ,,M31aBaneTo Ha jomyck 3a pabora ¢ BJIA Ha ciyxuTenu, Ha KOUTO HE €
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U3JIaZICH TaKbB WIM TPEU3/IaBaHETO Ha JIOMYCK KOraTo CHUIUAT € M3ryOeH, OTKpaaHaT WU
YHUIIOKEH CE€ W3BBPIIBA CIEI IPEIOCTAaBIHE OT CIYXKUTEIS Ha JOKYMEHT 3a YCHEIIHO
3aBBpILEH Kypc 3a padora ¢ BJIA unu npyro obydenue 3a padbota ¢ B/IA. B nomycka 3a pabota
¢ BJIA ce BincBa HOMepa 1 BHJIa HA JJOKYMEHTA, YI0OCTOBEPSBAIIl 3aBBPIICHOTO O0ydeHHE .

AHaNM3bT HA U3UCKBAHUATA B WI. 11 KbM CIy>)KUTENIUTE MPEIn 3aCTHIIBAHE U 110 BPEME
Ha ONEpaTHUBHO JAEKYpPCTBO, JlaBa OCHOBaHHUE Ja Ce TBBPIAU, Y€ HE ca OOXBaHATH BCHUYKHU
BB3MOKHH 00CTOSITENICTBA, KOUTO BB3MPEISITCTBAT HOPMAITHOTO ITOCTABSHE HA TUIEBATa MacKa
1 u3noia3Banetro Ha BJIA, kaTo HanmpuMmep HaIu4yue Ha yKpalleHHUs IO riaBara, CbCTOSHUE Ha
Kocara u apyru. He ca mpeaBuieHu M3MCKBaHUSATA Jla Ce MpWaraT v B JPYTd Ciy4yau MpU
n3non3BaHe Ha BJIA karo mpoBexpaHeTo Ha OOydeHHWE WJIM Ha JMXaTejaHa 3alluTa Ha
CIIy)KHTENTM, KOUTO HE Ca Ha OMNEpPaTUBHO [EXKYpCTBO. 3a pellaBaHe Ha mpodieMa e
nejaecho0pa3Ho Tekera B wi. 11 ma mpeTbpru npomsiHa Hanpumep ,,He ce momyckat go pabora
u o0yuenue ¢ BJIA ciyxutenu, cTa)kaHTH U 00ydaeMu, KOUTO UMaT Koca, Opana, 6bakenbapau,
YKpalleHusi U JPyro, B CBHCTOSIHUE KOETO MOXKE Ja HApPYyIIM HOPMAJIHOTO IIOCTaBSHE H
VIUTBTHSIBAHE Ha JiMIeBaTa Macka oT BJIA®.

YacT oT moCOYEHHUTE U3MCKBaHMS B Wi.12 Ha paBuiiaTa 3a ,,0praHu3ainus Ha MperaeauTe,
00eMBbT Ha TMperjeauTe, MEIUIUHCKUTEe NPOTHUBOMOKA3aHWs 3a padorta ¢ BJIA,
npoQUIAKTUYHUTE MEAMIMHCKU TMperijean” € TMOJM30TBOpPHO Ja ObJaT mpeaMeT Ha
pernamMeHTHpaHe B OT/ICJICH HOPMATUBEH JOKYMEHT, U3TOTBEH OT CIICIUATIUCTH B 00JIaCTTa HA
MEUINHATA.

Ot aHaynM3a Ha M3KMCKBaHMATAa OTHOCHO pena 3a 3auucisiBaHe Ha BJIA B wi. 17 u no-
KOHKPETHO JIOIYCKaHETO B ai. 2 Ha npe3auucisaBaHe Ha BJIA Ha cimyXuTen npu Bb3HUKBaHE
Ha TakaBa HEOOXOIMMOCT € BHJIHA JIMIICaTa HAa Ba)XHO W3HCKBaHE 3a MOJIBPKAHETO Ha
JIOCTaThYHOTO HUBO Ha 0e30macHOCT. 3a Ta3H 1el B TeKCTa Ha ui. 17, ajn. 2 e HeoOXoauMo Ja
ce no6aBu Hampumep ,,Ha mpesauncnenuss BJIA ce usBbpmBa mpoepka Ne 1, kosTo ce
yA0CTOBEpsiBa ¢ nonbiaBane Ha JHEBHUK ([Ipumoxkenne Ne 3)%.

B apyru uznckBanus ot npasuiara B wi. 30 ce MoCOYBa ChXPAaHIBAHETO HA PE3EPBHUTE
BJIA u Oytmiku 3a BJIA nma Obae Ha crenaxu. B choTBeTCTBHME ¢ OOIIMsA CTpeMEx 3a
OCHTypsiBAHE Ha O0€30MacHOCTTa € MPENOPBUYUTETHO Ja ce J00aBU TEKCT Hampumep
»PesepeauTe BJIA u Oytunku 3a B/IA na ca ykpenenu*.

IIpaBu BnieyaTiieHue B 3ariaBueTo Ha paszaen XII oT Tpera riaBa, KakTo U B TEKCTOBETE
Ha wi. 55, wi. 56 u un. 57 Ha npaBwiaTa, HAJTUYUMETO HA HEAKTyaJHU TEPMUHH M MME Ha
HECBIIECTBYBAIlA CTPYKTYpa ,,ra30-1umo3amuTHa ciyxoa (I'/I3C), kouto e HanoKUTEIHO Ja
Ce 3aMEHSIT C aKTyaJIHUsI TEKCT ,,TEXHHUK 0 auxaTtenHa 3ammTa ([3).

Ot ananusa Ha CTaHIAPTH3UPAHUTE TEPMUHU B OOJIACTTAa HA IUXAaTeTHATa 3alluTa U
TekcToBeTe OT ur. 1 kbM uit. 58 ce 3a0ens3BaT HEMPEU3UPAHU TyMH WM MI€YaTHU TPEILKH.
enecvobpazHo e ,,Bp3aymHo* 1a ce 3aMeHu ¢ ,,Bp3aymHu’, a ,,KOMaHIBaHU " J1a CE 3aMEHHU C
,,KOMaHIBaH"".

AHanmu3bT Ha TekcTa B Wi. 59, an.3, ,,ekcrioaranusTta Ha aBTOHOMHUTE H30JUpallu
CpelICTBa C€ M3BBPLIBA CHIVIACHO MHCTPYKLUMUTE HA IMPOU3BOAUTENINTE € HEMBJIEH U TO3HU
HEJOCTaThK MOXe Ja ObJie OTCTpaHEeH KaTo ,,MHCTPYKIUUTE C€ 3aMEHH C ,,M3MCKBAHUATA
(PPKOBOJICTBA, HHCTPYKIIUH, IPETIOPHKH U 1p. ). [[pomsiHaTa € peHo 1a ce HaHece U Ha BCUYKH
MeCTa B MpaBujIaTa KbJETO UMa MOI0OHU TEKCTOBE.

Jpyr chIeCTBEH HEJOCTATHK C HEIIBJIEH TEKCT € HAJIMIIE B N3UCKBAHUATA Ha wi. 74, ai.
5, Touka 2 ,,OTBOpBT 3a MOCTHIBAII BB3AYX ce€ 3arBapsa ¢ jiaH*. Karo ce umar mpenBua
KOHCTPYKTUBHHUTE OCOOCHOCTH Ha HAW-ITUPOKO pa3MpOCTpaHEHUTE Mapku U moaenu BJIA B
CTpaHaTa € HAJIOKUTEITHO YChbBbPIIEHCTBAHE HA U3UCKBAHUATA C IPUMEPEH TEKCT ,,OTBOPBT 3a
MOCTBIIBAI BB3yX CE 3aTBapsl ¢ JJIaH WK ¢ 6emoapobeH aBToMar, paeauHeH oT BJIA Ho B
3aTBOPEHO CBHCTOSIHME, WIM C JIPYro 3aTBapsllo yCTpoHCTBO. [[maHTa uiau 3aTBapsLIOTO
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YCTPOMCTBO C€ OTCTPaHsIBa OT OTBOPA U CE€ U3BBPIILBA BAMIIBAHE, CJIe]] KOETO OTBOPBHT OTHOBO
ce 3aTBap4.

AHanmu3bT Ha u3UCKBaHMATAa B 4wi. 80 3a TeXHUYECKUs Tperjeq U B wi. 86 3a
eKcIIoaTanusiTa Ha OyTUJIKUTE 3a CI'bCTEH BB3JyX, Hajara axkTyajJu3upaHe Ha TepMHHa
»lIEMIIETYBaHHU, KaTo 3a LeNTa € MOAXOJAL] HalpuMmep ,,TpalHO MapKHUpaHHU Mopagu
HEBBH3MOXKHOTO W OIACHO JEHCTBUE ,lEeMIeNyBaHe BbPXY CHbBPEMEHHUTE KOMIIO3UTHU
OyTHIIKH.

B Tekcra Ha ocma riaBa, KbAETO CE€ Pa3riek]a BaXXHUS BBIPOC 3a OpraHU3anusiTa Ha
nocra 3a 0e30MacHOCT, ChIIECTBYBAT HAKOJIKO MECTa C HESICHU pasmopendu xato B wi. 118
,.110CT 3a Oe3omacHOCT ce HasHauyasa ...“, B wi. 119 u gn. 120 ,Koraro .... He mo3BoJsiBa
Ha3Ha4YaBaHe Ha IMOCT 3a 0E30MaCHOCT, PYHKIIMHUTE Ha MOCT 32 0€30MaCHOCT C€ UBMBIHIBAT OT
LS B 122 ) IToctsT 32 Ge3omacHoCT: 1. ciaenu 3a ... 2. HE JIOMYyCKA ... 3. MOAIbpXKA ... 4.
HaOmromaBa ... 5. yBenomsiBa ... 6. mogasa ... 7. curHaiamusmpa ...“. [locoueHute TekcToBe ca
a0COJIIOTHO HECHBMECTUMU C TE3M OT JOMBIHUTENHATa pasnopenda § 1. [lo cmuchia Ha Te3un
npasmia: ... Touka 6 ,,Iloct 3a Ge3omacHoOCT” € ,,CHEIUAIHO ONpeaesieHa ... 30Ha ....“. Exno
pelieHre Ha BBIpoca € B IOCOYEHHUTE MecTa ,,JIOCT 3a 0e30MacHOCT /1a ce 3aMEeHHu ¢
,,OTTOBOPHUK Ha MOCT 3a 0e30macHOCT.

Karo usio B mpaBuiata mMa HeOOXOIMMOCT OT U3SICHSIBAHE U HA IPYTH BaXKHU BBIIPOCH,
KaKTO W Mpeluu3MpaHe Ha OTJETHU TEKCTOBE KaTo ,,0NE€PaTHUBHO IEXKYPCTBO®, ,A€KypHa
CMsIHA", ,,IeKypEH ekum‘* 1 apyru. CBbp3aHO ¢ O€301acHOCTTA Ha IepcoHaia, padorei ¢ BJIA,
€ HAJIOXKUTEITHOTO PErIaMeHTUPAHEe Ha BBIIPOCHUTE 3a MPOBEPKA YMCTOTATa Ha Bb3AyXa U MO-
KOHKPETHO KakBM ca pela, MEeToJa M MEepHOJUYHOCTTa 3a W3BBPIIBAHE Ha IPOBEPKATa,
CBHIIHOCTTA HAa M3[JaBAHUTE MPOTOKOJIM, KOUTO ChIVIACHO wi. 125, an. 2, T. 5 ce chbXpaHsaBaT
0e3CpOYHO.

[Tpu Bcuuko 10 TyK € HEOOXOAMMO J1a C€ B3eMarT 0]l BHUMAHKE U3MOI3BAHUTE PA3IHIHU
BUJI0BE, MapKu U Mojienu BJIA, koMnpecopHH HUHCTANALNUU, KaKTO U APYTU JIMYHU TPeaIa3Hu
cpenctBa ocBeH BJIA.

AHaIu3bT Ha HSAKOW cleuu(UYHU H3MCKBAaHUS 3a OCUTYpSBAaHETO Ha JUXaTelHaTa
3alMTa B pa3riiekIaHUTE MPaBHIia MO3BOJISIBA J1a CE€ HAMpaBH OOOOIICHHS M3BOJ, Y€ B Ta3u
o0JacT uMa ChIIECTBEHU HETOCTAThLIH.

3. 3akioueHue

B pabotara ce mpoyuBar, aHamu3WpaT U MpeJiarar pPelieHus 3a ONTHMH3UPAHETO Ha
HSKOU crienu(PUYHU M3UCKBAaHUS 3a OCUTYPSIBAaHETO Ha JUXaTejaHaTa 3alluTa B Ipoleca Ha
oOydeHre U TIpH MPOBEKIaHEe HA OCHOBHHUTE JICHHOCTH Ha OPraHUTE 3a MoKapHa 0€30MacHOCT
U 3al1Ta Ha HACEJIEHUETO.

Bb3 ocHOBa Ha pe3ynTaTHTe OT paboTara MOXKE Ja Ce H3TOTBAT NPEUIOKCHHS 3a
YCHBBPIICHCTBAHE Ha IMpaBWiIaTa O OpPraHWTE, OBJIACTEHM Ja M3/1aBaT HOPMATHBHU aKTOBE,
HJIM 00 TC3U C IPpAaBO HAa MHUIIMATHUBA 3a IPOMAHATA UM.

C onTuMHU3HMpaHETO HA TMOCOYEHHUTE CleHu(UYHM U3MCKBAHHS 3a OCHUTYPSIBAHETO Ha
AuxareiiHara 3alura C€ Cb3AaBaT MPCAINOCTABKH 3a IMOBUIIIABAHC eq)eKTI/IBHOCTTa Ha
ekcrutoatanusaTa Ha BJIA u HuBoTO Ha 6e30macHOCT Ha juiata padoremm ¢ BJIA.

Pe3y.HTaTI/ITe oT pa60TaTa MOXKE€ Ja C€ H3II0Ja3BaT OT AJIBXHOCTHUTC JIMIAa, KOUTO
PBKOBOAAT, KOOPAUHUPAT, KOHTPOIUPAT U OCHIIECTBABAT €KcIuloaranuara Ha BJIA.

[Ipennoxxenute perieHust B paboTaTa MoOXke Ja ObJAT MOJE3HU U 34 CIICIHUATUCTHTE,
KOUTO W3BBPLIBAT NEPUOAMYHUTE MPOBEPKHU, HIMUTBAHUS, TEXHUYECKH OOCITYKBaHUS U
peMonTu Ha BJIA.

Pesynararure or paborara ca 3HaUMMH U 3@ INPENOAABATEICKUAS M HAy4dHO-
U3CIIEIOBATENICKUSA ChCTaB Ha CTPYKTYPUTE M OpPraHU3aLUUTE, MPOBEXKIAIIUM OOydeHHe IO
JUXaTenHa 3alluTa.
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N3CJIEJABAHE BbPXY OIITUMU3UPAHE ITPOLLECA
HA CEPBU3HOTO OBCJIIYKBAHE HA ITOXKAPOT'ACUTEJIUTE
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RESEARCH ON OPTIMIZATION OF THE PROCESS
OF SERVICE OF FIRE EXTINGUISHERS

Mitko Nenov!, Kostadin Ivanov?

MOI Academy; Faculty of Fire Safety and Civil Protection, Sofia
*,,Spirid 96 LTD

Abstract: The report considers the existing situation and offers an opportunity to optimize
the activity of filling in, keeping and storing the documentation, and hence the whole
process of servicing the fire extinguishers.

Key words: optimization, process, service, fire extinguishers.

1. BLBenenue

OcwurypsiBaHEeTO Ha TOXKapHaTa 0€30MaCHOCT Ha 0OCKTHUTE, 00XBAIAIIN BCUYKH chepH Ha
oOmiecTBeHHsl )KMBOT, Hajara Te Jia ce o0opy/JBaT ¢ HOCUMH M BO3UMH mNoxkaporacurenu. C
[I0’KapOraCUTEIUTE CE 3alluTaBaT Crpaad, CbOPBHKEHUS, BBHHIIHU HHCTAJALMU, MEcCTa 3a
OTKPUTO ChXpaHsBaHE Ha MaTepHalli, TPAHCIIOPTHU CPEACTBA U IPYT'H 00EKTH, B TPaHULIUTE Ha
KOUTO € Bb3MO)KHO ITPUCHCTBUE HA XOpa U HAJIM4ME Ha MaTepuanHu lieHHocTH [1]. M3BecTHO
€, 4ue C MpaBUJIHATA U HAaBPEMEHHA ynoTpeOa Ha MOXKapOracUTEINTEe MOTaT Ja ce MOoracsT
MIOBEYETO OT BB3HMKBALIUTE I0’KApH, KOraTo ca B HayaJeH CTaguil Ha pa3BUTUE WMJIU ca C
OorpaHHuYeHU pa3Mepu. BrpocuTe 3a ekcioaranusaTa Ha MOKaporacUTeInTe, B TOBA YHCIO U
CEpBU3HOTO UM OOCITy>KBaHE ca IIpeaIMeT Ha pas3riekaaHe B peaulia HayqHu myonukamui [1, 2,
3, 4] v momaat B 00XBaTa Ha HOPMAaTHUBHY W3UCKBAHWUA [5,0] M cTaHAapTH3UpaHH MIPETIOPHKH [6].

[Ipu u3BBpIIBaHE HA CEPBU3HOTO OOCTY>KBaHE HA TIOKAPOTACUTENIUTE OT ThproBuure [5],
TAXHO PETIaMEHTUPAHO 33abJKEHUE € J1a CE U3TOTBSAT, BOAAT HA CTPOI OTYET U ChXpPaHABAT

! Mutko Henos HeHos, ri1. ac., nnxk., Akagemus Ha MBP, gakynrer , IToxapHa 6€30MacHOCT ¥ 3aLIXATA HA
HaceJIeHneTo , karezpa ,, Texauka“, Akagemus Ha MBP, rp. Codwus, yi. [Tuporcka Ne 171;

e-mail: nennnov@abv.bg

Mitko Nenov Nenov, Assist. Prof., Eng., MOI Academy, Faculty of Fire Safety and Civil Protection;
Department of Technics, 171 Pirotska Str., Sofia, Bulgaria; e-mail: nennnov@abv.bg

2 Kocragun Crimpugonos MBanos, uuk., ,,Croupun 96 EOOJ, rp. CmoisH, yi. CHexanka, Ne3 ;

e-mail: kspiri@gmail.com

Kostadin Spiridonov Ivanov, Eng., ,,Spirid 96 LTD, Smolyan, Snezhanka str., Ne3; e-mail: kspiri@gmail.com
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JOKYMEHTH, KOUTO ca M IPEAMET Ha KOHTPOJ OT MHCIEKTHUPAILUTE OpPraHu IO MOoXKapHa
0€30IaCHOCT M 3all[UTa Ha HACEICHNEeTO. AHAJM3BT HA MpPOIleca IO OCHIIECTBABAHETO Ha TE€3H
BaXHU JIEHHOCTU MOKa3Ba, Y€ CIOpE]a TojsMa 4YacT OT ThPrOBLUUTE HM3BBHPIIBAHETO UM €
CBBP3aHO C JOMBJIHUTEIHU aHTAKUMEHTH Ha OCHOBHHUTE U3MBJIHUTENN WK C YBEIMYaBaHE Ha
paboTHUS MIEpCOHA, a OT TaM U C HETaTUBHHU SBJICHUS BbPXY KOJIMYECTBOTO U/UITU KAUECTBOTO
Ha MPOAYKLHUATA, Pa3XOAUTE U IPYTH.

Bcuuko ToBa 000CHOBaBa aKTyalHOCTTa Ha HacTosmiata paboTa, KOATO € ¢ IMpeaMeT
ChBIAJAL C LENTA, & UMEHO M3CJIEIBAHE BB3MOXKHOCTTA 3a ONTHUMHU3UpAaHE IEHHOCTTa IO
U3rOTBSHE Ha JOKYMEHTaUusATa TMpPH M3BBPIIBAHE CEPBU3HOTO OOCIy)KBaHE Ha
[10’KapOracUTEIIUTE.

2. OcHOBHA YacT

2.1. CbliecTBYBAIIO MOJIOKEHHUE U HACOKH 32 U3CJIeIBAHETO

CepBuU3HOTO 00CTYKBaHE Ha [M0KAPOTACUTENINUTE € MPOILIeC, BKIIOYBAIIL €[HA WU TIOBEYE
OT MPOIEAYPUTE TEXHUYECKO OOCITy>KBaHE, Mpe3apexiaaHe, XUIPOCTATHYHO M3NHUTBaHE [7],
Opyu KOWTO OCHOBHM ca JeHHOCTUTE 1O TMOJAbp)KaHE M BbB3CTAHOBABAHE Ha
paboTocrnocoOHOCTTa Ha Te3W MPOTUBOIMOXKAPHU ypeau. M3BecTHO € cbhUIO0 Taka, de
HApyIIaBaHETO Ha pabdOTOCMOCOOHOCTTa HA TOKAPOTACUTEIUTE MOXE Ja 3acTpailu
0e30MacHOCTTa HA XOpaTa Wi Jla TOBEeAE A0 3HAYUTEIHH MATePUATHA U MOPATHU meTH [3].
Te3u 00CTOATENCTBA Ca HAOKIIIA CEPBU3HOTO 00CITYKBaHE Ha MOKAPOTACUTEIIUTE B CTPaHATA
Jla Ce W3BBPIIBA CaMO OT THPIOBIM, KOUTO OTTOBAPAT HA PEIUIA YCIOBHS M MPUTEKABAT
paspeuuTenHo 3a Ta3u AeHoct [5,6].

B cwoTBeTCcTBHE ¢ HOpPMATHBHO H3WCKBaHE [4], KOeTO 00O0OIIEHO CHBMAaJa U ChC
CTaHJapTU3WpaHaTa MpernopbKa [6], pe3yATaTuTe OT U3BHPIICHOTO CEPBU3HO OOCITYKBaHE CE
YAOCTOBEpSIBAT OT THPrOBIUUTE C OTICIHU, TPAMHO 3aKpelneHu BbPXY KOpIyCHUTE Ha
MOKapOracUTEIUTe CTUKEPH, ChIBPKALIM ompezaeneHa HH(opmanus. YCIOpeIHO ¢ ToBa
U3MBIHUTEIUTE Ha JCHHOCTTa ca UTBbXKHHU Ja OTpa3sAT MOAPOOHU NaHHU 3a U3BBPILIEHOTO
TEXHHUYECKO  OOCIy)XBaHe, TMpe3apekIaHe WU  XUAPOCTATHYHO  M3MHUTBaHE  Ha
MOXKapOTracUTENIUTe B NHEBHUK (TpuiiokeHue Ne 8), cbXpaHsBaH HE MO-MaJIKO OT JIeCET TOAUHU
CJIe]l IOITBJIBAHETO MY U B IIPOTOKOJI 3a NIPEAaBaHe U IpueMane (npuioxkenue Ne 9), konue ot
KOMTO ce mpeaocTaBsi Ha COOCTBEHHKA Ha MPOTUBONOXKapHUTE ypenu [5]. ChlecTByBaIoTo
MOJIO’KEHUE 110 U3TOTBSIHETO HA THEBHUKA U MPOTOKOJA € CBBP3aHO C MPAKTUYECKU JTOKa3aHU
HEJO0CTaThIIM, CPE]l KOUTO MO-CHIIECTBEHU Ca:

e Haii-yecTO MpuWaraH BapHaHT 3a M3TOTBSHETO HA JBaTa JOKyMEHTa € IO
KJIACUYECKHsI HAaYMH, KaTo CJIe]l pa3leyaTBaHe Ha OTaHKUTE OT MpuiioxkeHusTa Ne 8
u Ne 9 [5], momrenBaneTo Ha MH(OPMAIHATA Ce U3BBPILBA PHKOMUCHO. To31 mporiiec
no cyOeKTHBHM NMPUYMHU € CBBbP3aH C OTHOCHUTEIHO TOJISIMA MPOIBIIKUTETHOCT
(MOHsIKOTAa € TOo-TOoMsIMa OT Ta3uW Ha APYTUTE JEWHOCTH IO OOCTy)XKBaHETO) W
3HAYUTENIHA BEPOSITHOCT 3a TPEIIHO /MM HEACHO M3MHMCBAHE Ha YacT OT TEKCT
(OykBH, 3HAIH, CAMBOJIH, ITU(GPH U T. H.), TPEAMOCTABKA 32 KOETO Ch3/1aBaT JIUTICATA
Ha JOCTaTh4YHO MSICTO B HAKOU KJIETKH OT TaOJUIIUTE U U3MOJI3BAHETO HA Pa3InYHU
Y HEM3BECTHU CHKPAIICHHUS;

e pyr BapuaHT 3a M3TOTBIHETO UM € C IOMOINTa HAa KOMIIIOTHP, Karo 3a
MpaKkTUYeCKaTa peayn3alds MacoBO ce Toii3Ba mpuioxkennero MS Word ot
omepaiMoHHara cucrema Windows, ¢ KOe€TO MOXe Ja ce CbKpaTu
MPOIBIKUTETHOCTTA TTOCPEICTBOM KOMUpPAHE M TMOCTAaBSHE HAa HSAKOW JIaHHU B
OTJICTHA MeCTa Ha JOKyMeHTUTE. [IpuiaraneTo Ha TO3M BapUaHT € CBBP3aH ChC
3aTpyIHEHUS TPU HAHACSHETO HA MACHTHU(UKAIMOHHATA MAapKUPOBKA HA BCEKHU
nmokaporacuren (Mapka, MOJEN, CepHUeH HOMEp WU Jp.), KAaKTO M THPTOBCKOTO
HAUMEHOBAHHE Ha TOXKAPOTaCUTEITHOTO BEIIECTBO, MOPATU CHINECTBYBAHETO HA
o06o3HaueHwus (OyKBH, 3HAITM, CHMBOJIHU, IU(PHU U T. H.), KOUTO Ca HEU3BECTHU H/WITH
JIUTICBAIY BHPXY KOMITIOThpPHA KJIaBHaTypa (HampuMep KUTANCKU WK TPBIKHI).
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KbM pasrnexnanus BbIIPOC MOXe Ja ce 100aBU U TOBA, Y€ aKO CE M3MOJI3Ba MIBPBUST
BapHaHT IPU U3TOTBSIHE Ha MPOTOKOJIa € HEOOXOAMMO WJIH MOITbJIBAHE B JBa EK3EMILISAPA, KOETO
BOJIM 70 3ary0a Ha BpeMme, WIH KONHMpaHe HAa OPUTHHAJNA, IPU KOETO MOXKE Ja MMa HesCHa
uH(popMalsg BbpXY KOIMUETO OT pbkomuca. [Ipu u3non3BaHe Ha BTOpUS BapUaHT, YECTO CE
cpewmiaT 3aTpyAHEHHUS C TOMBJIBAHETO HA JaHHUTE B HIKOM OrPaHUYEHH MecTa OT
NPWIOKEHUATA W C BHU3yaM3UpAaHETO Ha WH(MOpPMANMATAa TMPU pas3ledarBaHe, MOPaIu
opopMmsiHE Ha TaONWIM, BKIIOYMUTEIIHO W HEBUIMMAa TakaBa B IIPOTOKOJA, KOWTO C€
KOH(GUTYpUpaT TPYyIHO U pA3IU4YHO IMPU OTAETHUTE codTyepu Ha KOMIIOTPUTE U
IIPUHTUPALLUATE YCTPOUCTBA.

Bb3 ocHOBa Ha MpeACTaBEHOTO CHIUIECTBYBAIIO TOJI0KEHNUE, HACOKUTE 3a M3CIICABAHE B
Hacrosmiata pabota ca KbM ch3maBaHe Ha codryeper mpoaykt (CII) 3a onrtummsupane
JeITHOCTTA MO MOMbJIBaHe, BOJICHE U ChbXPaHEHHE Ha JHEBHHUKA U MPOTOKOJIA MPU U3BbPIIBAHE
CEpBU3HOTO OOCITy>KBaHE Ha TIOKAPOTACUTEIIUTE.

2.2. CBIIHOCT HA H3CJIEABAHETO

[IpenBaputenHo ca hopMynHpaHu OCHOBHUTE U3UCKBAHUS, HA KOUTO TPSOBA 1a OTTOBaps
pa3paborBanus CII, a uMeHHO:

® Jla Ce OCUTYpPH CBKpAall[aBaHE Ha BPEMETO 3a HU3TOTBSHETO Ha JHEBHUKA U
MIPOTOKOJIA;

e J1a ce CBEJE 0 MUHUMYM BB3MOXXHOCTTA 332 HaHACSHE HA HETOYHA /WU HETbIIHA
uH(popMalrs B THEBHUKA U POTOKOJA;

e 1a ce chb3dane 0a3a OT JaHHM C MbJIHA U JOCTOBEpHAa HH(OpMAIUA 3a BHIA,
THPrOBCKOTO HAaMMEHOBAaHME, MapKaTa, MOJENa U JIPYro 3a MOXKaporacuteiau u
MOXKapOTaCUTENIHU BElIeCTBAa OT Hail-uecTO U3MOJA3BaHUTE B CTpaHaTa U C
YAOCTOBEPEHO ChOTBETCTBUE;

® MPOAYKTHT Ja MOXKE Ja C€ M3I0JI3BA JIECHO U JOCTBHIHO OT U3MBIHUTEIUTE C
MOMOIITa HAa MacoBO pAa3NpOCTPaHEHHWTE B CTpaHaTa KOMIIOTbPU3UPAHU
YCTPOWCTBA,

e Ja HE BJIOIABA yCIOBHUSATA HAa TPYJ HA MEpPCOHANA, OCHUIECTBSBAI IMOIbJIBAHE,
BOJICHE M CHXPAaHECHHWE HA JIOKYMEHTAIMSITa TPU CEPBU3HOTO OOCIy)KBaHE Ha
MOKapOracUTEIUTe.

Cpo0pa3Ho TocTaBeHaTa Il € H3BBpIIeHO mporpamupane, npu koero B CII ca
opopMEeHN IHEBHUKA M TPOTOKOJA ChriaacHo mpuioxkeHusTa Ne 8 m Ne 9 [4], karo
pa3paboTBaHeTO M Bu3yanuzanusra ca B cpega Ha MS Excel. Karo 6a3oBa undopmanus ce
M3MO0JI3BaT JaHHUTE, CBbP3aHU C MocodyeHuTe npuiioxkeHus U Bojgenure B ['JIIIB3H-MBP
pErucTpu Ha MPOJIYKTUTE 3a MOoKaporaceHe ¢ yaocroBepeHo cborBercTBue [6]. B CII Hama
OTpaHHWYCHUSI 3a HAHACSHE HA JONBIHUTEIHU JaHHHU 33 U3MBIHUTEIUTE Ha JACWHOCTTA,
COOCTBEHUIIUTE Ha TMOXAPOTACUTENINTE, TEXHUYECKH CpEeACTBa, MaTepuaqd U JApYyru
HEOOXOJUMH BBB BpPB3Ka ChC CEPBU3HOTO OOCIy)XBaHE, KaTO €IWHCTBEHO € BaXKHO Ja He
Gurypupar npoyKkTH, 4usATO yoTpeda He e paspereHa [5].

CobuiHocTTa M NpUHIMIBT Ha AeiicTBue Ha CII morar ma ce mpeacTaBsT MOCPEICTBOM
JeTalIHO pa3sCHABAHE U OHAIJIE[sBaHE Ha MpoIleca MO U3TOTBAHE HA JOKYMEHTAIUATA.

B nauanoto Ha mporeca B CbOTBETCTBHE C MpPOILIEypHATa MPAKTHKA /1a C€ MOIbIBAT
€HOBPEMEHHO JTHEBHUKA U MPOTOKOJIA, 32 yA0OCTBO BBB (aitn or CII naHHUTE ce HaHACAT
ype3 akTUBHUTE moJiera ,,BrBenu’ u ,,CoOCTBEHUK B CTpaHMIIATa HA MPOTOKOJIA, KBIETO CEe
ChABpPIKa Mo-o0emMHa nHpopMmarus. Cies CTapTUPaHEe Ha MOMBJIBAHETO IPOAYKTa aBTOMATHIHO
pasno3HaBa W OTBaps JOKYMEHT C TaKWBa JaHHH (HAIpUMeEp OT MPEIUIIHO OOCITyKBaHE Ha
CBIIUTE YPEeIHu) U MOTaT CPAaBHHUTEIIHO JIECHO M OBP30 /1a c€ HaHACAT caMO HEOOXOJAMMHUTE
kopekiuu. [Ipu nurca Ha mogo0eH JOKYMEHT ce OTBapsi HOB € IIPa3HM MOJeTa, KaTo U B IBaTa
Ciy4asi MOMBJIBAHETO HA MPOTOKOJA U JHEBHHKA € €IHOBPEMEHHO (€IHAKBHUTE ITAHHHU CE
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BKapBaT aBTOMaTWYHO W Ha JBeTe Mecta). ToBa e ocurypeHo ot Hamumumero B CII Ha
opopMeHHuTe OJaHKM 3a JIBaTa JOKYMEHTa ChC 3allMCaHU JaHHU 3a Thpromemna (dpupmara
HU3II'bJIHUTCII HAa CCPBU3HOTO OGC.Hy)KBaHG) 1 BCHUYKHU APYTU IO MPHUIIOKCHUATA B CIUH U CbIIU
daiin na MS Excel, Ho Ha otnennu crpanuny. [IpotokonsT u qaHeBHUKBT OT CII ¢ mpumepHn
CBhABPIKAHUS ca MPEACTABEHU B 001 BUJT Ype3 CHUMKOB Matepuai Ha ¢ur. 1 u dwur. 2.
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®urypa 4. [Ipumepau nHGOpMaLIMK B aKTUBHHU NIl MEHIOTA
ot nouie ,,BeBenu’ u B noine ,,CodctBenuk* ot CII

[Ipu ycnoBue, uye B 6a3ara JaHHU JIMIICBA HEOOXoauMaTa HHGOpPMAIIUs, TSI MOXE J1a ce
HAHCCC IO TpaAUIMUOHHUA HAYHUH C Ha61/1paHe, CJIEA KOCTO aBTOMATH4YHO CC€ 3allaMcETsBa,
BKJIFOUMTEIHO 32 CJIEJIBAIIO U3IOI3BAHE.

I1o BpEMC Ha NOMBJBAHCTO HAa BCCKMU OT IMPOTOKOJIAa W JHCBHHKA € IIPCABHUACHA
BB3MOKHOCT 3a BBBEXK/JAaHE HAa CHOTBETHUTE HOMEpa W JaTH, KaKTO U HEOrPaHUYECHO
MpEeMaxBaHC U MOIIpaBKa HA JJaHHH.

B CII ot aBTOpCKHUsI KOJIGKTUB Ha pa3paboTkara € MPEeAJIOKEHO Ja CE OCUTYpsiBa B
IPOTOKOJIA U IOITBJIHUTENHA, HETIPEABUACHA B IPHIIOKEHUETO [ 5], nHopMalus 3a moIMeHeHN
YaCTH M MaTepHaH, OPaJH YECTOTO 33]]aBaHe Ha BBIIPOCH 3a TOBA OT KJIMEHTA (COOCTBEHUKA)
" CIIOACIICHUTC MHCHUS OT ONMUTHUTC U3BBPIIUTCIIA HA yCJyrara, 4c¢ CbIIOTO € OT II0JI3a 3a

NPO3pavyHOCTTa Ha HANpaBeHHUTE pa3xoad. ToBa MpPEIOKEHHE € MPEICTaBEHO C MPUMEPHU
JTAHHU B CHUMKOB MaTepuai Ha Qur. 5.

Cobcreenmn: Ha noxaporacurena’ure: Cobcteemx 1. agpec: rp. Inoemue, MOJT "Maproeo Tens".

Ilpu obcoyeaneTo ca moaMeneHH: Manomerpr op. Maprcyd 33 DoXaporacHIen op. Mer. nmuerT: 6p.
O-np'bcmH:............._..59:. T'naza 33 MOMKAPOTACHTET: .....coceneeeceacas b D

Tozm TIPOTOKOJ CE CECTABH B B3 E,ZI}IDDSPMHH E€K3EMIUIEPA — M0 €OHH 33 0PraHH3alNATa, HIEEPIIITA 055.]1}")5(31[{&'[0: 1 33 CODCTESHNEA HA TOXAPOTACHTENA HTE.

®urypa 5. O6u1 B Ha nHGOpMaIHMATa 3a TOAMEHEHU YacTh 1 Marepuanu B CII

Crnen karo ca MONBIHEHUM JOKYMEHTUTE, BCEKM OT TSIX MOXE Ja ce pas3ledyaTd B
HeoOXonuMusl Opol eK3eMIUIIpH C akTHBHpaHe Ha mone ,Jlledat”, mpu koeto ¢ainbt
aBTOMaTM4YHO C€ 3armaMeTsiBa (HE3aBUCHMO JalM € HalpaBeH MU 3aluc 10 HIKOW OT
TpaJUIIMOHHUTE HaYMHM) B 6a3ara nanHu Ha CII. ChIecTBeHO 3a M3rOTBEHUTE JOKYMEHTH € U
BB3MOKHOCTTa J1a C€ IIPEeMecTBaT B IaMeTTa Ha JAPYro KOMIIOTBPHO YCTPOMCTBO, 4pe3
aKTHBHpaHE Ha noJsie ,, iIMnopT* B 1HEBHHUKA.

HezaBucumo, ye msmara uagopmanus oT CII ce cbxpaHsiBa Ha KOMITIOTBPHH YCTPONCTBA,
IIPETNOPBUYUTEINHO € J]a CE 3aMUCBA U HA OTAEJIEH MarHUTEH HOCUTEIL.

3aBeX/1aHETO U ChXPAHSIBAHETO HA M3TOTBEHUTE JHEBHMK M MPOTOKOJ C€ U3BBPIIBA U
(U3UUECKU CHIIIACHO yCTAHOBEHUTE HOPMATUBHU U3UCKBaHUA [5,6].

2.3. Onenka Ha GQyHKIIMOHATHATA FOAHOCT HA MPOJYKTA

®yunkiuonanHata rogHocT Ha CII e oleHeHa ¢ eKCIEPUMEHTAIHOTO MY JIEUCTBUE B
TpI/IMeCGLIeH nepnozn C MH3TOTBAHC U C’bXpaH}IBaHe Ha ,Z[OKyMeHTI/ITe OT IEeT OTACIHHN
W3MBJIHATEN B TPH CEPBU3HU 0a3u, HAMUPAIIHM CE B pa3JIMYHU HACEJICHU MECTa.
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IIpu excnepumentaniHoto neiictBue Ha CII He ca yCTaHOBEHHM OTKIOHEHHUS OT
HOpMaJHaTa My paboTa U 3aTpyJAHEHUS TPU U3MOJI3BAHETO OT BCUYKHU MOJI3BATEIH.

3a AOMBJIHUTCIIHO OLCHABAHC 'OAHOCTTA € IMPOBCACHO IMMPAKTHUYCCKO JCMOHCTPUPAHC HA
CIl u obcwxmaHe Ha pe3yATAaTUTE C HSAKOJIKO OT BOJEUIMTE THPrOBUU B CTpaHaTa, MpHU
IIPOBEXAaHE HAa 00yUYeHHE Ha JINIA, U3BBPIIBAIIM CEPBU3HO 00CITYKBaHE Ha MM0KAPOTACUTEIH.
[ToBeueTo OT THProBuKTE 000pUXa MPEATOKEHUETO U U3PA3UXa KeJlaHHUE Ja TO MPUA0OUAT U
npusarat cieq myOJuvyHaTa My IMOsIBa.

C nokymeHTHTe, M3roTBeHM ¢ momomira Ha CII ca 3amo3HaTH U HAKOJIKO MPEACTABUTEIN
HA OpraHWTE [0 TOXXKapHa Oe30MacHOCT M 3allluTa Ha CEeJICHHETO, KOHTPOJMpAIld |
eKCIIoaTausATa Ha ToXaporacurenute B oOekture. Cren aHanw3 Ha CHCTOSHUETO Ha
JTIOKYMEHTHUTE, He 0s1Xa KOHCTaTUPaH! OTKJIOHEHHS OT HOPMATHBHUTE U3UCKBaHMUS [5,6].

Pesynratute ot npuiaraneto Ha CII gaBat ocHOBaHUWE Ja C€ CUWTA, Y€ Ca U3MBJIHEHU
INOCTAaBCHUTC U3HMCKBAaHUsA, 4 UMCHHO:

® B IIpEIOKEHUS MPOAYKT € HaIW4YHa 0a3a OT JaHHU C JOCTOBEpHA MH(pOpMAIHs B
JOCTaThUYCH 00eM 3a MOKAPOTACUTENIM U TMOKAPOTACUTEITHU BEIIECTBA, OT Hali-
YeCTO M3IOJI3BAaHUTE B CTPAHATA U C YAOCTOBEPEHO ChOTBETCTBHUE;

® [IOCTHra ce ChbKpalllaBaHe Ha BPEMETO 3a U3TOTBSHETO Ha THEBHUKA U MPOTOKOJIA U
ce HaMaJsiBa BEPOSITHOCTTA 3a HAHACAHE B TSIX HA HETOYHA, HEMbJIHA U HEsICHA
uHpOpMaLIKS;

e pa3paboTeHHUAT MPOIYKT MO3BOJsIBA Ja OBbAE MPHIAraH JIECHO W JOCTBHITHO OT
U3MBJIHATEIUTE C TOMOIITA Ha MacoBO pa3NpOCTpaHEHUTE B CTpaHaTa
KOMIIOTHPU3UPAHU YCTPOUCTBA;

e u3non3Banero Ha CII He Bonu 10 HapyllaBaHe Ha 3PaBOCIOBHUTE U Oe30MacHU
yCIIOBUS HA TPY/1 Ha IEpPCOHAIA, OCHILIECTBSABALLL TOI'BJIBAHE, BOJCHE U ChXPaHEHUE
Ha JIOKYMEHTAIMITA TIPU CEPBU3HOTO 0OCTY)KBaHE Ha MOKAPOTACUTEIINTE;

e  Ch3JaBa ce MmoJie3eH e(heKT 3a TpyJa Ha U3ITBIHUTEINTE U HKOHOMUYECKH e(PeKT 3a
ﬂCﬁHOCTTa Ha TbProBUUTE, OCBIICCTBABAILIA CCPBU3HOTO O6CJIy)KBaHe Ha
MO’KaporacUTeIUTe B CTpaHaTa.

C ToBa MOXe J1a ce CuMTa, Ye Ce MOCTUIa ONTHMHU3HMpaHE IMpollieca Ha CEPBU3HOTO
o0ciy>XBaHe Ha MMOKAPOTACUTENINTE, a OT TaM U IIeJiTa Ha paboTaTa € U3ITbIHEeHA.

3akiroueHue
[IpennoxxeHoro pemieHne ¢ mnomomira Ha paspadorenuss CII ga ce omrummsupa
MOIBJIBAHETO, BOJIEHETO U ChbXPAHEHUETO Ha JIOKyMEHTALUATa IIPU U3BBPIIBAHE CEPBU3HOTO
o0CTyKBaHE Ha TOXXKAapOTaCHTEIUTE € CHhOOpa3eHO C OBIrapCKOTO 3aKOHOAATEIICTBO U
HAI[MOHAJHUTE CTaHJApTH, KaToO ca B3€TH NpPEABU CIeUU(PUUHUTE U3UCKBAHUS, CBbP3aHU C
opraHu3anuAaATa U TCXHOJOIusTa Ha HeﬁHOCTTa. HpI/IJ'IO)KI/IMOCTTa, HGHGC’bO6pa3HOCTTa )41
e(eKTUBHOCTTA Ha MPEJJIOKEHUETO ca IOKA3aHU B PEaTHH YCIOBUSI.
PGSYJ'ITaTI/ITC oT pa60TaTa HUMAT HAYUYHO-IIPUJIOKHA U O6H.[€CTBeHa 3HAYUMOCT U MOTaT ga
OBJaT IIOJIE3HHU 3a:
®  UHXXEHEPHO-TEXHUYECKHIT NEpCOHAN, KOWTO OpraHu3upa, pPbKOBOAU W/HIU
HETMOCPE/ICTBEHO OCBIIECTBSIBA CEPBU3HOTO OOCTY)KBaHE HA MOKAPOTACUTEIH;
e OpraHu3alMuTe B CTpaHAaTa, KOUTO TMPOBEXKIAT OOYyYeHHWETO Ha JIMIATa,
U3BBPIIBAILN CEPBU3HO 00CTYKBaHE Ha MOXKAPOTACUTEINH;
® OpraHuTe, KOUTO OCBHUIECTBSIBAT pa3pelluTeIHa W KOHTPOJIHA JIEWHOCT Ha
THProBUUTC, U3BLPHIBAIIM CKCIUIOATAIHUA HAa YPCAU U CHOPBIKCHUA, CBbpP3aHU C
no>kapHarta 0€301acHOCT Ha OOEKTHTE;
e JMIaTa, 3aWHTEPECOBAaHM OT  YCHBBPIICHCTBAHETO HA  HALMOHAIHOTO
3aKOHOJATEJICTBO, B 00J1acTTa HAa CEPBU3HOTO 0OCTYKBaHE Ha MOXKAPOTaCUTEIHTE.
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KOHTPOJI HA TEBUTA HA ITIOXKAPHUTE XUJIPAHTHU
ITO BPEME HA EKCIIVIOATAIIUA

Csujiena Apabamkuenal

3

Axaodemus na MBP, ¢paxynimem ,, [lodicapua 6ezonacnocm u 3awyuma Ha HaceleHuemo

FIRE HYDRANTS FLOW CONTROL DURING EXPLOITATION
Svilena Arabadzhieva!

MOI Academy; Faculty of Fire Safety and Civil Protection, Sofia

Abstract: The article reviews the legislative and other requirements for maintenance of
fire hydrants and control of their water flow. Analysis of the specific requirements, the
special equipment, the different formulae and the scientific base for the control of the
water flow of the fire hydrants has been performed.

Key words: fire hydrants, water flow, exploitation, maintenance and control

1. BnLBeaenue

Enna oT Haii-BaXXHHUTE MPEANOCTABKU 32 YCIIEIIHO [10)KAPOTaceHE € OCUTYpPSBAHETO Ha
HEOOXOIMMOTO BOJHO KOJIMYECTBO B TOYHMS MOMEHT. BBHIIHOTO NPOTHBONOXApHO
BOJIOCHA0/IsIBaHE HAa ypOaHM3MpAHHUTE TEPUTOPUU M OOEKTUTE CE€ OCHUTYpsiIBA OCHOBHO Ype3
BOJIOCHAOIUTEIIHUTE MPEXKU Ha HaceleHUTe MecTa. [loxkapHUTe XUIPAHTH ca ChbOPBKECHUATA,
ype3 KOWUTO CTaBa AMPEKTHOTO BOJOB3EMaHE OT BOAONpPOBOAHATAa Mpexka. HopmarueHuTE
U3UCKBAaHUS KbM BOJOCHAOIUTEITHUTE MPEXKH, TOKAPHUTE XUIPAHTH U HEOOXOAUMUTE BOJHU
KOJIMUECTBA 3a M0XKaporaceHe ca sICHO perinameHTupanu [1, 2, 3]. B Hamara ctpaHa ocrtaBa
OTKPUT BBIIPOCA 32 KOHTPOJIA Ha ]eOnTa Ha XUAPAHTUTE B ITPOLIECA HA TAXHATA €KCIIJI0ATallHs.
To3u BBIPOC 1aBa CEPUO3HO OTPAXKEHHUE BHPXY IUIAHUPAHETO HA ONEPATUBHO-TAKTHUUECKUTE
JIeMCTBUS Ha ClIEUATM3UPAHUTE EKUIIM Ha CIIy>)KOMTE 3a MokapHa 0€30MacHOCT U 3allluTa Ha
Hacenenuero (IIB3H) m He Ha mocimenHO MSCTO BBPXY pELICHHUATA, KOUTO CE€ B3UMAT
HEMOCPEICTBEHO HAa MACTOTO HAa Bb3HUKHAIIM Mokapu [4, 5].

2. U3uckBaHus M KOHTPOJI PH onpeesisiHe HA GakTHUYECKUS T1e0UT HA MOKAPHU
XUAPAHTH

2.1. U3ucKBaHUA U KOHTPOJI NIPH OnpeaesasiHe HA (PaKTHYECKUs 1e0UT HA MOKAPHHU
XUJApaHTu B bbarapus

! Ceunena ApabGaikuesa, CTapliy TIPeNojaBaTel, Kareapa ,, Taktuka®, gpaxyirer ,,[loxkapHa 6e30MacHOCT U
3amuTa Ha HaceseHnero™, Akaaemus Ha MBP, rp. Codus, yin. [Tuporcka Ne 171; e-mail: ssarab@mail.bg,
Svilena Arabadhzieva, senior lecturer, Fire Tactics Department, Faculty of Fire Safety and Civil Protection,
Academy of the Ministry of Interior, Sofia, Pirotska str. 171; e-mail: ssarab@mail.bg
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CeranacHo [6] BOIOCHAOAWUTEIHUTE MPEKU B HACEIEHUTE MECTa C€ MPOEKTUPAT KaTo
YJIIMYHU BOAONPOBOAHU MpexH. [lo-ronsimMara yacT OT moKapHUTE XUAPAHTH HA TEPUTOPUATA
Ha PenyOnuka bbirapus ca MOHTUpaHH Ha YIUYHUTE BOJAOIMPOBOIHM Mpexu. Te ca myOiandHa
IbpkaBHA WM MyOamdHa oOmmHCcKa coOcTtBeHOCT. 1o cumara Ha JloroBopu 3a KOHIECHU
eKcruioaTanusaTa u nogapexkkara Ha BuK cucremure ca npeorcrenenu Ha 51 BuK onepartopa
Ha TepuTopusta Ha PernyOnmka bearapus. [1o cMuchia Ha TOpernocouYeHOTO OTTOBOPHOCT 3a
MOJIIbPXKAHE B M3MPABHO CHCTOSHUE HA MOXKAPHUTE XUAPAHTH M IOATOTOBKATa UM 32
eKCIUIoaTalusl Mpu OTPULIATEIHH TeMIEepaTypy MpeAu HACThIIBaHE HA 3UMHHS MEPHOJ HMa
BuK oneparopbst. U3KitoueHne npaBAT MOKapHU XUAPAHTH, MOHTHUPAHU CJEA BOJOMEpPEH
BB3€J1 Ha JIaZIeH 00EKT, KbJIETO € OTTOBOPEH COOCTBEHUKBT UM PHKOBOJIUTENAT Ha KOHKPETHUS
00€KT, Ha YHATO TEPUTOPHS CE HAMHUPA MOKAPHUS XUIPAHT.

KoHTponbT mo cma3BaHeTO Ha MpaBHJIaTa U HOPMHUTE 3a MoOKapHa 0e30MacHOCT MpH
MPOEKTUPaHE, CTPOUTEIICTBO U EKCIUIOATAIINS Ha OOEKTH M ChOPHKEHUS, € 9acT OT AbPIKaBHUS
MPOTUBOIIOXKAPEH KOHTPOJI [7, 8]. PemnbT 3a KOHTPOJI IPU MPOEKTUPAHETO U U3TPAKIAHETO HA
BOJOTIPOBOJAHM MpPEXKH, B YACTHOCT CBOPBKEHHUS — TIOKApHU XUJPaAHTH, € SICHO
pernamenTHpat. [lo-HesiceH ce siBIBa KOHTPOIBT IO BpEME Ha EKCII0ATaIUsATa Ha MTOKapHUTE
XUAPAHTH. BBIPEKH, 4e € 9acT oT 3abJKCHUITA Ha JbPKABHUS MPOTUBOMOKAPEH KOHTPOJL,
OOMKHOBEHO CaMHUTE MPOBEPKU Ha IMOKAPHUTE XUAPAHTU CE€ U3BBPIIBA OT CIYKUTEIHTE,
OCBILIECTBSIBAIIM [OXKApOoracUTeIHA W chacuTenHa aeHoct. IlpuumnHa 3a TOBa e, 4e
CITy’KHTENUTE, OChIIECTBABAIIM [10KapOTracUTeNIHA IEHHOCT ca MPSK MMOJI3BaTell Ha MOKApHUTE
XHMJIPAHTHU OT €IHa CTpaHa M HEOOXOIMMOCTTa OT cHenu(puIHO 000pyABaHE MPH MpPOBEpKaTa,
ot Apyra. Te3u mpoBepku ce U3BBPUIBAT KATO YACT OT MEPUOINYHOTO H3ydyaBaHe Ha palioHa Ha
JeiCTBUE WM clie] KOHKpeTHa 3amoBes, Ha HadanHuka Ha PCIIB3H/YIIB3H. Ilo Bpeme Ha
IIPOBEPKUTE C€ M3BBPIIBA MPOBEPKA 3a HAIMYUETO HA 3HAK 3a 0003HAYaBaHE Ha IMOXKAPHUS
XUJPAHT, BU3yaJHa MPOBEPKA HA IIEJIOCTTAa HA ChOPBKEHUETO, MPOBEPKA A € BB3MOKHO
HEroBOTO M3MOJI3BaHE U 3a HAIMYUETO Ha Bojaa. HanmuumeTo m m3npaBHOCTTA Ha MOXKapHUTE
XUJAPAaHTH ca B OCHOBaTa Ha NPUIAraHeTO W HA HIKOM CBHBPEMHHH pEIICHUS B
MOXKapoTacUTEIIHATA JIEHHOCT KaTO M3IOI3BAHETO Ha CYXOTpBHOuUsATa B crpaaute [9].

3a ocurypsiBaHe Ha YCHEIIHO I10)KaporaceHe ca IpPEIBHUJEHU ONPEIEIIEHH BOJHHU
KoinuecTBa. Te ce ocurypsiBat npu onpezeneHo Hansarane. [Ipu u3BbpIIBaHUTE TPOBEPKU Ha
MOKapHUTE XHUJIPAHTH CE€ MPaBU MPOBEPKA 3a HATMYMETO HA Boja. JIWIcBa cTaHIapTH3UpaHa
METOJIMKa U 000pYyIBaHE, Ype3 KOETO CIYKUTEIUTE MOTaT Jja OMpeIesIT B KOHKPETEH MOMEHT
Mand JeOWTHT/HASITAaHETO Ha TOXAPEeH XUAPAHT OTTOBapAT Ha PETIaMEHTHPAHOTO U
MPOEKTUPAHOTO.

CrhlecTByBalmMTe METOIM 32 OMpENesiHe Ha IeOUT MoraT Ja ObJaT pa3/eiecHd Ha JBE
OCHOBHU T'pYTH:

e  UPEKTHO U3MEpBaHE Ha NeOUTa;
®  KOCBEHO M3MEpBaHe.

[Ipu kocBeHOTO ompenensHe Ha aebuTa ce U3MepBa HE CaMUAT JIEOUT, a OTICIHU
€JIEMEHTU Ha MOTOKa M TOW ce MoJlyuyaBa upe3 M34MCIeHHs. 3a Ja ce ompeienu IeOUTHT B
MOTOLIUTE TOJ MOCTOSHHO HaJsiTaHe, € JOCTaThYHO Ja C€ U3MEepU €AUH IMapaMeThp Ha
TEYHOCTTA - cKopocT. [1o1Ta Ha HANMPEYHOTO CeUeHNE € U3BECTHA U € OTPAaHUYEHA OT CTCHUTE
Ha BOJIOTIPOBO/1a/U3XOHUAT OTBOP HA XUAPAHTA.

JIMpeKTHOTO M3MepBaHe Ha /1e0UTa € U3KITIOUUTEIHO TI0-TOYHO, HO MO-TPYI0EMKO.

3a onpexaensHe Ha (paKTHUYECKHs A€OUT HA IPOTUBOIIOKAPHU CHOPBKEHUS (CTPYHHHUIH,
XUAPAHTH U Jp.) € MO-1IeJIeChoOpa3Ho Ja ce M3IO0JI3BAaT MHIWPEKTHH MeToau. Paznmuunure
METOJIU C€ U3BBPILIBAT C PA3IMYHU 110 BUJ] YCTPOUCTBA (MMPUCTIOCOOIEHUS ), @ UMEHHO TOBA Ca:
BoZiloMep Ha BeHTypwu; cTpylHHK-BOogOMep U TpbOa Ha [TuTo.
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2.2. U3nckBaHMA M KOHTPOJI NPHU onpeAessiHe HA (paKTHYeCKHUs AeOUT HA MOKAPHHU
XUAPAHTH B APYTH IbPAKABH

B CAIIl yectoraTa Ha POBEPKUTE € PErIAMEHTHUpaHa 4pe3 HapeaO0H Ha ChOTBETHHS
mat/okpbr. OOUMKHOBEHO TMPOBEPKUTE C€ U3BBPIIBAT €OUH WM JBa MbTU TOJUIIHO.
[IpoBepkuTe OOMKHOBEHO C€ M3BBPIIBAT OT CIIY>KUTENU HAa MecTHUTE oOumHu. [Iponenypara
0 MPOBEpKaTa Ha MOKAPHUTE XUJPaAHTHU € pernameHTupana B [10.] XapakTepHoTo 3a MeToa
Ha U3MUTBAHE €, Ye He Ce M3CJIeABA CaMO €/IMH XUIPAHT, a HAKOJIKO B TPyIa, KOUTO € Bh3MOYKHO
Jla ce H3MOJ3BaT €JHOBPEMEHHO 3a IMPOTHUBOIOXKAapHO BoaocHabnaBane. [Ipouemypara ce
OCHOBaBa Ha M3MEpPBAHETO Ha JcOWTa (HOMUHAIHUS KalalUTeT) Ha OIMpPENeeH IMOXKapeH
XUJPAHT, CTATUYHOTO HAJIiTaHe M OCTAaThbUHOTO HaJsraHe B HEro (BbB BOJONPOBOJHATA
Mmpexka). To3u xumpant e obo3HaueH karo residual (R) (ocrarpuen/nabnromaBaH), APyruTe
paboremu xuapanTu ca o3HaueHu karo flow (F) (Tewamu/oTBOpeHN/ChCeIHN XUIPAHTH ).

Homunanuo ocrarsuno Hamsirane € 20 psi (1,4 bar) 3a BCHYKU MOXapHU XUAPAHTH CHC
cratuyHo Haysirane Haxa 40 psi (2,8 bar), a 3a TakuBa c¢be cratnuHo Hasisrade moxa 40 psi (2,8
bar), cTaTHYHOTO HaJsIraHe yMHOXKEHO ¢ koedunueHt 0,5. Bee mak TpsiOBa 1a ce nMa npenBu,
Yye B HSKOU ILIaTH € CTPOTo 3a0paHeHO OCTATHhYHOTO HAJSITaHE B MOKAPHUTE XUAPAHTH J1a € TO-
Hucko ot 20 psi (1,4 bar), a B Te3u, B KOUTO € pa3pelIeHo, € MPEnopbUUTEIHO Ja HAMA TaKHBa
XUJPAHTH U T€ TPSAOBa Aa OBJAT MO-CKOPO U3KIIIOUYCHHE.

Bpost Ha TectBanuTe cheeann xunpantu (F) 3aBucu ot Bua Ha BOAOMPOBOIHATA MpPEkKa
Y TIOCOKaTa Ha BojomnojaBaHe. Toil Bapupa OT €AuH 0 4eTupu. TecTBaHeTO 3amoyBa ¢ €UH
WIH JIBa ChCEAHHM XUIpaHTA. AKO MMa roJieMH 3aryOu WJIM BHCOKO HAJISITAHE B MpekaTa ce
MPOIbJKaBa U3MUTBAHETO U C OCTaHAIIUTE ChCceAHU XuApanTu. [Ipeacraseno e Ha ¢wur. 1.

- o |l
(<) (] |

—_—

‘ Enun cheenen Xxupant Eauni wmn awa cheenun xuapanm_|

© i °J¢
- int

_

‘ OT euMH 10 YCTHPH CHCETHH XHAPAHTH ‘

‘ Or eauH 0 TPH CCEAHU XUAPAHTH

®@urypa 1. CxeMu Ha U3MUTBAHE HA MOKAPHU XUJIPAHTH B TpyIa

Babenesicka: ¢ YCPHU CTPEIIKHU € IMOCOYCHA ITOCOKATa Ha BOJAOIIOJaBaHE.

HeobxoammoTo o0opyaBaHe 3a MpoOBEXKIaHE Ha U3MEPBAHETO € MPEACTaBeHO Ha ¢ur. 2
(1. Manomerpu Ha bypnon: 2. Tpsbuuka Ha [Iuto; 3. O6e3Bb3aymIMTENCH KpaH; 4. Kanauka 3a
U3IYCKaTEITHUTE OTBOPH Ha XUJIPAHT, HA KOSITO MOCPEACTBOM TPHOHUKaA ¢ ABJIKUHA Y4 in (6,35
mm) ce MOHTUpa MaHOMETBHp Ha bypaon; 5. Kittou 3a cbeIMHUTENN 32 XUIPAHT).

W3mepBaHeTO Ha HAJSATaHETO HA CHCEIHUTE XUIPAHTU U OCTATHYHOTO HAJIATaHe B
HaOJr01aBaHus XUAPAHT CTaBa MOCPeCTBOM TpbOuuka Ha [TuTo.

HoMmuHanmHusAT KananuTeT Ha MOKapHUs XUAPAHT ce onpeens no GopMmyia U 3aBUCH OT
OCTaThYHOTO HAJIATaHe, TUaMEThpa U BUJa Ha U3ITyCKAaTeTHUTE OTBOPH Ha xuapanTa. [lox Bua
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Ha U3IYCKaTEeITHUTE OTBOPH C€ MMa MPEIBU]] KaKBH ca pbOOBEeTE Ha OTBOPA, TAXHATA JIeOeTHA
U OT TOBa KaKbB KOE(UIMEHT Ha M3THYaHE Mpe3 OTBOpa MMa. 3aToBa ce MpPErnopbyuBa Aa ce
U3I10J13Ba HACTaBKa C HOMHHAaJEH Koe(uIMeHT Ha pasxoza (0,95), kodaro na ce MOHTHpa Ha
U3XOJHOTO OTBEPCTHE.

®urypa 2. Heo6xoaumo ob6opyaBaHe 3a MpoBepKa Ha Ae0uta
Ha MokapHU XunpanTu cbriacHo NFPA 291

Crnen karo ce W3MEpH OCTATHYHOTO HasraHe ce M3MepBa NeOWTa HAa XHJAPAHTA IO
ypaBuenue (1) wiu ypaBHenue (2)

(1) Q=2984.cd%,p

KbJeTO: O - NeOUT Ha XHJpaHTa, gpm; ¢ - KOSPUIIMEHT Ha pa3xoja, -; d — IuaMeThp Ha
W3MYCKATEHHS OTBOP, 1N, p — OCTATHYHO HAJISITaHE, PSi.

(2)  Q =0,0666.c.d?.\P

kbaeTo: O - 1eOUT Ha XMAPaHTA, M’/s; ¢ - KOe(UIMEHT HAa pasxofa, -; d — AUMaMeThp Ha
W3MYCKATEIHMS OTBOP, MMm; p — OCTaThUHO Haysirane, kPA.

N3mepBaHeTO MOXKeE J1a ce U3BbpIHU U 0e3 TphOa Ha [TuTo. B To3u cinydaii e HeoOX0aUuMO
Karayka ¢ MaHoMeThp ¢ o0xBat 60 psi (4,0 bar) na 6b1¢ MOHTHPaHA HA U3ITYCKATEIHUS OTBOP
Ha XuapaHTa. J[pyrusar usmyckaTeleH OTBOp Ha XHApaHTa (HEOOXOIMMO € Ja € Ha ChIIOTO
HUBO) ce oTBaps. [lokazaHuaTa HA MAHOMETHPA Ca MOYTH HICHTUYHH C TIOKa3aHUATA HA TO3U
npu TprOara Ha [TuTo. MiMa TabiauyHM NaHHH, Ype3 KOMUTO MOXKE J]a C€ ONPENeIH JUPEKTHO
nebuTta Ha TOXKAPHUS XUIPAHT.

AKO ce M3IIOJI3BAT W JIBaTa M3XOJHU OTBOpPA HA MOKAPHHS XUAPAHT OOMIMAT AEOUT ce
U3YHCIABA 110 ypaBHEHUE (3).

®  o=0n(2)

y

KbAETO: Or —00OUI nebut, gpm wnu m3/s; Or — AeOUT, U3MEPEH NPU OCTAThYHO HAJIATAHE B
HaOIOaBaHUs XUIPAHT, gpm Wiau m3/s; A, — craj Ha HAIATAHETO J0 YKEJIAHOTO OCTAaThUYHO
HaJsirane, psi wim kPa; iy— crag Ha HansITaHETO, U3MEPEHO 110 BpeMe Ha TecTa, psi wiu kPa.
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Ha 0a3a Ha HanpaBEeHOTO W3MEPBAHE NOXKAPHUTE XUIPAHTH 10 YIUYHATA BOJAOIPOBOIHA
Mpexa ce KIacuGuuupar 1 MapKupaT B 3aBUCMMOCT OT JiebuTta uM. ToBa cTaBa, KaTo ropHara
YacT Ha XUJPAaHTHUTE ce O0SAUCBAT B Pa3InYHU LBETOBE, (ur. 3. [[BeTHT Ha TAIOTO HA XUPAHTA
CBIIO € OT 3HaueHue. B Osu1 LBAT € MmokapeH XUAPAHT OT IpajcKaTa BOJOIPOBOIHA MpeXa, C
HBJIT LBAT - YACTEH XUAPAHT, a C BUOJIETOB LIBST - HEMUTEWHA BOJA.

e E‘"\. .

o
CBeTo CHHbO 3eneHo UparkeBo YepseHo
Kmac AA Kmac A Kmac B Kmac C
1500 GPM wm noecHce 1000-1493 GPM S00-99% GPM 499 GPM pumr mo- maswo

94,64 1/8 wmi moseue 03,09-94 57 I/s 31,55-63,03 I/s 31,48 1/8 wm no-mama

®urypa 3. OusersaBaHe Ha MOKAPHUTE XUIAPAHTH
B 3aBHCHUMOCT OT JieOuTa uM cbriacio NFPA-291

BbB BenmukoOpuTaHus OCHOBHHTE U3HUCKBaHHS KbM TIOKApPHHUTE XHJPAHTH Ha
TepuTopusTa Ha BenmukoOpuranus ca pernmamentupanu B Statutory Instrument No 30, Water
Services Act or 2007 roguna. B Hero ca periiaMeHTHUpaHH HW3WCKBAHUS 32 HEOOXOIWMHUTE
BOJHM KOJHMYECTBA 3a TMOXApOTaceHe, pasloJIOKCHHETO Ha TOXApHUTE XHJPAHTH,
0003Ha4YaBaHETO MM, BUJIOBETE MPOBEPKU U OTYETHOCTTA UM. XapaKTEepPHO €, Y€ XUIPAHTUTE
BB BenukoOpuTaHus ca OCHOBHO MOJI3€MHHU.

[IpoBepkara Ha AeOuTa Ha MOKAPHUTE XUAPAHTH € uaeHTH4YHa Ha Ta3u B CAILLl, karo
npenpaian; JOKyMEHT € mocodeH chimsaT crasgapt [10]. Toyna mnepuoauyHOCT Ha
IIPOBEPKUTE HE € periaMmeHTupana. [locoueHo e nepuoabT MKy IpoBEpKUTE 1a 0bie n30pax
KaTo C€ OTYHUTAT CICTHUTE (HaKTOPH: MECTOIOJIOKCHHE Ha pailoHa; MECTOIMOJIOKEHHUETO Ha
XHUJIpaHTa; Bh3pacTTa Ha BOJOMPOBOIHATA MpPEkKa; MaTepual Ha TPHOOIPOBOAA; UCTOPUS Ha
crouTHsaTa. He e mpemoppuntenHo ja ce M3BBpIIBa (haKTHYECKa MPOBEpPKAa Ha AeOWTa Ha
MOKapHUTE XUIpaHTU. To3u TecT TpsOBa Jja ce U3BBPIIBA CAMO TaM, KbJIETO UMa OCHOBAaHUE
3a ChbMHEHHE B IIEJIOCTTa Ha xuapaHTa. Karo mpuunHU 3a TOBa ca TOJIEMHUTE BOJIHU Pa3XO/H,
KOUTO TeHepHpa TO3U THUIl W3MHUTBAHE, BUCOK PUCK OT MPEKbCBAHE HAa BOAOCHAOASIBAHETO U
MPUYMHEHO HEYI00CTBO Ha rpaskJaHUTeE.

Karo nmobpa mpakTrka Moke J1a ce TOCOYH MPOBEpKaTa 3a M3MPABHOCTTA HA MOKAPHUS
XUJAPAHT C MOMOIITA Ha YeK-TucT. MHpopMausaTa 3a IPOBEPEHUTE MOXKAPHU XUIPAHTH CE
BBBEXK/JAa B €JCKTpOHHAa (GopMa W Ce u3Mpama Ha ciyxbara 1Mo BOJOCHAOIsBaHE 3a
OTPEMOHTHPAHE.

B Pycus mpoBepkara Ha MOXapHUTE XUJPAHTH HA TPajJiCKaTa BOAOMPOBOIHA Mpexa €
3aabJDKUTENHA. YecToTara Ha NMPOBEPKHUTE € B 3aBHCHMOCT OT oOema Ha JeHHOCTUTE IO
npoBepkuTe. MMa faBa BHJa TMPOBEpPKH: OMpEeNsiHE Ha BOAOOTIAEISHETO M TEXHUYECKU
npernien. M3nmuTBaHuaTa ce OMPENENiT ChC 3aloBe] HAa PHKOBOIUTENS HAa TEPUTOPHATHUS
Opras 3a ympaBlieHue Ha J[bp>kaBHaTa MoXkapHa CiIy»0a KaTto ce B3eMaT MpEeIBUJ MECTHUTE
yCIIOBUS (KIIMMaTUYHH, TeorpadCKu, TEXHUYECKO ChCTOSIHUE Ha BOJAOCHAOIUTEITHUTE MPEXKHU U
np.). Ilpenn 3amouBaHe Ha W3MUTBAHUATA € HEOOXOAMMO Ja CE€ NPOydYd IPOEKTa Ha
BOJIOCHAOIUTEIHATA MpEKa Ha HACENEHOTO MSICTO W Ja C€ ONpelaeNd HOPMAaTHBHO
M3HCKBAIIOTO CE€ BOJHO KOJMYECTBO 3a MoxaporaceHe. HeobOxoaumo e na ce ompeaenu
BPEMETO Ha HU3MHUTBAHETO — TO TPsOBa Ja ce HM3BBLPIIM IPE3 YacoBET€ HAa MaKCHMallHa
KOHCYMaIlus Ha BOJIA.
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Heo6xoauMmo e 1a ce onpeaenn MICTOTO HA U3MUTBAHETO — TO TPAOBA Ja € B y4acThIU
OT BOAOIPOBOJAHATA MpECKaA: C MOHUKCHO HAJATAHC, TYIIMKOBHU YYACTBHIU; Tp’b6OHpOBOI[I/I C
MaJbK TUaMeThp (3a Tpajicka BogonpoBoaHa Mpexa moa 100 mm, 3a ceicka 75mMm); ¢ rosima
IBbJDKUHA; Hall-OTJalIedeHH OT MOMIIEHH CTaHIIMU; C TOJIAM Pa3XoJl Ha BOJA; CTApH Y4YacThbLU;
paiioHn B ONU30CT O CHOPHKEHUS C OMACHOCT OT BB3HHKBAaHE HA TOXKap U CKCIUIO3HS,
y4acTbliy, pa3noOJIOKCHU HAa BUCOKH TCPCHU.

OOMKHOBEHO 32 M3MUTBaHE ce M30UPAT MOKAPHUTE XHUJPAHTH, HAMHPAILHU Ce MPU Hail-
HEeOJaronpHUsITHH YCIOBUS

3a npoBekJaHe Ha U3MUTBAHETO HA IBPBO MSCTO TPsIOBaA J1a ce ONpeaenu He0OXOqUMUs
Opoli TMOoXapHW XHJIPAHTH, KOWUTO IIE CE TECTBAT €IHOBpPEMEHHO. To3u Opol 3aBHUCH OT
HOPMAaTUBHO HEOOXOJMMOTO BOJHO KOJHMYECTBO 3a MoKkaporaceHe. Toil ce ompenens Io

dopmyna (4).

Qx
(4) Nnx = Ep.

KbJIeTO: Ny — Opolt osKapHU XUAPAHTH, KOUTO TpsiOBa 1a ObaaT u3nutanu; Oy — HEOOXOIUM
pa3xoJl Ha BOJIa 3a BBHIITHO MO’KapOraceHe, ChIUIACHO HAIIMOHATHUTE HOPMAaTHBHU N3N CKBAHHS
1/s; Onp. — IPOU3BOIUTETHOCT HA XUPAHTA MO KATAJIOKHU JTaHHH, 1/s.

Bceku ot xuapaHTuTe, KOWTO I1I€ Ce U3MUTBA € 000pYy/IBaH C U3MEPBATEICH KOMILIEKT.
W3mepBaTeIHUAT KOMILUIEKT MMa TPHU BapUalliu — ChC CTPYHHUK ChC CIUpPATEIEH KpaH, ChC
CTpyHHUK 0e3 crnuparesieH KpaH U C TJajKa MpUCTaBKa, MPEICTaBEeHU ChOTBETHO Ha (ur. 4,
¢wur. 5 u ¢wur. 6.

Hait-uecTo m3nuTBaHusATa C€ U3BBPIIBAT C U3MMUTATEIEH KOMIUIEKT ChC CTPYMHUK ChC
cnpaTeNeH KpaH. AKO OYaKBaHUAT ACOUT Ha MOXKapHUS XuApaHT e nosede ot 20 I/s, TpsoBa
Jla ce M3MOJ3BaT CTPYUHUIIM C AMAMEThp Ha OTBOpa Ha-Maiko 19 mm. Crien MOHTHpaHe Ha
U3MEPBATEIIHUTE KOMIUJIEKTH C€ OTBaps 3aTBapsILOTO YCTPOIMCTBO Ha XUIpPAHTA/TUTE U C€
n3mepBa craruunus Harop HOj.

Crnen ToBa ce OTBapsi CHUPATEIIHOTO YCTPOHMCTBO HAa CTPYMHUKA/LIUTE U CE OIpeels
cBoboguus Hamop Hces.i. Ilo TabnuueH mbT ce ompenens pa3xofa Ha BOAA Ha IMOXKAPHUS
xuapanT (Qnx)

>

1

®urypa 4. VI3mepBareneH KOMIIIEKT CbC CTPYHHUK ChC CIIMpATENEH KpaH
1. llunuuapuyHa npucTaBKka ¢ IbkKUHA 150 mm, TuamMeTsp UACHTUYEH HA THaMeThpa Ha
U3ITyCKaTeIHUs OTBOP, C MOHTHPAH MaHOMETHp ¢ o0xBar 10 bar; 2. Kanauka 3a
u3nyckaTesHus oTBop; 3. CTpyHHUK ChC CIIUPATENICH KPaH U MPUCTABKA C HEPETYIUPYEM
auameTsp Ha oTBopa (13 mm, 16 mm, 19 mm wiu 22 mm).

Omnpenens ce 3ary6ara Ha Hanop 1o Gopmyina (5):

(5) hj = HOj - HCB.ia m
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| @

1
durypa 5. VzmepBaresneH KOMIUIEKT ChC CTPYHHUK 0e3 criupaTesieH KpaH
1. llunuuapuyHa npucTaBka ¢ IbkUHA 150 mm, TuamMeTsp UACHTUYEH HA THaMEThpa Ha
U3ITyCKaTeIHUs OTBOP, C MOHTHPAH MaHOMETHp ¢ o0xBar 10 bar; 2. Kanauka 3a
n3nyckateaHus otBop; 3. CTpyHHUK 0€3 cCriupaTelieH KpaH U MPUCTaBKa C HEPETyJIupyeM
auameTsp Ha oTBopa (13 mm, 16 mm, 19 mm wiu 22 mm).

500

{ 1

durypa 6. MI3aMepBaTesieH KOMIUIEKT € IJ1aJKa MpUcTaBKa
1. Kanauka 3a u3ImyckarenHus 0TBOp ¢ MOHTHpaH MaHOMETHp ¢ o0xBar 10 bar;
2. I'magka npuctaBka ¢ appkuHa S00 mm, quamersp 65 mm.

[To ypaBHenue (6) ce ompezens CbIPOTUBICHUETO HA BOJAOCHAOIUTETHATA CHCTEMa B
PasriCKaAaHusd y4aCTbK:

h.
(6)  Sej =2k sy
J

Ompenensi ce BOJOOTACISHETO Ha MOXAPHUS XHUAPAHT MPHU CHIPOTUBICHHE SCj IO
ypaBuenue (7):

[Ho;=10
@) Qjmax = ; — I/s
cj

CMeHs ce mpuUCTaBKaTa Ha CTPUHHHMKA 1 CE TIOBTApAT OINEPAIMUTE W HU3UUCICHHSITA C
pa3JIMueH JUaMeThbp Ha IPUCTABKUTE HA CTPYHHUKA.

Ompenenss ce  BOAOOTHABaHETO Ha  mokapHus  xuapaHT (Q°jmax)  karo
CPEIHOAPUTMETUYHO OT MOTy4eHuTe Qjmax.

Omnpenenst ce BOJOOTACISHETO HA MOKAPHUTE XHUAPAHTH B M3CICABAHUS yYaCTBK IO
ypaBHeHue (8):

3 Qmax = Z;’lzl Qmax; /s
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B 3akmrodenue ce n3gaBa akT 3a MPOBEACHH U3MHUTAHUS HA BHHITHOTO MTPOTUBOIIOXKAPHO
BOJIOCHAO IIBaHE HAa OOEKT/HACEIEHO MSCTO KaTO C€ MOCOoYBa Jainu (HaKTHUSCKUS pa3Xxo] Ha
BOJIa 3a M0YKaporaceHe ChbOTBETCTBA/HE CHOTBETCTBA HA HOPMATUBHUSI.

TexHuyecKusAT mperjiesl Ha MOKapHUTE XHUAPAHTU C€ U3BBPIIBA CHIVIACHO CIIEAHUS
QITOPUTHM: BU3yallHA TIPOBEPKA HA MOXKAPHUS XUIPAHT U IEIOCTTA HA TSUIOTO HA XUIPAHTA
(BKJIIOUMTETTHO HAJIMYMETO Ha Kaladyky Ha U3MYyCKAaTeTHUTE OTBOPH HA HAJ3€MHU XUIPAHTH);
pEBU3HS HA CHOPBIKEHUETO 32 KOPO3Us, 3alyIIBaHE HA OTBOPUTE; MMPOBEPKA HA MU3MPABHOCTTA
Ha 3aTBapAIIOTO YCTPONHCTBO U MPOBEPKA 3a HAJIMYMETO HA BOJA B CUCTEMATa; IIPH MpoBepKaTa
MpeIy €CeHHO-3UMHUS CE30H, 32 MOJ3EMHHU MOXKAPHU XUAPAHTH C€ MPOBEPSBA MPABUIHOTO
3a3eMsBaHe, aKo € HEOOXOAUMO.

[IpoBeneHuTe M3NMUTBAHUS CE JOKYMEHTHUPAT WU C aKT, WIIA Ype3 3aMic B KOHTPOITHUS
THEBHUK. BBB Bceku citydail B JOKyMEHTa ce [MOCOYBaT JaraTa Ha MpoBepKaTa, yCTAHOBEHUTE
HAPYIICHUS], BPEMETO 3a TIXHOTO OTCTPaHsBaHE, IUIETO/a U3BBPIIIIIIO/U MPOBEPKATA.

B Benapyc mpoBepkara Ha MOKapHHUTE XUAPAHTH Ha rpajickara BOAOIPOBOAHA Mpexka
ChIl0 € 3aabinkurenHa. [lomoOHo Ha pernamenta B Pycus mma 1nBa BUAa TPOBEPKU —
dbyHKIIMOHATIHA TPOBEPKA U OIpenessHe AeduTa Ha noxapHuTe xuapaHTi. OyHKInoHaTHATA
MPOBEpPKa C€ M3BBHPINBA BEAHBK HA BCEKU IIECT Mecela MPH IMOJIOKHUTEITHA CpPelHA JTHEBHA
TeMIeparypa Ha Bb3ayxa. M3crnenBane Ha 1e0uTa Ha MOXKApPHUTE XUAPAHTH U €(PEeKTUBHOCTTA
Ha BOJIOTIPOBOJIHATA MPEXKa CE U3BBPIIBA CIIE BCCKH PEMOHT, PEKOHCTPYKITUS WIIM CBBP3BaHE
Ha HOBHU MOTPEOUTEIN KbM BOAOIPOBOIHATA Mpexka [12].

OyHKIMOHATHATA IPOBEPKa BKIIIOYBA: MPOBEPKA 32 HaTM4KMe HAa 0003HaunTeNIHa Tabena;

- Hannune Ha kamak Ha T'bPHETO Ha MOA3EMEH MOKApeH XMJpPAHT/HA Kamauykd Ha
U3XOMAIIUTE OTBOPH HAa HAI3€MEH XWAPAHT M BB3MOXHOCTTa 3a HErOBOTO/TSIXHOTO
0e3mpernsITCTBEHO OTBApsIHE; ChCTOSHUE Ha Kalaka U CIUPATEIHUSI KpaH; TsUIOTO Ha MOXKapHUs
XHUJIPAHT - 32 OTCHCTBHE HA MEXaHUYHU MOBPEAH U JeOPMAIUH; ChCTOSHUETO HA APECHAKHUS
KaHaJ - 32 OTChCTBHE HAa MEXaHUYHU MOBPEIU U TEYOBE; CHCTOSHUETO HA IPECHAKHUS KJ1aJIeHeI]
- 3a JIMIICa Ha BOJA, CBIIMYaHE HA MOYBa, AeopManus Wik pa3pylIiaBaHe Ha CTEHHU, OTIIOMKH
WIH IPYTH YY>KIU MPEAMETH.

N3cnenBane Ha neOUTa HA MOKAPHUTE XUIPAHTH U €(DEKTHBHOCTTA Ha BOJIOTPOBOIHATA
Mpeka ce M3BBpIIBA B YACOBETE C MAaKCHUMAaJIeH pa3xo] Ha Bojaa. M3muTBaHeTo MoXe Ja ce
U3BBPILH 110 JIBA METO/1a — 00EMEH U Upe3 U3MepBaHe Ha JieouTa.

OO6eMHHST METO/1 BKJIIOYBA:

CBbp3BaHe KbM U3ITyCKATEIIHUTE OTBOPH HA XHUJIPAHTA HA MMOKAPHU [TUIAHTOBE C IbJDKUHA
Hail-MaJIko 4 m ¥ quaMeTbp 77 mm B tuameThp. OTBapsiHe Ha CIMPATEIIHUS KpaH Ha TTOKapHUs
XHUJIPAHT, 3aCHYaHe Ype3 XPOHOMETHD BPEMETO 3a HAITBJIBAHE HA M3MEpBATENieH KOHTEHHEp;
U3KIIIOUBAHE Ha XPOHOMETHpa Clell MbJIHEHE Ha H3MepBaTeNnHusi KoHTeiHep. CbcTaBsa ce
MIPOTOKOJI IO 0Opa3ell 3a U3BbPIICHATA TIPOBEPKA.

MeToabT upe3 u3mMepBaHe Ha 1e0uTa BKIIOYBA!

CBbp3BaHe Ha €UHUS U3MYCKATEJIeH OTBOP HA XUPAHTA HA Tala ¢ MAHOMETHP, a KbM
JIpYTHUs — IpUcTaBKa, ¢ur.7.

3a mo-mo0po OTBEXIaHE Ha BOJAaTa MPH HM3MUTBAHETO MOXE J1a CE CBBPKE MOXKAPEH
HUIAaHT KbM H3XOJHHUS OTBODP, BMECTO MpucTaBka. OTBaps ce CIHUpaTeNHUs KpaH, OTYUTAT Ce
MOKA3aHUsATa HA MAaHOMEThpPA M CE HM3YHCIsABA JeOWTAa HA IMOXKAPHUS XHUAPAHT CHIIACHO
ypaBHeHue (9):

p.103
5.9,8

)] Qnx =

KbJ1eT0: Onx — AeOUT Ha MOXApHHUS XUAPAHT, 1/s; p — moka3aHue Ha MaHoMmeThpa, MPa; s —
CBHIPOTUBJICHUE HA NPUCTABKATA/IIAHIOBATA JIMHHUS, cm’>/m’,
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durypa 7. cxeMa Ha U3MUTBAHE Ha IEOUT Ha MMOKapHU XUApaHTH B benapyc
1. Ilon3emen noxxapeH xuapanTt; 2. Bogos3emarenna croiika; 3. LlunuHapuyHa npucTaBKa;
4. Kamauka 3a u3ITycKaTejeH OTBOp C MOHTHpaH MaHoMeThp ¢ ooxBar 10 MPa u Tounoct 0,4;

B (tabn. 2) ca mocoueHH OOOOIICHHTE W3MCKBAHHMS OTHOCHO 3aJIbJDKHTEIHOCTTa Ha
MPOBEPKUTE HA TOKAPHHUTE XUIPAHTH, YU OTTOBOPHOCT ca, 00eM Ha TPOBEPKUTE U
MEPUOANYHOCT B PA3IIICJAHUTE JbPKABH.

Tabauna 2. O6001IeHN JaHHU 32 HOPMAaTUBHUTE W3UCKBAHKS B OTJICITHUTE CTPAHH

BeaukoOputanu
CAIIL P Pycus Beaapyc
IToxapna
[ToxxapHa
OtroBopHa OO6mmHCKa ciyx06a/ [To>xapHa
ciyx6a u BuK
WHCTUTYLHUSA aMUHUCTpaIus OO6mmHCKa . ciryx0a
aIMUHUCTpAIs Y
KonTtponen Kontponen KonTponen Kontponen
nperiesn u mperiesn u nperies u nperiesn u
OO6xBaTt Ha P A P A P A P A
DOBEDKITE dakTryecka dakTryecka dakTuuecka dakTryecka
POBEP MpOBEpKa Ha MpOBEpKa Ha MPOBEPKA Ha MpOBEpKa Ha
nebura nebura nebuTa nebura
IT | Konrpomen
E 6 Mecela 6 Mecela 6 Mecena 6 Mecela
P Tnperien
41
)(:-[) Camo nipu IIpu BbBexkane | [Ipu BbBeXKIaHE
141 daxkTuuecka KOHCTaTUupaH B CKCILTTIoOaTanus:A, | B CKCILJI0aTalus,
Y | mposepka Ha 6 M. npobiieM, mpu PEKOHCTPYKIUA | PEKOHCTPYKIIUS
161 I[C6I/ITa U3KIIIOYUTCIIHU U CBMHCHHCE 3a 1 CBMHCHHC 3a
C oOcTosiTencTBa npoOieM npobaem
T
TectBane
Jla Jla Ja* He
B rpymna

3abenesxcka: *Camo ako HOPMAaTUBHO U3UCKBALIOTO CE€ BOAHO KOJIUYECTBO € IMO-TOJIAMO OT TOBAa, KOCTO MOXKE J1a

ocurypu eaus [1X.

N3Boan

W3uckBaHusiTa KbM BOJIOCHAOJMTEIIHUTE MPEXKHM Ha HaceleHH Mmecta B PemyOmimka
bbirapus ca sicHO perjiaMeHTHpaHu;
EnHo OoT OCHOBHHTE W3HMCKBAaHHS KbM BOJOCHAOIUTEITHUTE MPEXKH € J1a OCUTypsIBaT
HEOOXOJUMUTE BOJJHU KOJIMYECTBA 32 MMOKAPOTACEHE;
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PenbT 3a KOHTPOJ MpH MPOEKTUPAHETO U HU3TPAKIAHETO HA BOJOMPOBOIHU MPEXH, B

YaCTHOCT MOXAapHU XUJIPAHTH, € SICHO PerjaMeHTHpPaH;

B Peny6nuka bearapus numncBa MeTonuka 3a ompenensHe Ha (akTH4ecKus IeOUT Ha

MOXAPHUTEC XUAPAHTH, KOUTO Ca B CKCILIOATAl M,

B pasrnenanute Ipyru IbpKaBu ChIIECTBYBAT U3MCKBAHUSI, METOOJIOTHUS U OTIpeiesieHa

NEPUOIMYHOCT Ha MPOBEpKaTa Ha (PaKTHUYECKUS IEOUT Ha MOKAPHUTE XUIPAHTH;

MetoauTte, KOUTO Ce€ M3MOJ3BAT 3a ONpeneNisHe Ha (aKTHUECKus NeOUT Ha MOXKapHU

XUAPAHTH B IPYTH IbP’KaBU ca OCHOBHO MHIUPEKTHH;

B HsKOM OT pa3riexIaHuTe AbpPKaBU MOXKAPHUTE XUIAPAHTH CE PA3IJICKIAT B Ipyla IpH

orpezesnsHe Ha PaKTUICCKUS UM JISOUT.

N3510eH0TO B IOKJIaa AOMBJIBA CrieM(pUKaTa Ha M3UCKBAHUATA KbM MOATOTOBKATa Ha

WHXKeHepa B oO0jacTTa Ha MO)KapHaTa M aBapuiiHaTa OE€30MacHOCT, HSAKOM OT KOWUTO ca
pasrinenanu B [13].
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APPLICATION OF THE MONTE CARLO METHOD FOR THE DYNAMIC
PLAN DEVELOPMENT

Biljana Matejevi¢-Nikoli¢!, Lazar Zivkovi¢2, Jelena Malenovi¢-Nikolié3
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Abstract: Planning of construction works is usually done by applying the conventional
critical path method (CPM). This method uses deterministic quantities to estimate the
duration of the project, which is not the case in practice. The only thing that is certain
about the project completion date calculated by the traditional CPM method is that it will
be wrong. Even assuming that the schedule of activities is in line with best practice and
that estimates of duration of activities are reasonable or calculated on the basis of norms
and standards of work, internal norms or extensive experience on previous similar
projects, there is a high probability that the project will not be completed according to
plan. This happens because every project is subject to uncertainty and risk. Unlike the
Critical Path Method, the Monte Carlo method is a technique that provides more accurate
estimates of activity duration using mathematical calculations that take uncertainty into
account. The Monte Carlo method relies on a random calculation of values that fall into
a certain probability distribution over a large number of simulations. This paper presents
the application of the Monte Carlo method for the development of a dynamic plan for the
execution of works on a short example. The same example was done by applying the
traditional Critical Path Method for the purpose of comparative presentation. Comments
are given based on a comparison of these two methods for making dynamic plans for
construction works.

Key words: Critical path method, Monte Carlo method, Risk, Dynamic plan.

1. Introduction

Construction project scheduling is a topic that has been explored and researched for many
recent years. Schedule, quality and cost are three key goals in construction project management.
As it is known, quality and cost are largely determined by schedule of a project. So, how to
define the schedule of a project has become a very important and popular issue in construction
project management.

The implementation of a certain activity may take more or less time than planned,
depending on the available workers, their physical readiness or various circumstances that are
beyond control and which may affect the completion of work. Similarly, costs are subject to
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constant change. For example, the price of raw materials for a certain process may change, there
may be defective material, and unforeseen circumstances may arise that require an economic
response.

In other words, estimates that are made, no matter how accurate, are always subject to a
certain possibility of error or deviation. Hence, instead of talking about absolute results, we
should talk about probable solutions with a certain degree of reliability. To this end, a more
accurate and realistic way to predict a project is to estimate average cost and time values, assign
probability and variability, and then conduct a simulation that takes into account all possible
scenarios.

Simulation and Monte Carlo by computer became more and more popular on this issue.
Monte Carlo simulation was a very good way to solve uncertain problem especially the problem
such as construction schedule management. Deshmukh and Rajhans in [1] aplly Monte Carlo
simulation on project to perform schedule risk analysis by evaluating the criticality index. Naidu
and Ravi show comparative analysis between Critical Path Method and Monte Carlo Simulation
in [2]. Hendradewa in [3] for different phases of construction project use CPM-PERT and
Monte Carlo Simulation.

This paper presents the application of the Monte Carlo method for the development of a
dynamic plan for the execution of works on a short example. The same example was done by
applying the traditional Critical Path Method for the purpose of comparative presentation.

2. Critical path method (CPM)

Traditionally, project managers manage schedule risk by using the Critical Path Method
(CPM). This method implies making a project schedule based on a list of activities, the duration
of each activity and the relationships of each activity. This method uses deterministic quantities
to estimate the duration of the project. This means that it is got the same results (in this case,
project duration) for a given set of initial conditions (project activity durations). These values
are used to calculate the longest path in schedule that is known as critical path which is required
for completion of the project. Also, CPM calculates the earliest start, earliest finish, as well as
latest start and latest finish of each activity. Based on that and total float, this method determines
activities those are on the critical path — the sequence with the longest project duration. Critical
path represents the shortest time possible to complete the project. If any variability on the
critical path is obtained, the planned deadline will be changed. It is possible to get more than
one critical path that in dependence on duration of activities and their relationships.

However, in reality, different factors, as poor estimating of activity duration or
unexpected events as lack of resources, have certain variation and uncertainty. Those variations
create risk because of its potential to affect the project schedule and deadline. Some project
schedules can have only a few uncertainties and that can be easily managed with good project
planning. However, when the number of uncertainties becomes greater, such as in a large capital
project, it becomes more difficult to make the correct decisions. In this case, critical path is
used to conduct analysis of the duration the project involving the uncertainty of the activity
durations those make critical path.

3. Monte Carlo method

As a method for risk management in project planning, the formation of a plan can be
applied where the duration of the activity will be represented, instead of a deterministic value,
by the certain probability distribution. Monte Carlo simulation is a process that uses random
values and thus involves different scenarios. The Monte Carlo method relies on a random
calculation of values that fall into a certain probability distribution over a large number of
simulations. It was named "Monte Carlo” based on the games of chance that are popular in
Monte Carlo, Monaco. The shape and type of probability (normal, exponential, uniform, etc.)
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is determined by the user and depends on the problem to be solved. In the case of making a
plan, each activity on the critical path is assigned a certain probability distribution and, in that
way, a mathematical model is formed.

There are some benefits, as well as disadvantages of using Monte Carlo simulation.

Benefits of using Monte Carlo analysis on project are:

e it provides early identification of how likely it is to meet project milestones and
deadlines;

e it creates a more realistic budget and schedule;

e predicts the likelihood of schedule and cost overruns;

e quantifies risks to asses impacts better;

e it provides objective data decision making.

The disadvantages are complex software and solving the problem may be expensive and
long lasting.

Monte Carlo simulation is a method that depends on the generation of random or pseudo-
random number from given distribution [4]. To use Monte Carlo analysis, instead of just one
estimate of activity duration, it is need to create three estimates of the duration of each
individual activity. At first it is should estimate the most likely duration, and then estimate the
Worst case scenario.

The course of the Monte Carlo simulation is as follows:

e defining a mathematical model that relates output to input variables;
defining the distribution of input variables;
generating random variables from a defined distribution function;
set the number of simulations N and repeat the third step N times;
N random input variables are obtained,;
generating the N value of the output variable calculated from the mathematical
model;
e from the N value of the output variables, the distribution function of the output
variable is calculated;
e the distribution of the output variable and its probability are obtained.

Equations (1) is used to calculate the mean and equations (2) the variance for each activity

duration.

a+4m+b

QO =

where 1 is mean, a is optimistic duration, b is pessimistic duration and m is most likely
duration of the activity.

@ =

36
where o2 is the variance for each activity duration.

With each estimate, it is assigned a percentage of the probability of that occurrence. When
the Monte Carlo analysis is completed, a single completion date is not given, but a probability
curve that shows the expected outcomes, that is, the probable completion dates and the
probability of achieving each of them.

Beta-PERT distribution is more suitable to use in Monte Carlo simulation for estimating
construction activity duration. Beta-PERT distribution is the improvement of Beta distribution
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that can better fit to uniform, normal and lognormal distribution [3]. Parameters o and B
determine the distribution shape and calculated based equation (3) and (4).

_ (p=a)(2b-a-c)
@) ="
—<&n
(4) ﬁ - n—a ,

where o and 3 are parameters of shape Beta distribution.

In the reality, often the variations of input variable values are unpredictable. Such
variables are random, i.e. variables whose values cannot be predicted with certainty. Monte
Carlo simulation method is one of the methods and techniques which can be implemented for
solving such problems. It consists of a group of computer algorithms which rely on iteration of
random trials to obtain numerical results. They are often used in solving physical and
mathematical problems, and they are very useful in the cases when it is impossible to use other
mathematical methods.

4. Dynamic plan example

4.1. Application of Critical path method

In this part of paper, a short example of a dynamic plan for the execution of works on the
construction of a retaining wall is discussed. The project consists of 13 activities with estimated
duration and was created using the CPM method using Microsoft Project software, version
2013. At first, calendar was created in Microsoft Project 2013. Working days were set from
Monday to Saturday with a daily working time of nine hours. The work was expected to start
from 7:00 AM till 5:00 PM. The lunch break of one hour was given from 12:00 PM to 1:00
PM. Sunday was designated as non-working day. The precedence relationships type finish to
start was established for all activities.

Figure 1. Network diagram - CPM method

Based on the interdependence of activities and their duration as a deterministic quantity,
the duration of the project is 29 days. The beginning of the works is on 1st of June, 2021, and
the finish is on 3rd of July, 2021. Network diagram with critical path is shown in Fig. 1, and
Gantt chart in Fig. 2. It is obtained that the project has one critical path (activities: 1-3-5-8-10-
11-12-13) as represented on the Gantt chart.
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Figure 2. Gantt chart - CPM method

4.2. Application of Monte Carlo simulation

In this part of paper the same example was analysed using Monte Carlo simulation. For
this purpose, RiskyProject 7.1 add-ins Microsoft Project is used. Three duration values are
given for each activity: optimistic, most likely, and pessimistic. The mean is calculated for each
activity using equation (1), as well as parameters of shape o and 3 of Beta distribution using
equations (3) and (4).

In this study, 1000 replications for simulating various project completion times are used.
Table 1 shows low, mean and high duration of each activity after simulation. Also, in the same
table is shown date of start and finish for low, mean and high activity durations.

Table 1. Low, mean and high duration of activity — simulation results

Tazk Name | SLocesE

Lo Dur

bean Dur | Hagh Dur | Earl Low | Sart Mean Earl Hich | Finzh Low | Finish Mesn | Finizh Hgh | Liwiw WMiark | Baze Work | High Wiork

1 [E Markig the foundaiion 00 077 caws  fdey 1,53 chys OGO 0700 0GOS 0700 OGMHE 0700 OGN 1453 OGN 1700 0GM2E 1145 2083hr 3B br 412hr

2 [F Escavston ofths foondst: | 1000% SS1ceye  GSoaye  G6daye  OBMD121 14:53 OG22 0700 OBM221 1145 060821 0D37 060211700 06MO2M 0810 13277 15340hr 17598 hr
3 [ pelwery of meterisls fortee I000% Z190Eys Sdave 31 day= 060121 1453 060221 0700 060221 1145 060321 1840 060421 1700 060521 1341 61,74 hr BS fr 103,95 fr
4 [F Making ofthe first haff of t 10008 3B3cays  4davs 457 covs OGOX 1540 OGMSE21 0700 060521134 0GOS 1535 060921 1700 OGN0 1605 212hr 24831 hr 280,25 b
5 [H Celvery of rshar 000% 1 8ceys 2days  2ETceys DBOI211E00  0BOS21 0700 OBMS2T 1Z01 0BMS21 1557 OBMTI21 1700 0BMI21 0344 54,34 hr b 107,71 e
E  [E Fiziog of fhe first half of tre AD00E 512chys 312 dmes 341 doys OGM&E) 1543 OGMOER] OF00 ORMORIAG0S  0GM221 0754 OBM221A7:00  OGMS2I 0343 MS48he 147 02hr 1628 hr
7 ¥ wakngaofthe ssconc nalf ¢ 100,05 35 days Adaye 406 cays 0BOS21 135 0BMO21 0700 OBMO21 105 OBM221 1550 OBM421 1700 OBMS21 1837 2358 hr 2L 22hr J00AS e
A [E waking o1 the rebsr 100,0% &5 cays T days Tdays  0B0S21 1557 060&21 0700 060921 0=dd  06M421 1109 O6MSE21 1700 OBMTIZ 0B35S 2ETEENr 3XIAEhr 35597 fr
8 [ Delvery of thematerial for | 100,0%  3.04chvs 329dmys 34 cars 0GOS 1557 OGDSE21 0700 06921 0244 060921 1618 O6M121 0339 O6M22 1423 19477 17201 br 21088 h
10 [H Fixig rebar A000%  SE7ceys S$S56days ST9ceys 06M421 1353 06ME21 0700 OBMTIZ1 0X35 0621021 073 062221 1200 062321 1843 181 Shr 207 e 2320 hr

[ Fizirgofthe second helf o 4000 30 days  Géddms Sadcays OG220 0713 OGZ2P 1300 062IR 15643 ORR4ER1 0720 OGSEI 1700 06261 0823 M5S03hr 13830 15687 v
[ Conerstrg ofthe fourdatic 100,09 2,23 cays 223 dmyd 2,35cays 062421 0720 062621 07:00 062821 0222 062621 0222 0628211700 O6GE0R21 1339 MO0J12hr 18372hr 2163 hr

W

|5 Cizaszem bly of the formman 100,0% 50 days 501 dey= S48 days 062621 0227 062921 07:00 06601 1332 OTO2M21 0225 0TOS21 1700 OTOT2 0602 14778k 18606hr 321 26

Simulation results show that the total duration of this project was found to be less than
29.14 days with chance of 51% (Fig. 3 b) and 50% chance that finish will be less than 5 th of
July 2021.

J “L 7 ...,..|.JL||I||MHJH.

Flgure 3. The hlstogram of probability: a) project finish date b) project duratlon
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The Gantt chart after the simulation is shown in Figure 4 where for each critical activity
the criticality coefficient and sensitivity durations are given.

| e e |°‘“" s’”'o" Lo o |“”'0"| b b | El=n | (Bt |':aw;: Tu [we [Th [Fr (58 .;As_z:n Tu [we [Th [Fr (58 I;ﬂ:; Tu [we [Th [Fr (58 I;n:; Tu we [Th | Fr [5a I;ﬂ:; Tu e Th
D35 OiTow:  fcny 1530w CROUE 0RO DSNND11RD0

S5zosve  Boeve  BRdews  DRODQ OTD0 DSOBDY 1700

FRCPR PO AT ;

IpEdms  ddays 4T dwp
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o, <] 2, i O 117
Lk

Figure 4. Gantt chart — Monte Carlo Simulation method

5. Comparative analysis and discussion of results

Based on the obtained results using CPM and Monte Carlo simulation, a comparative
analysis was performed. The aim was to determine the duration of the project using these two
methods. The duration of the project calculated by the CPM method is 29 days based on the
critical path. By introducing uncertainty (risk) into the duration of each activity using a
pessimistic, most probable and optimistic duration and performing a Monte Carlo simulation
for 1000 replications, a 51% probability was obtained that the duration would be 29.14 days.
So, unlike CPM, Monte Carlo gives a certain percentage of probability. Based on the histogram
in Figure 3b, it can be observed that the total project duration ranges from 27.5 days for 5%
probability to 31 days for 95% probability. In other words, the project deadline has a potential
risk of lateness of 49%.

Conclusion

Duration of the activity as determination value is not the case in practice. If the project is
planned without taking into account the risk that affects the duration of each activity, the
obtained deadlines will not be possible to achieve. There are many methods that deal with
solving this problem, but one of them - Monte Carlo Simulation is treated in this paper through
a simple example. Based on the comparison of the deadline obtained by the CPM technique
with deterministic quantities and the probability of the total duration of the project, it can be
concluded that the difference is significant. The probability is 51% that the project will be
completed within the deadline set by the CPM (deterministic) method. In cases where the
project has a large number of activities, this difference can be very significant.
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Abstract: The mostly used planning methods, such as the Critical Path Method (CPM)
and Program Evaluation and Review Technique (PERT) within in all their variants,
Activity on the Arrow, Activity on the Node and Precedence Diagramming, do not support
synchronized planning accomplishment of construction works and planning of resources
utilization. Planning using these methods is based on the availability of unlimited
resources, which in practice is rarely the case. In order to accomplish realistic plans,
constrained amount of resources are often shared and used for more activities and even
more projects at the same time. Since it is planned without considering the availability of
resources, there is over allocation available amount of resources, so it is had to apply a
leveling method. An activity is, usually, move within its available float, which is not
extending deadline or it such an allocation of resources that satisfy given constraint, the
corresponding prolongation of the project. There are numerous attempts to develop
methods that will be in addition to technological, and include the resource dependency.
In this paper, beside review of research on this issue, there is a short example of display
problems with possible solution.

Key words: Planning, Constrained resource, Allocation, Float.

1. Introduction

Each project consists of a set of activities coordinated by technological precedence
relationships. In general, a project can contain from several to several thousand activities. Each
activity requires time and resources and must be planned and scheduled throughout the project.
Project management is less difficult if only precedence relationships constrain the activity
schedule. The mostly used planning methods, such as the Critical Path Method (CPM) and
Program Evaluation and Review Technique (PERT) within in all their variants, Activity on the
Arrow, Activity on the Node and Precedence Diagramming, do not support synchronized
planning accomplishment of construction works and planning of resources utilization. The
objective is to complete the project by the minimal possible time permitted by the precedence
relationships. However, in practise activities do not get completed on their own; rather, they
consume resources during their progress. The scheduling problem becomes difficult to solve
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when the required resource are available in limited amounts. This problem is known as the
resource-constrained project scheduling problem.

In this paper, a brief literature overview is given, also, a short example of planning
construction works in conditions of constrained resources (labour) is represented.

2. Literature review

Numerous studies have been conducted on this topic in the last few decades. This paper
gives a brief overview of some papers in the field of planning and scheduling with constrained
resources.

Ming and Lam in their research [1] investigated practise of CPM scheduling under resource
limitations and calendar constraints. They used popular Primavera Project Planer (P3) software
in order to identify potential errors in total float determination. Finding was that there are errors
in total float analysis under calendar constraints. As a solution, they proposed a new method based
on the forward pass analysis alone in order to accurately determine the total float. Pantouvakis
and Manoliadis represented a heuristic method based on traditional CPM scheduling and levelling
algorithms [2]. They described methodology of proposed method step by step and gave an
illustrative example. Cheng and Tran in paper [3] present a two-phase differential evolution
model to resolve minimization of project duration and project cost. This model effectively
considers both time—cost effects and resource constraints. In order to illustrate the application of
the proposed algorithm, a real case study project that consist of 37 activity is used.

In paper [4] a population-based approach to the Resource-Constrained Project Scheduling
Problem is presented. The four procedures are combinated of different functions and include: a
procedure for generating an initial population of schedules; an improvement procedure; a
procedure for combining solution characteristics; and a procedure for searching the region near
a solution. Hartmann and Briskorn give a wide review of investigation of Resource-
Constrained Project Scheduling Problem (RCPSP) topic quoting 198 references [5], and Habibi
et al. [6] in detail conducted about 216 articles on RCPSP during 1980-2017.

In order to improve existing solutions, Hegazy et al. [7] have introduced some
modifications to heuristic resource-scheduling solutions, considering multiskilled resources
and an example application presented to show results. Huand et al. in study [8] have analyzed
the project scheduling problem with two limited resources using an improved Parallel Tabu
Search.

Biruk and Rzepecki [9] have applied simulation tool to solve RCPSP, Alcaraz et al. [10],
genetic algorithms, and Fleszar and Hindi [11], neighbourhood search. Based on numerous
researches in the field of planning with limited resources, it can be concluded that the topic is
always current and interesting for research.

3. A notion of resources

Limited resource availability creates problems in planning activities, which can lead to
unfavourable allocation and use of resources over time. Resources are divided into two
categories: renewable, reusable and consumable [12]. Renewable resources are those that can
be reused after use during the execution of an activity. Renewable resources are divided into
unary, discrete and continuous. Unary are those that are only in one copy. For example, in
production it often happens that there is only one machine of a certain type. Discrete renewable
resources are those used in discrete quantities or pieces. For example, a worker or a crane cannot
be shared. Continuous resources are those that can be used in, conditionally speaking, arbitrary
guantities. Consumables are expended during the execution of an activity. In addition to discrete
and continuous, whose characteristics are the same as for renewable resources, there are also
monotonous and non-monotonic consumables. Typical examples of consumables are fuel
(continuous) or consumables for machine maintenance, for example screws (discrete). Each
activity has its own duration and set of required resources.
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4. Case study

In this paper, a short example of a dynamic plan for the execution of the construction works
of aretaining wall is used to present scheduling limited resource. The project consists of 12 activities
with estimated duration and resources that is needed. Only different type of labour is considered in
this example. Some of activities require certain number of one group of labour, such as workers. In
other hand, some of activities require combined resources, as workers and carpenters or workers
and concrete workers. Each activity is assigned the required planned number of labour of a certain
type. The maximum available number of labour by type is shown in Tabl. 1.

Table 1. Resource names and maximum number

Resource name Initial Max number
Worker w 7
Carpenter C 9
Steel fixer SF 3
Concrete worker CwW 3

4.1. Planning without considering resource availability

All activities are connected by precedence relationships type Finish-to-Start without any
lag and for that purpose the Critical Path Method using Microsoft Project software, version
2013 was applied. Working days in calendar are set from Monday to Sunday with a daily
working time of nine hours. The work was expected to start from 7:00 AM till 5:00 PM and the
lunch break of one hour was given from 12:00 PM to 1:00 PM. Based on the dependence
between activities and their duration, the project duration of 24 days is calculated. Gantt chart
with critical path, total float and engaged resources is shown in Fig. 1. The beginning of the
works is on the 1st of June, and the finish is on the 24th of June, 2021.

H¥el

TIW |
1 Wiatking the foundation 1 day winrke[4] workerl4] [
2 Excavalion of the foundation Gdays 1 worker[2] § worke(TZ] — e S o days
trench 5
1y Dralreary of materials for the Jdays 1 worker[2] i workera] P ===
production of formwsck i
< g § | Making of the first half of the 4 days 3 canpantar]6] worker{3] | T Workerii] | — — L0 Edays
formwrark
5y Dielivary of rebar 2 days 3 worker2] i worker?] o)
& By § | Fuing of the first hall of the Fdays 4.2 carpantarf7]. worker(3] H carpenter(i]werkerld] T =y 7oAy
formverk: ! ¥
7B § | Making of the second halfof 4 days 4 workerd] 5 - < 7 doys
the formwark ; |
. By § | Making of the rebar 7 days|5 steal fiver[S] worked2] || steel fixer[S), e —
=8 @ B | Deftery of the material for 3days|5 worked2] H warker[s] -2 : | 13 days
g concrete i |
E 9 By § | Fixing rebar Gdays 6.8 steel finer[4] worker[2] | steel feer(4] & ]
it @j Fixing of the first second of 3days 710 worker[2] carpantarfs] 18
the formwrork H H
12 B § | Concreting of the foundation 2 days 9,11 worker[2] concters | worker(2] conctere worker(S] T

and wall worker[5]

Figure 1. Gantt chart — tasks (critical and non-critical),
total floats, type and quantity of resources

Based on the activity schedule, obtained resource graphs are also presented in Fig. 2. It
can be seen that for each type of labour the maximum number was exceeded. To solve this
problem MS Project offers the possibility of level resources. As non-critical activities are shown
in their earliest position, so there is a possibility of moving them within the total float in order
to reduce the total number of labour within certain interval. This change will not increase the
duration of the project.
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Figure 2. Resource graph: a) Resource type worker, b) Resource type carpenter,
c) Resource type steel fixer, d) Resource type concrete worker

4.2. Levelling resources
Resource usage and Gantt chart before levelling are presented in Fig. 3. Over allocation
of worker is red numbers of work given in above part of figure.
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Figure 3. Resource usage and Gantt chart before levelling

By using the option of MS Project - Level Resources, levelling for resource worker was
performed and the shift of activity 7 - Making of the second half of the formwork and activity
9 - delivery of the material for concrete was obtained, thus reducing the total number of workers
and carpenter, Fig 4. There is still an over allocation for steel fixer and concrete workers, Fig.
5 ¢) and d). As these workers are engaged in activities: 8 - Making the rebar, 10 - Fixing the
rebar and 12 - Concretion of the foundation and wall, which are critical and there is no
possibility of moving them because the project would be extended, the task cannot be solved
by levelling.
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Figure 5. Resource graph and levelling Gantt chart: a) Resource type worker,
b) Resource type carpenter, ¢) Resource type steel fixer, d) Resource type concrete worker

In order to obtain a solution, the mentioned activities have been re-planned, their duration
has been extended with a possible (maximum) number of labour. Activity 8 - Making of the
rebar, instead of 7 days and 5 steel fixer, re-planned to 12 days and 3 steel fixer. Activity 10 -
Fixing the rebar, instead of 6 days and 4 steel fixer, replanned to 8 days and 3 steel fixer.
Activity 12 - Concretion of the foundation and wall, instead of 2 days and 5 concrete workers,
replaned to 4 days and 3 concrete workers. Given the maximum number of labour, the new
duration of activities is calculated so that it remains the same work (product of duration and
number of labour). Such changes gave resource graphs without exceeding the maximum
number of labour, Fig. 6, but the duration of the project was extended for 9 days and total
project duration to 33 days.
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Figure 6. Gantt chart after levelling and solving unlevelled resources

Conclusion

This paper briefly deals with the topic of planning with limited resources. Failure to
consider resource constraints when planning a project can lead to erroneous conclusions
regarding deadlines and costs. Traditional planning methods such as the Critical Path Method
(CPM) or the Program Evaluation and Review Technique (PERT) do not provide the ability to
include resource constraint analysis. Numerous methods and techniques of optimization and
planning of constrained resources are listed throughout the literature. All these methods are
based on various mathematical tools, simulation techniques or artificial intelligence. A simple
and in some cases satisfactory solution can be levelling resources that can be done using
software such as the most commonly used MS Project. Levelling resources can be performed
manually or automatically, only for certain resources or for all resources. If only non-critical
activities are moved within their total float, the total duration will not change. If resource over
allocation to critical activities occurs, their duration must be extended with the allowed number
of resources.
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ENVIRONMENTAL HAZARDS
BY RAILWAY EMISSIONS TO SOIL AND WATER RESOURCES
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Abstract: There is justified concern regarding environmental pollution by various models
of transport. For a long time, the pollution of the environment from the railway was
considered insignificant, until some of the more modern research showed that it was not
so. Railway operations, both in the past and today, increase the possibility of pollution
due to the drainage of water from the railway sub grade into the drainage canals and the
environment. Pollutants in such water can be of different origin and composition. It is
necessary to pay more attention on the railway impact on surface and groundwater
quality. In order to properly perform certain research regarding the impact of railway
traffic on the quality of groundwater and surface water, it is necessary to understand how
water moves in nature and how it comes in contact with the railway. The task presents
some types of pollutants and measurement results with their share in pollution. Soil and
water tests for this researching purpose are very rare. In this way, the opinion that the
railway slightly pollutes the environment was refuted.

Key words: railway drainage, railway hazards, soil pollution, water pollution

1. Introduction

There are legitimate concerns regarding environmental pollution by various modes of
transport. Rail transport is one of the oldest ways of transporting goods and passengers. For a
long time, the pollution of the environment from the railway was considered insignificant, until
some of the more modern research showed that it was not so. Railway operations, both in the
past and today, increase the possibility of pollution due to drainage of water from railway into
drainage canals and the environment. Pollutants in such water can be of different origin and
composition [1].

Today, the railway plays an important role in the transport systems of almost all countries
and is expected to gain even more importance in the future. For this purpose, various researches
of the degree of environmental pollution in the area of railway, open railway and stations. In
addition to studying noise levels produced by vibrations by railways, more attention needs to
be paid to the impact on surface and groundwater quality. Although the total pollution from the
railway is significantly less than the pollution from road traffic, it is not negligible. The task
presents some type of pollutants and measurement results with their share in pollution. The
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main pollution substances are metals, hydrocarbons and herbicides [2]. In this way, the opinion
that railway slightly pollutes the environment was refuted. Also, a new chapter for research is
opened, and it refers to solving drainage problem of surface waters from the sub grade of
railway in order to purify them for further inclusion in natural flows of surface and groundwater.

2. Manners and causes of surface and groundwater pollution by railway traffic

Water in nature is constantly circulating, passing from one state to another. Depending
on where it is currently in process of circulating in nature, there is precipitation, surface and
groundwater [3]. Rainwater is also called atmospheric water. These include rain, snow and hail.
Rainwater can carry small particles such as sand and dust, of various compositions. In this way,
it can pick up some radioactive material or chemicals from the air. It reaches the ground through
the mentioned precipitation and basin into surface waters by draining the soil or into
groundwater by penetrating the soil.

Since the main method of pollution is actually rinsing the ballast and draining the particles
into drainage channels and later into surface and groundwater streams, we can conclude that
the railway sub grade attracts the most attention in these tests as a pollutant collector. Instead
of the classic ballast layer, there are also bituminous as well as concrete constructions on which
sleepers are laid. Bitumen-reinforced layers and concrete structures are mainly used for high-
speed railways. The classic ballast layer is still the cheapest to build and maintain and as such
can most often be seen on railways around the world [4].

track bench material
geosynthetic

filling material
" |
R e s
Ballast— - g S AR :
Sub ballastx BT PSS Ut s KW A B Wl T
R trench drain body ¢} "\ = ;
TR B % | ; d ; R \protection layer
; L. Sub grade ine-grained soil
ection for excavauon —
a)

b)
Figure 1. Drainage channel: a) open ditch; b) between two rail tracks [4]

The ballast layer is built in a layer 30-55 cm thick. Under it, in order to strengthen the
construction, there is a sub ballast layer of crushed stone or gravel with the addition of sand.
These two layers lie on the sub grade of the track in the notch or on the embankment.
Precipitation flows through the ballast layer all the way to the sub grade, from where it flows
into longitudinal collecting pipes and from there into a larger collector. Except in the pipe, the
water from the sub grade can be evacuated into open channels placed parallel to the axis of the
track on one or both sides. Regulation of surface water drainage from the railway trunk is of
exceptional importance for track stability.

The zone around the railway is important in water quality research. Also, in addition to
the railway section, in the research whose results will be presented below, an area 10 to 120 m
away from the track axis is observed. Usually, the research mentions at what distance the
collectors of surface water samples are placed, ie. at what depth and position collectors of water
samples, that are assumed to flow into groundwater channels. The procedure and methodology
of conducting the examination are elaborated in detail, in order to obtain relevant results, which
the author will not deal with in more detail in this paper. The characteristics of the examined
area, its river basins and groundwater locations important for research should be well known.
Research sites are also selected in such a way as to exclude any possible disruption of results
by existing facilities, which may also contribute to pollutions.
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3. Potential sources of pollution

Sources of pollution on the railway can generally be classified into daily and occasional,
which depends on the volume of traffic. Of the everyday sources, the most important are:
wooden sleepers, herbicides for controlling the growth of vegetation, fuels and lubricants, wear
and corrosion processes, materials in embankments and human activities. Permanent sources
of pollution do not include incidental spills of oil and fuel on the railway hull [1].

3.1. Wooden sleepers

Wooden sleepers are widespread even today, although after the end of their lifespan they
are removed and replaced with concrete sleepers, their number in the world on active lines is
not negligible. Also, there are a large number of wooden sleepers on the railways that are not
active as well as those that remained inadequately disposed after the replacement of the concrete
sleepers.

The wooden sleepers used on the railways are impregnated with creosote. Creosote is a
mixture of more than 162 compounds, most of which are polycyclic aromatic hydrocarbons
(69%), nitrogen heterocyclic (11%) and other aliphatic hydrocarbons. It was used to extend the
life of wooden sleepers. Although the degree of toxicity of creosote is low, it has been
determined that it is carcinogenic due to the content of polycyclic aromatic hydrocarbons
(PAHS) [1].

The release of creosote elements into the environment and their impact on water quality
has long been discussed. A large number of researchers have claimed that the amount of
creosote from the thresholds that is washed away is negligible and does not endanger the quality
of the water if it reaches it. However, Kang (2005) found that as many as seven of the sixteen
observed elements are found in water samples, measured at different atmospheric water flow
regimes over a week. The method of separating creosote into the environment has been studied
before that, in the form of evaporation, droplet separation and squeezing. It has been determined
that as much as 50% of the released creosote in the environment is done by squeezing [5]. By
comparing the concentration of polycyclic aromatic hydrocarbons and nitrogen heterocyclics,
according to Becker (2001), the amount of heterocyclic elements found is much higher [6].
Apart from wooden sleepers, the separation of hydrocarbon compounds was observed in
lubricants I from gears and wheel mechanisms.

3.2. Herbicides and pesticides

The occurrence of vegetation on the railway belt is strictly controlled. This is very
important in order to ensure better visibility of the signal on the track, uninterrupted work of
the staff from the maintenance services in bad weather and the controller of the condition of the
tracks and possible damage, and as a precaution against fire. There are several methods for
controlling plants, but the use of herbicides has proven to be the most cost-effective. Before
any treatment, it is necessary to know well the plant species that appear on the observed section
[1]. The choice of the appropriate herbicide is very important for achieving the best possible
results of plant control, but also in order not to use a product that does not contribute to the
control effect or even has a counterproductive effect. Plants spread differently along the railway
belt, so there are those that multiply through seeds, by releasing shoots on the surface of the
earth, and those that reproduce underground. The ballast and parts of the embankment up to the
pillar for electrification are treated. Herbicide control measures should be carried out carefully
and only in places where it is necessary [7].

The most widely used herbicides are diuron and glyphosate. In addition, atrazine,
oxadiazone, oryzalin, imazapyr and isoxaben are also used. Diuron is extremely poisonous and
easily spreads, so due to its properties it was banned for use in some countries in 1990.
However, its use has not been completely stopped due to its long-lasting effect. Glyphosate has
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been shown to be more harmless. It is more soluble in water but also much less toxic. The
maximum amount of all mentioned compounds should not exceed 0.1ug/ L in the surface water
sample, in order to meet the standards for drinking water quality. It is not a rare case that in the
zones of railway belts treated much earlier, the presence of herbicides can still be detected
within the limits significantly above the allowed ones [1] [8].

Presence of triazines was determined by teaching the quality of surface and groundwater
in England. Due to the large quantities found, it is suspected that they do not come from the
treatment of agricultural crops, but from the use on the railway area. This is not an isolated case
of determining the existence of dangerous substances on the railways. Thus, in South Australia,
the presence of arsenic in the soil along the railway was determined on abandoned sections, as
a consequence of the use of arsenic-based herbicides [1] [8].

It is interesting to note that the permitted values of herbicides were exceeded in the
samples taken from the drainage channels. It can be inferred that in terms of herbicides, the
canal is the place of the highest concentration due to the washing of the curtain layer in the
rainy period. This can indicate how to preventively affect the transport of polluted precipitation
to the environment. With the controlled drainage of such precipitation into wastewater
treatment plants and plants, a good part of the herbicides from the curtain machine would be
separated and the treated water would be passed on.

3.3. Fuels, oils and lubricants

There are more and more electrified railways in the world, but there are still a large
number of diesel locomotives. Fuel leaks from storage tanks, power stations, locomotives and
transformers pose an occasional risk of water pollution. In addition to fuel, oil and grease are
widely used for lubrication in curves, gears and engines. Except in these cases, oil leaks into
the environment in any other way are very rare. Oils are dangerous because they contain large
amounts of carcinogenic polycyclic aromatic hydrocarbons (PAHSs) [1] [9].

3.4. Metals

There are several sources of heavy metal emissions: friction due to braking (73%), rails
(21%), wheels (5%) and the power supply system. The pollution was manifested both on the
hull itself and in the surroundings. Metals that significantly pollute the environment are iron
(Fe), manganese (Mn), copper (Cu), chromium (Cr), nickel (Ni) and vanadium (V) [1]. Of the
metals found from braking, rails and wheels, the largest share is taken by iron with about 93,
97 and 96%, respectively. In addition to a larger amount of iron, in the case of certain types of
brakes, a large amount of copper is released, as much as 20%. Manganese, chromium, nickel
and vanadium are in values up to 1%. Apart from braking, copper is also released from the
electrification network, as well as zinc from galvanized poles [1] [2]. According to the analysis
of the obtained results according to Burkhardt (2008), about 2270 t / year of metal is released
within the railway network with a length of about 7200 km, on the Swiss Federal Railway [2].

Metals are found in the form of particles or as dissolved. Of the above-mentioned metals,
which to a significant extent appear as pollutants on the railway, lead and chromium stand out
in terms of toxicity. Copper, manganese and zinc are less harmful. The toxicity of iron is small,
but it affects the colour and taste of water. Some studies have shown that with the distance from
the railway belt, the amount of metal decreases drastically, so that the concentration of a metal
at a distance of 120m is 25% of the concentration measured 10m from the track [10] [11].

3.5. Materials in the embankment

The materials in the railway embankment can be considered as pollutants in two cases.
The first, when there is erosion of the soil in the embankment, on that occasion the particles of
sedimentary rocks are washed away and flow with water into the water channels. If the particles
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are suitable for leaching and transport due to their size, metal compounds or organic compounds
can bind to them and thus more easily reach the accumulations of surface and groundwater.
Another way of pollution through embankment material is when instead of crushed stone, steel
furnaces slag was used. This type of slag is extremely resistant to loads and inert. It has long
been considered safe for water quality, but it was later determined that due to the content of
metal particles in the slag, some can be released in interaction with air and water. On that
occasion, traces of metals can be released, such as cadmium (Cd), chromium (Cr) and lead (Pb),
especially in rainy conditions. In order for slag to be used for the mentioned purposes, it is
necessary to examine its quality in terms of protection of water from pollution [1].

3.6. Maintenance facilities

Of all the mentioned sources and ways of pollution of surface and groundwater from
railway operations, the least data and research has related pollution from maintenance facilities.
Pollutants come from various maintenance processes. These areas are contaminated with oils
and fats, chlorinated and non-chlorinated solvents, phenols, antifreeze, detergents, polycyclic
aromatic hydrocarbons, sewage waste and inorganic compounds [1].

4. Proposed solution for control of surface and groundwater pollution

A good knowledge of pollutants nature is a prerequisite for anticipating and using
measures to protect the environment and reduce pollution. In this way, by understanding the
way in which they reach surface and groundwater, the path of evacuation from the railway can
be cut off. One of the proposals for the prevention of the outflow of polluted water from the
railway hull is controlled collection of atmospheres in the drainage channels and the drainage
of water thus collected into special water treatment plants. The treated water would then be
returned to natural streams, purified from possible contaminants. In addition to drainage and
water treatment, polluted water that drains from the railway sub grade can be collected locally
with the help of vegetation, specially planted grass areas, rain gardens and trees.

Conclusion
According to the presented text and sporadically conducted research, the following can
be concluded:

e  most substances found in sampling are metals, herbicides and polycyclic aromatic
hydrocarbons,

e most commonly sampled herbicides in significant amounts are diuron and
glyphosate. Diuron has been used a lot for a long and its long-term presence has
been determined, but also significant degree of toxicity. Glyphosate is the most
commonly used herbicide and the only one registered within slightly higher limits
than allowed.

e  Of the metals found, the most common element is iron and copper. The percentage
of these compounds is significantly higher than the others found. Among others,
manganese and chromium can be singled out.

e The impact of polycyclic aromatic hydrocarbons can be greatly reduced by
removing wooden sleepers and their proper storage.

e Due to insufficient knowledge of the conditions in which the release of harmful
substances occurs, constant monitoring with water and soil sampling can provide
important information for a complete understanding of the pollution process. In that
way, it would be determined whether and to what extent the excretion of harmful
substances depends on meteorological conditions, such as precipitation and air
temperature.
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e Proving the way of pollution by the railways would create conditions for the
existence of legislation, which would be based on previous research with adequate
measures to protect future railway routes and remediation of the existing situation.
Such regulations already exist in developed countries such as the United States, the
United Kingdom and Australia.

It is quite clear that there are reasons for constant observation and determination of the
type and degree of pollution. Current tests conducted on existing railway routes should be used
in future railway projects and the protection of the environment and surface and groundwater
should be envisaged, without exception, within the railway project or some significant
reconstruction. The objectives of the research are primarily related to the identification of
significant factors in pollution and their share, for further action and prevention.
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COMPARISON BETWEEN ANALYTICAL AND NUMERICAL SOLUTIONS
OF ONE-DIMENSIONAL, NON-STATIONARY WAVE PROPAGATION
IN AVISCOELASTIC LAYER

Sergey Pshenichnov!, Radan lvanov?, Maria Datcheva®

Institute of Mechanics; Bulgarian Academy of Sciences

Abstract: Materials exhibiting hereditary properties are widely used in modern
technology. In this work, an analytical solution of the P-wave propagation through a
viscoelastic layer subjected to a triangular stress pulse applied on the boundary, is
compared to the solution of the same problem obtained by a FE simulation using explicit
dynamic analysis. It is shown that for the regular exponential hereditary kernels used in
the study, the time-dependent elastic properties of the material can be represented by a
Prony expansion of only one term and the Prony parameters can be directly related to
the parameters of the kernels. For a singular kernel the Prony parameters are obtained
by curve fitting. Time-histories of normal stress in the direction of wave propagation at
specific locations were obtained by both methods for a number of values of the Poisson’s
ratio and compared. An excellent match is demonstrated for the wave propagation
velocities and the shape of the stress spikes. A good match is demonstrated for the
magnitude of the spikes and the apparent damping of the wave motion. In terms of FE
modelling, a beam model, 3D-solid model and a plane-strain model were tried and the
results obtained were practically identical.

Key words: exponential kernels, Prony series, explicit dynamic analysis

1. Introduction

One important aspect in the study of non-stationary wave processes in viscoelastic bodies
is the verification of the ability of numerical methods to model particular dynamic problems by
comparing analytical or semi-analytical solutions, wherever available, to their numerical
counterparts. This is important because the problems for which an analytical solution is
available are limited, and generally a solution to a practical problem is more likely to be
attempted by a numerical method rather than by an analytical method. In the last decades, a
number of authors have investigated viscoelastic dynamic problems by analytical methods. In
[1], the extension of Volterra's principle is applied to linear viscoelastic dynamic problems.
Another approach involves a special kind of integral convolution of the solution of the
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corresponding elastic dynamic problem with the solution of an auxiliary one-dimensional
dynamic problem of linear viscoelasticity [2]. One of the most common procedures for deriving
solutions of non-stationary dynamic problems in linear viscoelasticity is the application of the
Laplace transform technique with consequent inversion. Results of employing such technique
can be found for example, in [3], [4] and [5]. The problem of non-stationary wave propagation
in a linear-viscoelastic layer has been addressed in [6]. In that work, the solution is achieved by
applying integral Laplace transform to the wave propagation equation considering the relevant
boundary and initial conditions, a typical approach to solving this type of problems. The
described technique is used by the first author to obtain the response due to a triangular pulse
originating from the free surface of the layer. In the present research, this particular solution
has been modelled by the FEM using general purpose commercial software ABAQUS, and the
results of the two solutions are compared.

2. Problem statement and FE modelling

The problem dealt hereafter is depicted in Fig. 1. A single homogeneous layer, fixed at
the bottom and loaded at the surface is considered. The loading is a single triangular pulse with
width 27, and unit amplitude. The analytical solution is obtained in terms of the dimensionless
time T = t/t,, where t is real time and t, = L/c, where L is the layer thickness and c is the P-

wave propagation velocity of the medium given by ¢ = /(Ao + 2u)/p, expressed by the
Lamé coefficients A, and u, and the density p. The finite element analysis results are obtained
in terms of real time and then scaled in order to compare them to the analytical ones.

P(t)
I U S A

x=L
LTI ITL LIS WL LELLSLLLLSL LS

vX
Figure 1. A single homogeneous layer fixed at bottom and loaded on top

2.1. Features of the FE models

The response of any vertical column of the layer is identical and the layer extends to infinity
in the two lateral directions, so conditions of plane strain are present. Therefore, any point in the
layer is considered to move only in the direction of wave propagation. Appropriate boundary
conditions are applied, as explained below. The FE model can then consist of a single column of
elements with the number of elements in the column sufficient to adequately capture the wave
propagation through the layer including the expected multiple reflections at the fixed base and
the surface, which is free after the pulse is applied and its action completed. Therefore, in terms
of topology, two main models are possible — made by 3-D brick elements or by 2-D plain-strain
elements. By virtue of their material model they naturally include the Poisson’s ratio v, SO its
influence on the wave propagation velocity is considered automatically. In terms of boundary
conditions, in addition to the fully-fixed nodes at the bottom, all nodes at the sides of the model
must be restrained from moving laterally as appropriate — in the two transversal direction for the
3-D model, or in the plane of the model for the 2-D model. The loading is applied as pressure
(stress) time-history at the free surface of the model. The 2-D and 3-D models are shown in Fig.
2. The direction of wave propagation is chosen along the X axis in the 2-D model, and along the
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Z axis in the 3-D model. Both models are discretized by means of 100 cubic/rectangular elements
in the longitudinal direction. The 2-D model has 8 elements in the transverse direction, whereas
the 3-D model has just one element. The basic material properties, Young’s modulus E and
density p were assumed 30 MPa and 2.4 t/m?® respectively, which corresponds to concrete. The
Poisson’s ratio was varied in order to study its effect on the wave propagation velocity. The left-
hand side of the models corresponds to the free surface where the loading is applied, and the right-
hand side corresponds to the bottom of the layer. The length of the model (layer thickness) is 10
m, which corresponds to wave propagation velocity of about 3500 m/s when v = 0, so the travel
time from the top to the bottom of the layer is t, = 10/3500 = 0.00286 s. Due to the high-
speed dynamic nature of the problem, Explicit Dynamic Analysis was used instead of its implicit
counterpart. The explicit time integration scheme physically resembles the wave propagation
process and is thus better suited for such problems. Also, simultaneous equations are not solved,
which makes explicit analysis faster than the implicit methods for short-duration analyses. The
numerical solution of an implicit method often introduces “numerical” damping, which is very
undesirable in the present study, where the damping effect of the viscoelastic material behavior
has to be assessed as accurately as possible. A model using beam elements was also created and
tested, but in this model the Poisson’s ratio must be implicitly included by modifying the input
data for E. This is not preferable from practical point of view, since it may be forgotten or
computed erroneously. Furthermore, the beam model is not extensible to cases of spatial
heterogeneity, and is of limited applicability, which is why it is not discussed in detail here. It
looks like the 3-D model in Fig. 2, but without the lateral restraints in the transverse directions.
The results obtained by it are practically the same as the results shown in Fig. 5 for the 2-D and
the 3-D models.

Lateral restraint along edge \

Fii

1 kN/m2 on edge Boundary conditions and loading Fully fixed edge 1 )

100 x 8 element mesh

Lateral restraint on surfaces

Fully fixed surfac

Lateral restraint on surfaces

Boundary conditions, loading and mesh

Figure 2. FE models — 2-D (top) and 3-D (bottom)
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2.2. Consideration of the viscoelastic properties in the FE models
Let’s assume the time-dependent Lamé parameters in the following form,

(1) A=:[3K(1—Ty) —26,(1-Ts)], a=Go(1-1T5)

where, K,, and G, are the instantaneous values of the bulk modulus and the shear modulus
respectively, and the operator T;, j = v, s is given by,

2 TE® = [Tt - DE@)dr,

where T;(t), j = v,s are the volumetric and shear relaxation kernels respectively. Since the
time-independent Lame parameter is A = K — %G, then the time-dependent bulk modulus and

shear modulus will be given by K = Ko(1—T,), and G = Go(1 — Ts) respectively. Further
suppose that T, = 0, and T,(t) = ae~?¢ , where a, b are constant coefficients. Then

() G(®) =Go(1-1T,) = Go — Go J, Ts(t — )dr = Gy (1 -1, ae‘b(t‘f)df)

The integral in the above expression can be solved analytically,

eb(T—t)

(4) [e Pt Ddr = =F(1)

eb(t=t)  ob(0-t) e—bt

(5) fote_b(t—f)dT=F(t)—F(0)= — = =%_ -

Finally,

e

6  G(t)=Go(1-T) =G, (1- al‘b_bt)

or in dimensionless form, after division by G,,

1_e—bt

(M) gr@®)=1-a

In ABAQUS, a dimensionless relaxation modulus is used as well, gz (t) = G(t)/G,, and
represented by a Prony series expansion as,

—t/78
(8) gr@®) =1-3L, gf (1 —e /%)
where g and ={ are material constants (Prony coefficient and relaxation time, respectively).

Equating the two expression for g (t), Eq. 7 and Eq. 8, and taking only a single term of
the Prony expansion yields,

1—e~bt

9) 1-gPl-et)=1-qa
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implying that g¥ = % and 78 = %, i.e. it is enough to use a single set of Prony coefficients to

represent a regular relaxation kernel of the type y(t) = ae~P%, which is one of the kernel types
used in this study.

Unfortunately, a similar development for singular kernels of the type y(t) = t~¢ae™"7,
where c is a constant coefficient, is not possible. For this case, the kernel is used to generate
values of the time dependent shear modulus, and those are input into ABAQUS as shear test
data. The software approximates Prony series coefficients based on this data. The following
kernels were used in this study,

(10)  y,(1) = 0.1e70377702 ¥s(1) = 0.14¢70457 ¥s(1) = 04271357

which are called Kernel 1, Kernel 2 and Kernel 3 respectively. The first one is singular
(undefined at T = 0), while the other two are regular. Before using them in ABAQUS, the time
has to be converted from the dimensionless value 7, used in the theoretical development, [6], to
the real time t. Considering the real time kernel T, (t), and the expression relating the kernels,

(1) Ts(®) = vs(t/te)/to

t
then it can be shown that y, (£) = age "'t = t,T,(t) = toae"t, implying that a = ? and b =
0

%. These are the values to be used when computing g¥’ = % and ¢ = % for the Prony series
0
expansion in ABAQUS.

_p. Lt -c
For the singular kemel, ,(t) = ase™ o (=) " = toTy(t) = toae ™t~ implying that
0

b .
a=tg! % b = t—l and ¢ = ¢,. These values however cannot be used directly to compute g?
0 0

and 7¢, and are be used instead in the internal evaluation through data fitting carried out by the
software. There is yet another way to deal with singular kernels — by fitting Prony series, so
that the integral of a quantity related to the time dependent shear modulus is well approximated.
In Fig. 3 are shown the kernels in the real time domain. In Fig. 4 is plotted the proportion of
reduction of the shear modulus as a function of time computed by numerical integration of
Kernel 1, and by a single term Prony series with g; = 0.3041,and t; = 0.000658. It is obvious
that the fit is very good even with a single term.

180 35

150 '1“ - Kernel 1 vy 22

120 ", ——Kernel 2 % — Kernel
. \ g 20 -Kernel 1
E o ' ----Kernel 3 é 15 —Prony series
= L 10

30 5

R 0
0 0.005 0.01 0.015 0.02 0.025 0] 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s)

Figure 3. Plot of the kernels use in the study Figure 4. Evaluation of the representation of
a singular kernel a single term Prony series
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3. Results and discussion

Before introducing viscoelastic material properties, the two models shown in Fig. 2 were
verified in the linear-elastic domain, by applying the triangular pulse, and a small amount of
viscous damping. Three analyses for each model with Poisson’s ratio values of 0.0, 0.15 and
0.30 were carried out. The time-histories of longitudinal normal stress at the bottom of the layer
are plotted in Fig. 5 with real time on the horizontal axis. This stress happens to be a principle
stress as well. The analysis durations were chosen to allow the pulse to travel a total of 20 times
along the model, including forward and backward runs. It is clear by close inspection of the two
plots that they are essentially identical except for the shape of the low-amplitude ripple
following the spikes and a negligibly small difference in the amplitude of the spikes. In fact, if
the two plots are overlaid, they cannot be distinguished from one another, which is the reason
they were plotted separately. On the other hand, the 2-D model has 8 times more elements and
2 times more nodes than the 3-D model, and is thus computationally more expensive without
this leading to any advantage. For the simulations presented here, the computational time is
only a few seconds, but for larger models the difference would really matter. The comparison
shows that it is indeed not necessary to use more than one element in the transverse direction
of the model, be it 2-D or 3-D. Also, as it is an established fact in FEM practice that elements
with aspect ratio close to unity (squares, cubes) produce best results, such elements were used
in both models.

Another important aspect of the performance of the models is whether they can accurately
reproduce the propagation velocity of the medium. To this end, the travel time between the first
and the fifth spike of negative stress was measured for each analysis, and the distance travelled,
equal to 16L was divided by this time, producing the apparent wave propagation velocity. The
results are shown in Tabl. 1. The theoretical and the apparent wave velocities are practically
identical, the difference coming from the temporal resolution of the output, rather than from the
quality of the models. For the simulations presented here, the computation as well as the output
is time step is 2.32E-05 s, which is the optimal step calculated by the software. A shorter time
step can be specified if necessary.
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Figure 5. Time-history of longitudinal normal stress at bottom of the layer; 2-D model
(top) and 3-D model (bottom)
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Table 1. Apparent P-wave propagation velocity (m/s)

Poisson’s ratio | Theoretical | Apparent | Difference (%)
0 3535 3534 -0.02293
0.15 3633 3629 -0.10996
0.3 4102 4098 -0.10722

Next, viscoelastic properties corresponding to the three kernels described above were
assigned to the 3-D model, and an analysis was carried out for each kernel assuming a Poisson’s
ratio of 0.15. During the analyses all possible sources of energy dissipation such as viscous
damping, material damping etc. were turned off to make sure that the apparent energy
dissipation exhibited by the analyses is due solely to the viscoelastic characteristics of the
material. The dimensionless time-histories of the longitudinal normal stress at the bottom of the
layer are plotted in Fig. 6, together with their analytical counterparts.

15 Kernel 1

0.5

o050 | 2 4 | 6 g8 || 10 12 | 14 16 | 18 20

Stress (kN/m?)
o

S =17 1 1 T T = Theory FE

Dimensionless time, 7

15 > ; Kernel 2
0.5

05 0 - 2 4 il 6 8 10 12 14 16 i 18 20

Stress (kN/m?)
o

-1.5 —Theory FE

Dimensionless time, 7

2
15 _ Kernel 3
1
0.5 i :
0 s il = M § — —d b — . i —\ A
05 0 {2 4 i\ 6 8 10 12 ' 14 16 18 20
g {
45
-2

Stress (kN/m?)

—Theory FE
Dimensionless time, 7

Figure 6. Time-history of longitudinal normal stress at the bottom of the layer for the three
kernels. v = 0.15

The following observations can be made. There is an excellent agreement for the apparent
wave propagation velocity indicated by the perfectly matching locations of the spikes of
positive and negative stress. The shape of the spikes of the numerical and analytical solution is
also practically identical for each kernel. However, there is a small difference in the values of
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the peaks for each kernel. For the singular kernel (Kernel 1), the analytical values of the first
negative and positive peak are slightly larger than the numerical ones, and for the following
peaks the trend is reversed. This means that the apparent damping produced by the numerical
solution is less than the one produced by the analytical solution. The reason for this may be that
the approximation of the kernel used for the numerical analysis is not the best possible, and
further research is needed in this direction. A manifestation of this hypothesis is the difference
in the shape of the right-hand legs of the spikes in the vicinity of the zero line — smooth for the
analytical solution and abrupt and spurious for the numerical one. This is indicative of slightly
different mechanisms of energy dissipation between the two solutions.

On the other hand, for kernels 2 and 3 (regular kernels) the values of the spikes of the
analytical solution are larger than the corresponding numerical values throughout the solution.
However, there is a subtle difference between kernel 2 and kernel 3. The difference in the spikes
for kernel 2 remains more or less constant, indication that both solutions provide the same
apparent damping. The difference itself can be explained by the energy lost in the damped out
ripple following each spike in the numerical solution, resulting in less energy remaining for the
spikes. The ripple itself is due to the fluctuations in the principle stresses lateral to the wave
propagation direction, which cause high-frequency vibrations in the medium not considered in
the analytical solution. Thus, the analytical solution can be considered as upper bound in terms
of the peak values of the stress. For kernel 3 the differences between the peak values decrease
as time goes by, meaning the apparent damping produced by the numerical solution is less than
the one produced by the analytical solution much like for kernel 1.

Nevertheless, the peculiarities of the response exhibited by the numerical solutions are
small enough, so the proposed FE modelling technique can be confidently used for practical
purposes.

Conclusion

Finite element models for the analysis of one-dimensional, non-stationary wave
propagation in a viscoelastic layer were proposed, and their ability to simulate the wave
propagation process verified.

The results for three different kernels obtained analytically and numerically were
compared and overall excellent agreement was found, particularly for the occurrence time and
the shape of the stress spikes. Further study is needed to explain the differences in the apparent
damping produced by the analytical and numerical solutions, as well as the optimal
representation of a singular kernel for the needs of FE analysis.
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CUMYJIALIIUSA C KPAVHU EJJEMEHTUA HA CTOMAHEHM OBPA3IIH,
MN3IIUTBAHU HA OITBbH

Kan Kenaes!

Momm Max/{onano bvreapus EOO/

FINITE ELEMENT SIMULATION OF TENSILE TEST ON STEEL SAMPLES
Zhan Zhelev?
Mott MacDonald Bulgaria EOOD

Abstract: The article is devoted to the study of deformation of a steel sample when
subjected to a controlled tension. The focus of the research is to be obtained:

e engineering stress - engineering strain curve for the analyzed sample that is as close
as possible to the experimental curve obtained during the tensile test in the
laboratory.

e true stress — true strain output curve that is as close as possible to the input curve
for the material.

All of the simulations of tensile testing are conducted in LS-DYNA. Comparison between
results of analyses with different parameters is presented.

Key words: tensile test, FEA, stress-strain curve, necking

1. BbBenenne

. KoMmmoTspauTe cMyanuu ca 6e3cMUCIeHH, Te TH AaBaT caMo OTTOBOPH.*“? - 61 Kasa
[Tabno IMTukaco, ako Oemie >KMBSJ Tpe3 enoxara Ha aHAIM3WTE Ype3 METo/a Ha KpaiHHTe
esleMeHTH. FIMEeHHO B TO3M JyX MpeMHHaBa padoTaTa 1o ToBa uiciensaHe. CUMyJIHpaHETO Ha
OITPHHO M3MUTBAHE HE MOJXKE JIa Ce Pas3riIek/ia KaTo MOoCIeA0BaTeTHOCT OT KOMaH/IH, 3aJJaBaH!
B codryep. Ilpouecht Oum MOrba Aa ObJe ONPUIMYEH Ha ITb3€J, YaCTUTE Ha KOWTO ca
OTrOBOPHUTE Ha MPABWIIHO 33/1aJICHUTE BIIPOCH. BCeKH €UH OT JeCeTKUTE TPeABAPUTECITHUTE
aHaJM3u 1O BpeMe Ha paboTara MocTaBs Mapye OT IIb3eNa Ha MpaBWIHOTO Mscro. He Ou
CJIEZIBAJIO J1a Ce JOMycKa, ye paboTaTta Mo Ta3u 3ajada MPETeHINpa 3a CTaTyT Ha OTKPUTHE B
oOnacTTa Ha uWHXeHepcTBoTo. llenta Ha wH3cnenBaHeTOo € Ja ce U3ydd M 0000ImHU
ChIIlECTBYBAIaTa HHGOPMAIIHS 110 TEMATa, J1a C€ aHATM3HUPA TOJISIMO KOJIMYECTBO PE3YJITATH OT
pELIeHHN YUCIICHN aHAIM3H U J1a C€ OCHIIECTBH PeaTMCTUUYHA CUMYJIAIHs Ha ekcriepuMenTa. OT
M3KIIIOUMTEIHA HEOOXOJUMOCT ca KaKTO 3HaHUsATa 3a npaBuiHa padota ¢ LS-DYNA, Taka u
TEOpPETUYHA MMOATOTOBKA, KOSTO Aa ObJIe OT OMOII ITPH 337aBaHETO Ha MOAXOSIIUTE BHIIPOCH.

! YKan XKenes, nnx., Mort MakJ{onang buirapus EOOJI, e-mail: zhan.zhelev@mottmac.com
2 “Computers are useless. They can only give you answers” — opuryHanaes By Ha MUCHITa Ha I1a610 ITukaco
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2. O0mu GeJsreskKu

Enue oT HaumHUTE 3a U3CICIBAHETO HA MEXaHWYHU CBOMCTBA HA METalUTE €
M3MUTBAHETO UM Ha ombH. HeoOxomum e mpoOGeH obOpaserr (0OOMKHOBEHO C KPBIJIO WM
NPaBOBI'BIIHO HANPEYHO ceveHHue). EXCepuMEHTHT ce M3BBPIIBA C U3MUTBATEIHA MAIIHHA.
OOpasenbT ce 3aKpernBa MEXIY YeIIOCTHTE U, HaTOBapBa C€ €IHOOCOBO ChC CHIIM, KOUTO
Ch3/1aBaT OITPHHU HAIIPEKCHUS B HETO M CE CTPEMST Jia T pa3pyuiat. B mporieca Ha u3nuTBaHe
cHJlaTa HapacTBa MOCTENEHHO OT HyJa JO CTOHHOCT, TpPU KOATO TSUIOTO C€ CKBCBA.
ABTOMaTHYHO C€ M3UEPTaBa KpUBaTa MHKCHEPHO HANIPEIKEHUE - MHKEHEpHA Jedopmarius.

Cumynanusta Ha ObHHO U3nuTBaHe ¢ u3BbpiieHa ¢ LS-DYNA - codryep 3a ananms mo
METOJIa Ha KpailHUTE eJIeMEHTH, KOWTO MMa 3a MpeAHa3HAUYCHUE J1a TIoMara Mpy peliaBaHeTo
HA WHXCEHEPHU mpobiemMu oT pasnudyHu obiactu Ha ¢usmkara. [Iporpamara ce u3mons3sa B
MHOTO UHAYCcTprr. CTPOUTEITHA HHKEHEPH 110 IISUT CBAT CH CIIYKAT C Hesl, 3a J]a Ce CIIPABAT ChC
3ajauu B cepara Ha MEXaHUKaTa, CBbP3aHU C JMHEWHOTO W HEIMHEWHOTO IMOBEICHUE Ha
B3aMMO/ICHCTBAIIM CH TeIa.

3. Onucanue HAa METOTHKATA

3.1. OcobeHocTH Ha MOjIeJIa ¢ KPAliHH eJIeMeHTH

3a menTa Ha M3CIEeNBAHETO Ca MOJICIIMPAHN CTOMaHeHH oOpasuu (¢wur. 1, 2), a oT aBere
CTpaHU Ha BCEKU €/IMH - 3aXBalllalll¥ IPUCIIOCOOIEHUS.

W3non3BaHusAT MaTepual UMa CIeIHUTE XapaKTEPUCTUKU: MOAYJ Ha eJacTUYHOCT — E =
210 000 000 000 Pa, koeduiment Ha Poisson — v = 0.3, mrsTHOCT — ps = 7 850 kg/m?.

Yact oT 0coOeHOCTUTE TIPU Ch37aBaHE HA M3UMCIUTEIHUTE MOJEIH Ca: CTOMAaHCHHUTE
Tena ca ch3aaacHu upes obemuu (solid) enementu ¢ mbano unterpupane (ELFORM — 2: fully
integrated S/R solid); Bpb3kaTa Mexay oOpaselia W 3axBalllalllUTe MPHCIOCOOJICHHS €
MoJieJIpaHa TOCPEICTBOM OILKATA 32 B3aMMOJACHCTBHE Ha Tella 4Ype3 KOHTAKT MEXIy
nosbpxHoctute uM: TIED SURFACE TO SURFACE; 3amaneHun ca OrpaHu4eHMs] Ha
IpeMEeCTBaHUsATA 110 Ocu X, Y, Z U OTPaHUYEHUS HA 3aBbPTaHUATA 110 OCH X, Y, Z B IOCOUYECHUTE
Ha ¢ur. la BB3IM OT 3aXBal[AIOTO MPHUCIOCOOJIEHHE; MOCTAaBEHHM ca OTrpaHUuYEHUs Ha
IIPEMECTBAHUATA 10 OCU Y U Z ¥ OTPAHUYECHHUSI HAa 3aBbPTAHUATA 110 OCU X, Y, Z B IOCOYECHUTE
Ha Qur. 10 BB3IM OT 3aXBallalllOTO MPUCIIOCOOJIEHHE U UM € 3aJa/ieH CICIHUAT 3aKOH 3a
JIBIDKEHHE: Vx = const = 0.02m/s.

ExcriepyMeHTHT, CUMYJIMPAaHETO Ha KOMTO, € 1€ Ha TOBA aHAJIUTHUYHO M3CJE/IBaHE, €
u3BbpiIeH npe3 centemBpu 1969 rogmna or U. S. NAVAL CIVIL ENGINEERING
LABORATORY —[1]. Ha ¢ur. 1B e noka3aHa cxema Ha U3MOJI3BaHUTE CTOMaHEHU 00pa3IH,
MPUJIOKEHA B TEXHUYECKUS JOKIaI.

,L Fa Wl L o WV
] N A\ >4 T 7\\/ 3/
-l.o--1.zb-4nsl- 3
2
Figure 1. Flat test specimen. B)

®urypa 1. a) ©30METPUUEH U3IJIE] HAa YacT OT o0pasena, NpeICTaBsII Bb3JIUTE, HA KOUTO ca

3aJaJIcHU OTpaHNYEHHUs Ha MPEMECTBAHUATA 110 BCHUYKU OCH U OTPaHUYECHUS Ha 3aBbPTIHUATA

CIIPSIMO BCUYKH OCH. 0) H30METPUYEH U3IJIE] Ha 4acT OT oOpa3ela, IpeAcTaBsl] Bb3JIUTe, Ha
KOMTO € 33Ja/IeH 3aKOH 3a JIBWKEHHE. B) CXeMa Ha U3MIUTBAaHUTE CTOMAHEHU 00pa3Lu.

MarepuansT, OT KOWTO ca u3padbotenu oopazuure € ASTM A36, KoeTo € eKBUBAJICHT
Ha EN 10025 S275. Cnopen pe3yarature OT peaulia €KCIEPUMEHTAIHU U3CIEBaHus, KaTo
Harpumep [2], eTMHCTBEHUTE BaKHU T€OMETPUYHH XapaKTEPUCTUKHN HA U3NUTBAHUTE 00pa3Lu
ca IUIOLITa Ha HAIIPEYHOTO CEUEHHE B CTECHEHATa UM YacT M JIbJDKHMHA HAa paOOTHUS yYacThK.
[Tpu m3nuTBaHMUs Ha 0Opa3IM C PaBHU CTOMHOCTH Ha TE3H JIBE BEJIMUNHU, PE3YJITATUTE CIIEIBA
a ObJaT €IHaKBH.
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3.2. 'eoMeTpHYHM XapPAaKTePUCTUKHU HA o0pa3uuTe

Monenupanu ca cesieM oopasena. Beuyku ca ¢ uua Ha HanpeyHoTo ceuenue (80,6 mm?)
U wu3MepBarenHa IbDKUHH (50,8 mm), paBHM CbhC CBOTBETHUTE XapaKTEPUCTHUKH Ha
U3MUTBAHUTE MPOOHU TeJa OT eKcrepuMeHTa. UeTHpH OT TSIX CUMYJIUpPAT 001U TPOOHH Tena U
TPH — IJIOCKU MPOOHU Tea.

[Tpubnu3urenHuTe pasMepu Ha KpallHUTE €IEMEHTH B pabOTHHUS Y4acThK M CpeaHara

IUIOII HA CTEHATa Ha KpallHUTE eIEMEeHTH, IepIeHIMKYIIIpHA Ha Ha/UThKHATa OC Ha oOpasena
ca: O6pazer; Nel: 2.7 mm x 2.7 mm x 1.9 mm; 6.5 mm? (¢ur. 2a, 3a); O6paszerr Ne2: 1.1 mm X
1.1 mm X 2.5 mm, 5.5 mm?2, (¢ur. 26, 36); O6pazer; Ne3: 1.5 mm x 1.7 mm X 2 mm, 2 mm?,
(¢ur. 2B, 3B), O6pazer; Ned: 1.1 mm x 1.0 mm x 1.0 mm, 1 mm?, (¢ur. 2r, 3r); O6pazer No5:
3.2mm x 3.2 mm x 2.9 mm, 10 mm?, (¢ur. 21, 31); O6pazer; Ne6: 1.6 mm x 1.6 mm x 1.4 mm,
2.5 mm?, (dur. 2e, 3e), O6pazen Ne7: 0.8 mm x 0.8 mm x 0.7 mm, 0.6 mm? (¢ur. 25k, 3:x).

®durypa 2. 3omerpuueH u3rje] Ha MOJICIIMPAHNTE ¢ KPaHU SIEMEHTH Tejia: a) oopasely
Nel. 6) obpazent Ne2. B) o6pazenr Ne3. 1) oOpazer; No4. ) obpazerr NeS. e) oOpazerr Neb.

k) obpazerr Ne7.
'a) < 6).3) .r)- I[)-e)->1<)

®urypa 3. CeueHue npe3 pabOTHUS YIaCThK Ha MOJICIIUPAHUTE C KPAHU CIEMEHTH Tella:
a) oopazen Nel. 6) oOpazer; Ne2. B) obpazert Ne3. r) obpazerr Ned. 1) obpaszerr Neb.
e) oopazen Neb6. k) obpazert Ne7.

3.3. KpuBa Hanpesxenue - negpopmanus

Ha ¢wur. 4a e mokazana kpuBara yCIOBHO HAaIpeXeHHE — OTHOCUTENHA AedopMarius
(Hapu4aHa o1ie ycloBHa quarpama — [3]), moimydeHa KaTto pe3ysiTaT oT MpoBeaeHoTo mpe3 1969
roJiMHa JJa0OpaTOPHO M3MUTBAHE HA OMBbH. Y CJIOBHO HANpPEKEHUE HapudaMe OTHOLIEHUETO Ha
NpUIOKEeHaTa CHja KbM HOMHHAJIHATa IUION[ HAa HANMpEeYHOTO CeYeHHWe Ha olpasera.
OTtHOcuTenHarta nedopManus morydaBaMe KaTto JbDKHHATa Ha paOOTHHS y4acThK B Kpas Ha
eKCIIepUMEHTa pa3IelIiM Ha IIbPBOHAYAIHATA U CTOIHOCT.

3a 1a OB/I€ OCHINECTBEHA CUMYJIAllUs HA TaKbB €KCIEPUMEHT € HEOOXOauMO jJa Oble
neduHUPaH 3aK0H, IO KOMTO CTOMaHEHOTO TSUIO C€ CHIIPOTHBIISIBA HA MIPIIIOKEeHAaTa cuiia. ToBa
€ 3aBUCHMOCTTa PEaJHO HalpekeHne — peanHa aedopmanms. ['padukara ce Hapuda peairHa
muarpama [3]. JlelcTBUTEIHUTE CTOWHOCTH Ha HampekeHue U Aeopmalis BbB BCIKa TOUYKA
OT TSJIOTO BBB BCEKH €IMH MOMEHT Hapu4aMe CHOTBETHO PEaTHO HANpeKEeHHEe M peaHa
nedopmarus. 3a 1a ce oyuu T, ce u3non3Bar 3aBucumocture (1),(2), nagenu B [4] kouto ce
npuiaraT 3a 4yacTTa OT YCJIOBHATa Juarpama, KoATo Mpeaxokaa o0pa3yBaHEeTO Ha IIMHKATa -

(¢ur. 4 6, B).
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®durypa 4: a) ycioBHa 1uarpama, oyueHa Ipy U3MUTBAHETO HAa 00pa3uTe. 0) y4acTbK OT
yCIIOBHATA IMarpama npeau oopa3zyBaHe Ha IIMIKATa. B) pealHa Auarpama. B) rpaduka Ha
KpHBaTa €KBUBAJIICHTHO HAIPE)KEHNE — CKBUBAJICHTHA TIACTUYHA JIeOpMaIHs.

(1) &r = In(1+ 8eng) )
(2) Otr = Oeng * 1+ Seng)a

KBJIETO: Gtr — PEATHO HANIPEIKEHUE; Geng — YCITOBHO HAMPEKEHHE; £ — pealiHa 1eopMalius, eng
— OTHOCUTENHA AedopMaIIus.

3a na 6b1e BbpBeeHa B LS-DYNA kpuBa, K0sITO Ja 3a7aBa 3aKOHA Ha CHIIPOTUBIICHUE
Ha MaTepuaa cpemly aedopmaius, € He0OX0IUMO YCIOBHATA KpHBa J1a ObJie MpOMEHEeHa KbM
3aBUCHMOCT OT BH/JIa: PEAJTHO HAIIPEKEHUE — €KBUBAJIEHTHA I1acTUyHa fedopmanus [S] (¢wur.
4r). IIpunarat ce popmymnute (3) u (4) ot [6, 7].

3) Eefpl = &tr — o /E
(4) Oef = Otr

KBACTO: Gef — CKBUBAJICHTHO HAIIPEIKCHUC, Eef pl — CKBUBAJICHTHA ITJIACTUYHA I[C(l)OpMaHI/IfL

3.4. KanuOpupane Ha peannara guarpama B LS-DYNA

Tyk e MsCTOTO 12 OB/ie 00sCHEHO KaK Ta3| 4acT oT rpadukara e Obe MpoabliKeHa, Taka
4e Jla ChIbpka HH(pOopManusTa 3a MOBEJACHUETO HAa CUMYJIUPAHOTO TSUIO CJie]] 00pa3yBaHETO Ha
mmiikaTa. O0sICHEHUETO € pa3/IeIeHO Ha HAKOJIKO CMUCIIOBH YaCTH.

o Koii e 3akoHBT, onpeaensi AepopmanusiTa Ha MaTeprana o BpeMe Ha o0pa3yBaHe Ha

muiikara’?

[uiikata € TOKAITHO M3THHSIBaHEe Ha CTOMaHeHUs oOpazer. IIpe3 mo-romsimMara 4act ot
eKCIIEpUMEHTa €THOBPEMEHHO C€ CIIyuyBaT JBE HElla: CEYEHHWETO Ha oOpas3era HamalsBa, a
MaTepuanbT ce ysKuaBa. B JajeH MOMEHT muionTa Ha HAIpeuYHOTO CEUYECHHE HA €JIEMEHTa
3aroyYBa Jia HaMaJjsiBa B O-TOJISIMA CTETICH, OTKOJIKOTO MaTepUaIbT C€ ysIK4aBa M TOBA BOAH JI0
npoMsiHa B HauWHa Ha JedopMUpaHe, a IMEHHO - oOpasyBa ce muiika. Mnu ka3aHo ¢ apyru
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JIyMH, JIpacTUYHATa MPOMSHA B HauMHA Ha JeQopManus Ha TAJIOTO HE C€ IBJDKH HAa CKOK B
3aBHCHUMOCTTa, KOSITO cliefilBa MarepuanbT. IlpuumHata 3a oOpa3yBaHETO Ha IIMMKaTa €
JOCTUTAHETO HAa KPUTUYHA CTOWHOCT Ha MOMEHTHATA IIJI0M] Ha HAIIPEYHOTO CEYEHUE Ha TSUIOTO,
byHkus Ha peanHara guarpama. OOpa3yBaHETO Ha IIMKKA € Mpolec, KOUTO MpH pa3iuyHU
npoOu OT €IMH | ChIIl MaTEepHaj 3aBHCH OT IUIOIITAa HA HAIPEYHOTO ceYeHue Ha oOpasena.

e [lpu nonoxxeHue, 4e HANPEUYHOTO CEUCHHE HA TeJlaTa B €KCIIEPUMEHTa U MOJelna C
KpallHU €JeMEHTH HMaT €JHaKBa CTOMHOCT, 3all0 HE H3MOJ3BaMe JaHHUTE OT
NoJIy4YeHaTa KprBa, KOUTO C€ OTHACAT 10 0Opa3yBaHETO Ha IIUIKaTa B aHAIU3a?

3a1oTo MmoyiyueHara OT €KCIEpPUMMEHTa YCJIOBHA Juarpama He ChAbpika MHpopMalus 3a

mmiikara. OT KpuBaTa MOXKEM Ja MOIy4YUM HH(OpMAIHst OTHOCHO AedopManusTa Ha paboTHUS
y4acThbK, HO HEe ¥ MH(OpMalKs 32 MEKIMHHHU y4acTbIIH, KaTO TO3U, B KOMTO € pa3mojoKeHa
HIMKKaTA.

e Jlopu fa ce 3Hae 1Mo KakbB HAYWH TOYHO MPOIBIDKAaBa 3aBUCUMOCTTA, KaK IporpaMaTa
1ie pazoepe TOBa, MPH MOJIOKEHHUE, Y€ CTOMHOCTH HE Ca BbBEACHU?

3a nma Obne mpoabnkeHa quarpamara, LS-DYNA moctposiBa TipaBa, KOSTO MHHABa Ipe3

nocJie/IHaTa TOYKa OT BXO/IHATa rpaduka U MMa HAKJIOH -TO3U Ha y4acThKa OT KpUBaTa MEXKIy
MocCJIeAHATA U Tpe/nocieHara Touka (¢ur. 5) [8].

®@urypa 5. [IpogbmxaBane Ha peanHara guarpama ot LS-DYNA (c yepHU OKPBKHOCTU ca
0TOeIs13aHU MOCJIEIHUTE JIBE TOUYKU OT BbBEJEHATa 3aBUCUMOCT; C Jie0esa JIMHUS — TOCIIEeIHUS
y4acThK OT BbBeJIeHaTa KPUBa; C ThHKA JIMHUA — MPOIBIDKEHUETO Ha TpaduKkara)

L4 HpI/I IIOJIOXKCHHUE, Y€ JAaHHUTC OT pa60THaTa JuarpaMa HE Ca AOCTAaTb4YHM, KakK
HaMHpaMe€ 3aKOHa, 110 KOMTO TSJIOTO CE CBIIPOTUBJIABA HA ITPUIIOKCHA cma?

UtepatuBHo. Ha ¢ur. 6 mokazan anropurbMbT 3a NOoJydyaBaHe Ha (PUHATHUS BapuUaHT Ha
KpuBara (IPOoIEeChT ce Hapu4a KanuOpupaHe Ha BXoJsmiaTa Kpusa) [8]:

T# ce nmpeodpa3yea BBB BHAA:
3anmcBa ce 3aBHCHMOCTTA
H3EBpInBa cc H3MHTBAaHE €(heKTHBHO HANPEIKEHHE —
| HEEeHepHO Hanpe:kcHHE — |
Ha OIIBH e()eKTHBHA MIACTHYHA
HICKeHepHA JedopManHa
nedopManma

¥

Karo pesynrar oT aHamH3a
pesy. 3aBHCHMOCTTA C& BEApEBa

C¢C 3allHCEA KPHBATA KATO BXOIAINA KPHEA B LS-
HHECHCPHO HAIIPCHCHHS — DYNA

HHKeHepHa gedopManus

CpaBHABaT ce BXogAMaTa
H H3XONAINATA YCIOBHH |+
JHAarpaMH

L2

IIpomensaMe KpHBaTa
AKO He CHBIIAJAT © HCTHHCKO HAIIPeXeHHE —

HeoOX0oIHMa TOUHOCT e cKTHBHA IIIACTHYHA

nedopmanua

IIpoBepasa ce Do KakBa
CTEIIEH ABeTe IPAQHKH |
CBHBIATAT

¥

AKo € mocTHrHara
HeobxommMara TouHoeT Ha || KpHBaTa ¢ xanubprpana

pesyaTaTa

®urypa 6. AIropuTbM 3a KaMOpUpaHe Ha BXOSIIA TuarpaMa 3a Marepuaia
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4. llenn Ha cuMyJIanMsATA

['maBHaTa 1en Ha W3CiAeABAHETO € Ja ObJe M3BBPIICHA BB3MOXKHO Hal-pealiCTUYHA
CUMYJIAIUs Ha TTOBEJICHUETO HAa CTOMAaHEHUTE 00pa3Iy Mo BpeMe Ha H3MUTBAHETO UM Ha OIThH.
3a ga ObJie MOCTUTHATO, BXOJSIIAaTa AuarpaMa TpsoBa 1a Ob/e kannoprpana (cuMyianusTa Ha
W3MHATBAHETO HAa OITBH € MOCIeAHATa UTepalus oT mporeca). JJonbIHUTeNHA 1Ie € a ObaaT
HAIPaBeHW CPABHEHUS MEXKIY PE3yJTaTHTE OT aHAJIM3UTE Ha Pa3jMyHU MO TUI U pa3Mep
KpaliHU €JIEMEHTH U Pa3IMYHU JAUCKPETHHU CTBIIKU BbB BpeMeTo [9].

5. Pesyararu
5.1. CpaBHenue Ha ¢popMmaTa HA HepopMUPAHUTE CTOMAHEHH 00pa3uu
Beunuku u3BbpiieHn aHanusu ca uMmuutHy - [10, 11]. [TepBara yact ot o6padboTkara
Ha pe3yNTaTHTE € BH3yalHa OICHKa Ha Qopmara Ha 0O0pa3IUTe HENOCPEICTBEHO IMpean
CKBbCBAHETO UM. Pe3ynTaTI/ITC, IpeACTaBCHU B Ta3W TOYKA, Ca MOJYUCHHU OT aHAJIM3U C CITHAKBU
napaMeTpu (OCBEH TreoMeTpusita Ha oOpasuute — ¢ur. 7), IpH KOUTO € H3IO0JI3BaH
IbPBOHAYAJICH BapUAHT HA KpHBAaTa: CKBUBAJICHTHO HANpPEKEHHUE — CKBHBAJICHTHA
nedopmanus. Ts e HekanmuOpupaHa, CiIe0BaTeIHO CPAaBHEHHS Ha F€OMETPUYHM Pa3Mepu Ha
pe3ysTaTHTe OT YHCIICHUTE aHAJIM3H M EKCIICPUMEHTA He MOrarT jJa ObJar u3BbpiieHu. Morat
Ja ObJaT HAIIPAaBEHH CIICAHUTE U3BOJIH:
e PesydraTurTe OT aHANIM3UTE C BCHYKU CEJEM CTOMAaHEHH 00pas3ly ce I0OJIMKaBaT I10
¢dbopMa 10 TIoIydeHaTa OT OI'bHHUTE W3ITHUTBAHHUS.
e KoJkoTo mo-rbCTa CTaBa MpekaTa Ha IUIOCKUTE 00paslu, ToJKoBa (opmara Ha
nedopmupannTe 00pa3ny craBa MO-pealMCTUYHA; Ta3W TCHICHIMS HE ce HaOoaaBa
npu obsuTe Tena (BxK. 5.2, ¢ur. 9 6).
e KonkoTo mo-rbeTa CTaBa Mpekara Ha IUIOCKUTE OOpasllM, TOJKOBA IO-Majika CTaBa
JbJDKUHATA Ha Pa0OTHHS y4acThK B Kpas Ha M3nuTBaHeTo. He Moske 1a Ob/ie HanpaBeHo
N0ZI00HO TBBP/ICHHE 32 O0JIHTE Tena.

-
-
\
-

6)

_B)

420



XXI MEXOYHAPOHA HAYYHA KOH®EPEHLINA MO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

\——m
\—@

)
®durypa 7. BnsiBo: usomerpuucH usrien Ha aehopMupan oopasei; B MOMEHTA
HETOCPECTBEHO MPEIU CKbCBAHETO MY; BISICHO: M3IJIE]] OTTOpPE Ha yyacThKa OT o0pasena, B
KOHTO ce e popmupana muiikara. [IpencraBenu ca B cieqaus pes: a) oopaserr Nel.
0) oOpazer No2. B) o6pazert Ne3. r) o6pazer; Ned. ) obpazer Ne5. e) oOpaszerr Neb.
k) oOpazer Ne7.

e [lpu cxonHU pa3Mepu Ha KpallHUTE eIeMEHTH, JopMaTa Ha IUIOCKH Tejla ce 100InKaBa
JI0 Ta3W Ha M3MUTBAHUTE B JJaOopaTopus 0Opa3iy B MO-TOJIsIMA CTETIEH. 32 J1a ce JOKaXKe
TOBa TBBPACHUE € U3BBPILEH aHANU3 C €JIMH JOMBIHUTEIHO MoJenupaH oopasen Ne8 —
00710 IPOOHO TAJI0, KOETO UMa CEYCHHUETO Ha oOpaserr Ne3, Ho fJebenrHaTa Ha KpaHUTE
€JIEMEHTH € JIBa IbTH No-Manka (¢wur.8). PesyntarsT nokassa peanuctuyHa popma Ha
HIMKaTa, KOETO 03HAYaBa, 4 €HAKBO JOOPU Pe3yiITaTh MOTat Ja ObhJaT MOCTHTHATH
U C JIBaTa TUIa NMPoOHU Tena (M ChbOTBETHO C JABaTa BUAA KpailHH €JIeMEHTH, KOUTO ce
W3II0JI3BAT: MpaBa MPU3Ma - IPaBOBI'BJICH MapaJIeJICIIUIIe]] U TipaBa pu3Ma). Pa3nukara
CE ChCTOM B TOBA, Y€ paboTara Mo M3CJIEIBAHETO HA PE3YATATUTE MPH IIOCKUTE TeTa €
no-JiecHa (pa3MepbT Ha KpaifHUTE eJIeMEHTH ce HaMallsiBa 3a MOCTUTAaHEe Ha T0-BUCOKA
TOYHOCT), JIOKaTO TpH OOJHTE C€ M3HCKBAT IMOBEYE HUTEpallMMd 3a TOCTUTaHEe Ha
OINTUMAIHU Pa3SMEPH Ha KpaﬁHHTe CJICMCHTU U CHbOTBETHO IO-TOUYHH PE3YJITATH. Baxmuo
e 1a ObJie 0TOeNA3aHO ChINO, Ye TIIOCKUTE Tella ca MHOTO MO-JIECHU 32 MOJIeTIUpaHe.

®durypa 8. Biisiro: m3omerpuueH usries Ha nepopmupanus oopaser Ne§ B MomMeHTa
HEMOCPEACTBEHO MPEIu CKbCBAHETO MYy. B/sicHO: n3ries oTrope Ha yyacTbka oT o0pasena, B
KOWTO ce € popMupaa munkara.
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5.2. CpaBHeHue Ha BJIMSIHUETO HA JMCKPETHATA CTHIIKA BbB BPeMeTO U I'bCTOTATA
HA MpexaTa

B cnexBamuTe TOYKa € MPEACTaBEHO BIMSIHUETO, KOETO [Ba BAaXHM IapaMmeTbpa —
JUCKpETHATa CThIIKA BbB BPEMETO M Pa3MEPUTE Ha KPAaWHUTE EJIEMEHTH, OKa3BaT BBbPXY
pesyaratuTe OT aHanu3uTe — Tadauna.l. Heobxomumo e 1a mma ChOTBETCTBHE MEXAY JIBaTa
napameTbpa. 3a BCsKa I’bCTOTA HA MPEXaTa ChILIECTBYBA I'PAaHUIA HA JUCKPETHATA CTHIIKA BbB
BPEMETO, KOSATO aKO ObJIc Ha[BUILICHA, TOJIYUYCHUTE PE3YJITaTH CTAaBAT HEPEATUCTHYHU— C ,[X]I‘B
tabmmmara. C ,M° ca orbens3aHd aHaIM3WTE, NMPH KOMTO CE IIOJy4aBaT pPEaTMCTHYHU
pesynratu. IIpu MHOrO rbeTa Mpeka 1 MHOI'O MaJIKa CThIIKA, BPEMETPACHETO HA PEIIABAHETO
Ha aHaJIM3a € IPEKaJICHO IbJIr0 — U3UCKBA CE IECETKH ITbTH [I0BEYE BPEME B CPABHEHUE C Hall-
Obp3UTE 32 U3YUCIIEHUE CPEJ] OCTAHAINTE aHAJIU3H.

Ta6auna 1. Uudopmanuss Ha CbBMECTHMOCTTA HA PA3JIHYHHU JUCKPETHH CTHIIKH BbB
BPEeMETO ¢ MPEKH ¢ Pa3jJniHa I'bCTOTA

IHCEPETHA TIMOCE obm
CTBIIEA BBE
5 “ )
Bpeneto (c) obpazew 5 |obpazery 6| obpezenn 7 |obpezen 1| obpazen 2 |obpazerr 3|  obpezerr 4 obpazer 8
01
0.01 ] | ¥ v v ¥ &
0.001 %] M | | v v | |
0.0001 1 | o ¥ % 1 7 -
0.00001 ! i [P Epemeemx| % 7 |2 speweesx 7
AHAIIS SHATHE

[lpu mpomsiHa Ha AMCKpETHAaTa CThIIKA BbB BPEMETO M I'bCTOTaTa Ha Mpexara,
TOYHOCTTA Ha pe3yaratute ce npomeHs. KoakoTo noseue ce HamansBa CThIIKaTa TOYHOCTTA C€
yBeJIM4aBa, KaTo B HIKAaKbB MOMEHT C€ JIOCTUTa IJIaTO — TOYHOCTTA OCTaBa €JHA U ChIIA MPH
M0-HaTaTHIIHO HaMaJsiBaHE Ha cThIKaTa (ur. 9a). [lonodeH e u ePeKTHT OT BIUSHUETO Ha
'bCTOTATa Ha MpeXXaTa— IPH HAMAJISIBAHETO U, TOYHOCTTA C€ YBEJIMYaBa U B HAKAKbB MOMEHT
ce gocrura 1iarto (¢ur. 96) (Bxk. chbiio Touka 5.1).
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JIUCKPETHA CTHIIKA BEB BpeMeTo () a) HOMep/a Ha oOpazerr/oOpasi 6)

®urypa 9. a) 3aBUCUMOCT MEXy Ab/DKHHATA HA paOOTHUS y4yacThK B MOMEHTA Ha
CKBCBAHETO U JAMCKPETHATa CTHIIKA BbB BPEMETO IIPU aHAIM3H C JIBA PA3JIMYHU O0Opasera.
0) 3aBUCHUMOCT MEXly IBbJDKMHATA Ha PaOOTHHS y4acThK B MOMEHTA Ha CKbCBAHETO U
'bCTOTATa Ha MpeXaTa IPHU €IHaKBa IUCKPETHA CTHIIKA BbB BPEMETO.
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5.3. CpaBHeHHe HA U3XOASIIIATA KPUBA C BXOASAIIATA

Ot 3HaueHWe € BUABT Ha KpHUBaTa, KOSATO ce BBBEXIA B codryepa. Pesynrature ot
aHAJIM3UTE TIOKA3BaT, Y€ KOraTo TS HapacTBa BHB BPEMETO (MU UMa XOPU30HTAITHH YYaCThIIN),
ce IMoJlyuaBa IThJIHO MPHUIIOKPHBAHE Ha BXOJINaTa M M3xojsmara nuarpama (¢ur. 10a), a
KOraTo MMa y4acThK C OTPHUIIATENIeH HAKJIOH - Tpadukure He chBranat (¢ur. 100).
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®urypa 10. CpaBHeHue Ha BXOAsIIA U U3XOA1A JUarpaMa €eKBUBAJIETHO HAMPEKEHUE -
eKBHBAJICHTHA JIe(hOopMauIls, KOraTo BbBEACHATA B IporpamaTa rpaduka: a) He ChIbpiKa
Yy4acThbK C OTPUIIATEJICH HAKJIOH. 0) ChIbpkKa YUacThK C OTPUIATENICH HAKIIOH.

5.4. KanuOpupane Ha peajiHaTa Juarpama:

Ha ¢wur. 11 ca mokazanu mnomydeHuTe yCIOBHH auarpamud oT 10 mociemoBaTenHu
uTepalnuu. B yBenuueH pasmep B 10JIHUS A€CEH BI'bJ HA H300paKEHUETO € MOCTaBEH yYacThK
OT rpapuKuTe, KOUTO JaBaT Ha-7O00Bp pe3yTarT.
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®urypa 11. Utepanuu ot nporeca Ha kanubpupane (C ThHKH JUHUM — U3XOJSAIIUTE YCIOBHU
JMarpaMu MpH pa3IMyHUTE UTepaluy; ¢ 1edesa yepBeHa — YCIOBHA Iuarpama, 3amicasa 1mo
BpEMe Ha IIPOBEXAAHETO Ha EKCIIEPUMEHTA).

[TpHO chBMAeHNE HA TPA(QUKHUTE OT CUMYJIAIUATA U €KCTIPUMEHTa He € TIOCTUTHATO —
JorycHaTata rpemika e noj 5%. [Ipuuunara e, ye yabsmokaBaHero Ha rpadukara B LS-DYNA
CTaBa IO TIpaBa JIMHUS, a B JIEHCTBUTEITHOCT JIUTICBALIMAT YYacThK He € TakaBa. [lo-Bucoka
TOYHOCT OM MorJa J1a ObJie MOCTUTHATa PpU pbhuHO BbBEkAaHe B LS-DYNA Ha yyacTbka oT
KpHBara ciiesi 00pa3yBaHETO Ha IIMIKaTa U M3ITBIHSIBAHE HA MHOTOKPATHO TIOBEYE UTCPAIIHH.
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N3Boan

OT pe3ynaTaTuTe Ha aHAJIU3HWTE € BUIAHO, Y€ PCAIMCTHYHU PE3yJITaTH MoraT aa Obaar
MOCTUTHATH W C JIBaTa BHJIAa MOJCIUPAHU MPOOHU Tena (M ChOTBETHO C JIBaTa BHJA KpalHU
€JIEMEHTH), HO paboTara C IUIOCKHTE o0OpaslM € Mo-JiecHa. TOYHOCTTa Ha pe3yjTaTHTE Ce
yBEJIMYaBa 110 JIBa HAYMHA - YPE3 YBEJIMYABAHETO HA I'CTOTATa HA MPEXKATa U HAMAJISIBAHETO
Ha JIMUCKpPETHAaTa CThIIKa BbB BPEMETO, KAaTO 3a BCSKa I'bCTOTA HAa MpeKaTra ChIIECTBYBa
IrpaHUYHA CTOMHOCT Ha JMCKpPETHATA CTHIIKA BHB BPEMETO, KOSTO HE OWBA J]a CE HAJ/IBUIIABA.
Bxondiara n nu3xodinara KpuBa ce NPUINOKPUBAT HAII'BIHO NIPU BCUYKHU aHAJIU3H, IIPU KOUTO
B IbpBaTa JIMIICBA Y4YacThK C OTpUIaTelieH HakiIoH. KammOpupaHna e peasHata auarpama,
CIIopel KOSITO pabOTH MaTepualbT - TPEIIKaTa MPHU CPABHSABAHETO HA M3XOJAINATa YCIOBHA
Jyarpama OT CUMYJIallisiTa C MojdydeHara OT OI'bHHOTO U3NMUTBaHe € 1o 5%.
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APPLICATION OF THE CONTINUOUS METHOD WITH GANTRY CRANE
ON RAILWAY RECONSTRUCTION

Jelena Dimitrijevi¢!, Zlatko Zafirovski?, Biljana Matejevi¢-Nikoli¢?, Marko Miliji¢*

Faculty of Civil Engineering and Architecture, University of Nis, Serbia

Abstract: There are several applicable methods for railway reconstruction. This work
presents continuous method with gantry crane on the specific railway route Matejevac-
Svrljig-Knjazevac. It is shown how adaptable continuous method can be in a long gorge
with lot of series tunnel-bridge. At great length there were no other approaching roads
but railway itself. The route is characteristic, with difficult conditions for machine
approach and work. Mentioned method provided good results, but there were some
situations that could not be resolved by it. These problems are solved under favour of
contractor practise. Other available methods are mention for comparison, with short
explanation of their characteristics.

Key words: railway reconstruction, continuous method, gantry crane, Matejevac-Svrljig-
Knjazevac.

1. Introduction

Reconstruction and significant repairs on railway, are indispensable when the work on
current maintenance cannot ensure safe rail traffic. This usually includes the replacement of all
track elements with new ones. Reconstruction is approached on the basis of objective
information on the following factors: wear of rails, sleeper’s condition, fastening system
quality, ballast cleanliness and state of ground, geometry of track, maintenance costs or change
of route [1].

There are several methods for railway reconstruction. The most contemporary way for
railway renewal is with railway track layer machine. Track layer machines could be intended
for construction of completely new track or for renewal. In case of renewal, machine
continuously remove old track elements and replace them with new ones. After machine track
pass, remains completely formed track. This kind of reconstruction is available for most
maintenance service only if rent it. The rental price itself is not small and represents an
important factor in choosing a method. Configuration of the terrain itself would not allow the
use of this method, as well as the facilities condition on the track [2].

! Jelena Dimitrijevi¢, MSc; PhD Student, Faculty of Civil Engineering and Architecture, Aleksandra Medvedeva 14,
18000 Nis, Serbia; e-mail: jelena.dimitrijevic@gaf.ni.ac.rs

2 Zlatko Zafirovski, Ph.D /Ass Prof., Faculty of Civil Engineering in Skopje, blvd. Partizanski odredi 24, 1000
Skopje, Republic of North Macedonia; e-mail: zafirovski@gf.ukim.edu.mk

3 Biljana Matejevié-Nikoli¢, PhD, Assoc. Prof., The Faculty of Civil Engineering and Architecture in Nis,
Aleksandra Medvedeva 14, Nis, Serbia; e-mail: biljana.matejevic@gaf.ni.ac.rs

4 Marko Milijié, MSc /section director, Railway maintenance section Nig, Trg Kralja Aleksandra 11, 18000 Nig,
Serbia; e-mail: milton_marko@yahoo.com

425



XXI MEXAYHAPOHA HAYYHA KOH®EPEHLIUA MO CTPOUTENCTBO U APXUTEKTYPA BCY’2021
XXI INTERNATIONAL SCIENTIFIC CONFERENCE ON CONSTRUCTION AND ARCHITECTURE VSU'2021

Unlike the previously mentioned case, continuous method using a gantry crane is much
more accessible. According to opinion of persons in charge from Railway maintenance service
in Nis, continuous method is more applicable, primarily due to the availability of machines for
work, trained staff and the cost of work [1, 2]. Work costs by this method was about 350000,00
€/km, which is twice less than with track laying machine.

There is another method using a Platov crane with similar mechanization, called method
of laying finished fields with crane. It is convenient in case of short track closure. Not good
because of too many welded rails. In case of renewal of the specified route, a request for long
rail section was set, so the use of this method was initially eliminated [1, 2].

2. Continuous method characteristics

This is well-known procedure of renewing the track, when the crane moves on temporary
rails that lie on both sides of the track. They are used to place the sleepers and then the rails on
them. Generally speaking, there are three phases of reconstruction: preparation works, track
laying and final works [1].

Within renovation phases there are following works [2]:

e Old track fields removal,

Ballast removal,
Laying new sleepers,
Sleepers adjustment and rail laying,
Rail adjustment and tightening of fastening system,
Rail welding,
Ballast discharge, undermining and stabilization.

Removal of old track is part of preparation work beside ballast removal. This is usually
done by cutting track in fields of certain length (up to 25 m), picked up and removed with self-
propelled crane. There are two options for another preparation work, ballast removing. First
one is to remove ballast with bulldozer and transport it from track. Second option is ballast
sieving with ballast cleaning machine. The next stage of performing works within this method
is laying the sleepers with gantry crane. Gantry crane moves on rails that are set from the side
of sleepers. It picks up sleepers from wagon for two fields. Operators mount the brackets for
every sleeper. Crane moves to first field, puts them down to the ground and releases attachments
on every second sleeper. After installing the concrete sleepers, need to set rails by rail
manipulator on its place and temporarily fix it with fastening system. Permanent rail fixation is
possible after welding of rails. Ballast discharge, undermining and stabilization are final
operations in renewal process.

3. Characteristics of the route

This route Matejevac-Svrljig-Knjazevac is single-track 41km long. It is non-electrified.
This route has not been reconstructed for a full 60 years. The track was made of S-45 and 49E1
rails on wooden sleepers with “K” type fastening system. All track elements were in very poor
condition, which is reflected in the deformation and root of the wooden sleepers, warping and
wear of rails, lack of fastening system parts. Ballast was clayey and dirty. The railway grew
into vegetation [3].

The most demanding part of the route in terms of accessibility to the terrain and the
number of facilities, such as bridges and tunnels, is the NiSevac gorge. This stretch is about 13
km and is mostly composed of alternating bridges and tunnels, with the exception of some
section. Also, the part of the route that stands out is the Gramada tunnel with a length of 1701,00
m, on section Matejevac-Svljig.
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e 1. ,_ 4 B a) » ‘” g P o ?
Figure 1. Condition of track and track elements before reconstruction
a) the appearance of the track grid; b) sleepers state (photos by M.Miliji¢)

The reconstruction project envisages maintaining the position of all tunnels and bridges,
because their relocation would greatly increase the cost of reconstruction. The track remains
non-electrified and only for that reason the tunnel profile corresponds to the prescribed free
profile. This route is characterized by a large number of curves with a radius of 250-900m, with
transition curves [3].

Appropriate controls and tests have established that some of facilities on the railway, such
as bridges, tunnels, culverts and road crossings were not in a satisfactory condition for use [3].
The condition of these facilities was determined and appropriate repairs were performed before
the start of track replacement. This remediation process includes a total of 18 bridges, 13 tunnels
and 18 culverts. Also, the reconstruction of 43 road crossings was performed. After
reconstruction, trains with an axle weight of 18 tons can run on the railway. Track elements
allow a weight of 22.5 tons, but precisely because of the mentioned facilities, only 18 tons are
allowed.

When the railway is in described condition, it is not possible to carry out appropriate
maintenance measures in order to bring it into a technically correct condition. In this case, the
deadline for regular reconstruction of the railway track has long been breached. Even with
regular ongoing maintenance, it is not possible to extend the service life of individual route
elements for this long. That is why a complete renovation is the only solution [4].

4. Application of gantry crane method

For this method application with full working capacity and according to the specification
of the company that performed the works (Company for construction, overhaul and
maintenance of railways ,,ZGOP’’a.d. Novi Sad, Serbia), necessary mechanization includes
machines shown in the Table 1 [5].

Table 1.

Mashine name Num. Mashine name Num.
1. | Locomotive DHL 650 1 11. | Ballast plow Solinger SK 73.1 1
2. | Locomotive DHL 300 1 12. | Crane PD 350 3,4 1
3. | MIN DHD 200 2 13. | Wagon plateau for PD 350 3
4. | Geismar excavator KGT-P 1 14. | Trailer SKL 1
5. | VaiaCar excavator V-804 1 15. | MPR Geismar 1
6. | VaiaCar excavator V-504 1 16. | Bulldozer tg80 1
7. | CAT 318 1 17. | Wagon plateau 24m 9
8. | Excavator Donelli 1 18. | Wagon tipper 1
9. | Undercutter RM 76 UHR 1 19. | DHS wagon 4
10. | Tamper VPR 02 1 20. | Wagon for tunnel ventilation 1
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Complete process of railway renewing also includes use of rail drilling machine, sleeper’s
drilling machine, tirfon tensioner, rail cutting saw, chainsaw, autogenous cutting device,
generator, devices and plants for the need of management and staff [5].

After the rehabilitation of bridges, tunnels, culverts and road crossings and all elements that
are part of railway sub grade, the railway reconstruction is underway. Renovation process begins
with old track elements removing. Track grid fields up to 25m long are cut and removed from
track by excavator (Fig.2a). The excavator moves on rails and deposits the removed fields by
wagons for that purpose. It was noticed, when raising the old track, the most of the sleepers are
not even connected to the rails. This required stuff intervention. Mechanization was not enough.

Flgure 2.a)old track removing; b) Iaylng new sleepers usmg a gantry crane PD 350
(photos by M. Miliji¢)

After old track removing, the installation of new sleepers with fastening system is started.
This operation is performed using a gantry crane. For the operation of gantry crane it is
necessary to have rails that are installed before that. They are located on the side of old track,
which can be seen on Fig. 2. Gantry crane takes prepared sleepers from the wagon and
transports them to its position. In one pass, crane covers two fields of sleepers. This process is
performed on the length at which the old track was removed.

The specificity in this particular case is reflected at the level of mentioned process in several
cases. First, old ballast was not removed before the installation of new fields. It was left as a kind
of soil reinforcement during the works. Other specificity is the impossibility of using a crane at
the site of Gramada tunnel. The Gramada tunnel does not have enough width for crane entrance.
The required width is 3,75m. Instead of crane on mentioned part of railway, two excavators and
a trolley were used. In this way, finished track fields were driven into the tunnel and mounted.

Flgure 3.a) tunnel Gramada — track laying W|th excavator and trolley;
b) pulling rails with rail manipulator (MPR) (photos by M. Miliji¢)
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As part of the preparatory works for the reconstruction of track facilities, the correction
of drainage system in the Gramada tunnel was performed.

In positions where new sleepers have been laid, the rails used for crane movement are
pulled with rail manipulator on the sleepers. Track grid is formed by attaching the rails to
sleepers with fastening system after welding. After new track installation, an operation of
ballast cleaning followed. Since the ballast was in very bad condition, a large part of it was
removed, so it was necessary to add a certain amount. Ballast addition was followed with track
setting-up to the projected elevation of rail upper edge with a tamper. This process is repeated,
if necessary, after a certain period, more precisely after the settlement of the break stone layer.
Another problem must be mention in connection of ballast formation. Almost six months the
reconstruction was interrupted in the absence of material for ballast. Such a case would not be
possible at all, with the laying machine method. According to the laying machine method, all
processes are performed continuously, everything must be provided by shelves and quality [2, 4].

Ballast crushing belongs to the stabilization process and can be done mechanically. In
this specific case, the stabilization was carried out gradually, with easy rides, all with
accordance with the rulebook for the reconstruction and maintenance of the railways of the
Republic of Serbia [4].

Process of renewing also included adequate disposal of old removed elements. In the
condition of regular track renewal in the period of 20 do 25 years, certain elements would be
reusable at least for railways of a lower rank. Careful selection classifies the removed material
as reusable or not. In the shown case, this is not feasible because all elements are in dilapidated
condition, so only disposal is considered. Sleepers are temporarily stored on station Svrljig.
Rails and fastening system are appropriate disposed to the regeneration process, where it will
be determined whether they are for further use or not [1]. Only one part of ballast was used after
the sieving. There is no problem with disposing of steel elements. Each of these can be shipped
to the smelter, so there is no waste. Unfortunately, this is not the case with sleepers either. When
regenerating tracks, wooden sleepers are usually removed. Due to the characteristics way of
protecting the sleepers with environmentally unsuitable preparations, it is important to carefully
consider the issue of their disposal. It is necessary to store them on dry place, so they do not rot
and decay under the influence of the weather. By rotting, sleepers reach the ground and threaten
to pollute the soil and groundwater [6].

The regeneration process ends with the formation of a new track. However, this is not
enough. It is necessary to be environmentally responsible in any restoration method. Today, the
track renewal process is fully mechanized and its refinement is reflected in the finesse. The
future, however, is precisely our comprehensively responsible behavior towards nature and the
environment, during the entire regeneration process. In this regard, one should think about the
responsible disposal of all elements of the old track.

Conclusion

Compared to other methods and renewal systems, the gantry crane method is best adapted
to field conditions. From the aspect of prescribed operations at the beginning of work, there are
deviations. They are results of a specific problem. At Gramada tunnel stretch, the gantry crane
method could not be applied, due to small width of tunnel. Also, the operations of installing
ballast and new sleepers have been rotated. That is why this method is very good because, if
necessary, the order of individual operations can be changed. That would not be possible using
track laying machine. Also, the economic aspect should not be ignored, because it is clear how
it plays a crucial role in choosing the way of performing and construction system, even in
condition without special restriction.
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The disadvantage of this method in relation to the track laying machine method is the speed.
With the track laying machine, all track elements are installed in one pass of machine, and with
the gantry crane only after a set of several types of operations.

It is imposed to comment that the case of the gravel lack in favor of the gantry crane
method, because as we said, no process would be possible with a laying machine in such a way.
The general conclusion may be: It is much easier to adapt to such conditions by the portal crane
method than by the laying machine method.
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