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The long-term behavior of large-span prestressed 
concrete bridges and the development in the time of 

their structural performance, depend on a 
combination of several simultaneously acting 

factors, as:

- creep and shrinkage of concrete in every component of 
the structure,
- arrangement and degree of prestressing, 
- stress relaxation in prestressing steel and amount of 
friction in cables, 
- live/dead load ratio, 
-construction, loading and prestressing sequences,
- accidental loadings during construction, progressive 
development of cracks, exposition, etc.. 



Apart from durability, the most important
factor in the whole life design of

reinforced and, in particular, 
prestressed concrete bridges, is the

Service Limit State.

From this point of view, prestressed
concrete bridges are very sensitive to 

long-term increase of deflections.



Wrong prediction of the 
development of deflections means 

that also prediction of the 
distribution of internal forces, 

particularly in bridges changing 
the structural systems, can be 

wrong, quite far from the reality



Such bridges have to be either closed or 
repaired well before the end of their 

initially projected design life

The cost to the society is tremendous, and 
in fact greatly exceeds in strictly 

economic terms the cost of catastrophic 
failures due to mispredicted safety 

margin



on the one hand, the definition of reliable models 
for the prediction of creep and shrinkage 

phenomena (a material properties problem)
and,

on the other hand, 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 

Realistic evaluation of the influence of 
delayed deformations of concrete on the 

structural behavior and reliability requires:



Excessive Deflections of 56 Segmental Bridge
Spans [(deflection/span)% vs. time in days]
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Parrotts Ferry Bridge 
California, USA, 1978



Typical problem of bridges built applying the cantilever 
construction method



Deflection growth in time 
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Main causes of problems of 
excessive deflections

n Design based on an obsolete, oversimplified and 
unrealistic model for predicting creep and shrinkage 

properties of concrete, or of cross sections of concrete 
girders 

n Obsolete and unrealistic method of time-dependent 
analysis of structural effects of creep and shrinkage, 

based, for instance, on assuming the creep and 
shrinkage properties to be homogeneous throughout 

the cross section and ignoring the effects of differences 
of shrinkage and drying creep between the top and 

bottom slabs of the box girder which result from 
differences in drying half-times engendered by 

differences principally in slab thickness and 
secondarily in temperature history



n Lack of updating of the long-time creep and shrinkage 
predictions by means of short-time (1 month) creep and 

shrinkage tests and water loss tests of the particular 
concrete to be used

n Absence of statistical deflection predictions, ignoring the 
large random scatter in concrete creep and shrinkage 

effects

n The responses of prestressed structures are small 
differences of two large statistically uncertain,  variable 

quantities, of two opposite actions, in the downward 
direction caused by external loads, and in the upward 

deflection caused by prestress. Small percentage errors in 
each (typically 10–15%) will result in a far larger percentage 
error in the total performance. A small change in one of the 

terms may cause a large variation in the result



n Incorrect and harmful tendon layout—some tendon 
layouts benefiting the stress state can at the same time 

be harmful from the deflection viewpoint

n Bridge design should be performed on two different 
levels: not only the common stress analysis, but also 

optimization of prestressing tendon layout to minimize 
deflections

n An oversimplified structural model—particularly the 
use of the classical mechanics of beam bending, based 

on the Bernoulli-Navier hypothesis of cross sections 
remaining plane, while the true behavior is three-

dimensional, with a strong shear lag, due to large shear 
deformations in the webs and plates



A.  Creep
B.  Differential shrinkage
C.  Shear effects 
D.  Arrangement of prestressing -

inefficient prestressing

Incorrect or unknown input data (materials, 
construction process…)

Significant factors affecting
deflection increases:



A: Creep

Realistic prediction of concrete creep 
and shrinkage is of crucial importance 
for achieving good durability and long-

time serviceability



None of the available material models for 
predicting creep and shrinkage is satisfactory,   

Majority of models severely underestimate 
multidecade deflections as well as the 

prestress losses and give an unrealistic shape 
of deflection histories.

In the creep and shrinkage prediction 
model, the drying creep should be separated 
from the basic creep, because the former is 

thickness-dependent and approaches a finite 
terminal value, whereas the latter is thickness-
independent and unbounded. Also, the scatter 

of variables should be considered.



Uncertainty of Deflection Predictions

Creep and shrinkage are notorious for their 
relatively high random scatter 

For this reason, the design should be made not for 
the mean deflections, but for some suitable 

confidence limits such as 95% 

Adopting the Latin hypercube sampling of input 
parameters, one can easily obtain such 

confidence limits



When dealing with large creep-sensitive 
structures, updating of the creep and 

shrinkage prediction based on short-time 
tests of the given concrete is necessary 

B3 (or improved B4) is a model that has been 
specifically formulated so as to allow easy 

updating by linear regression, while for other 
models the updating problem is nonlinear



New  advanced model named B4, builds on the
theoretically justified model B3, which is a 

RILEM recommendation from 1996 

Improvements to the model allow for enhanced
multi-decade prediction, distinguish between

the drying and autogenous shrinkage, and
introduce new equations and parameters to 

capture the effects of various admixtures and
aggregate types



Ranges of Applicability

- record span bridges,
- nuclear containments and vessels,
- large offshore structures, 
- large cooling towers, 
- record-span thin roof shells, 
- record-span slender arch bridges, 
- super-tall buildings



It makes little sense to run a detailed finite
element analysis with statistical estimates and

experimental updates using a poor material 
model.

Short-time shrinkage and drying creep tests of 
concrete to be used in sensitive structures

should be accompanied by weight loss 
measurements from which the halftime can be 

identified.



The most realistic and accurate analysis based 
on a model such as B4 (or B3) typically a step-

by-step computer analysis based on 
a rate-type constitutive law and damage 

constitutive model, 
coupled with the solution of the differential 
equations for drying and heat conduction, 
statistical estimation of confidence limits, 

and updating based on shorttime
tests of the given concrete.



However, any improvement 
of the creep function itself 

cannot fully explain 
excessive deflections



n different development of shrinkage in 
flanges
n different thickness, different humidity

n diferent development of drying creep 
in flanges
n different thickness, different humidity

B: Differential shrinkage
and drying creep



The effect of thickness differences among the webs 
and top and bottom slabs on shrinkage

and drying creep must be taken into account 

This leads to non-uniform creep and
shrinkage properties throughout the cross section, 

manifested as differential drying creep and 
differential shrinkage

Because of its thickness dependence, the drying creep 
should be separated in the prediction model from the 

basic creep, which is independent of thickness



The diferential shrinkage

Shrinkage in flanges Differences in shrinkage strains for 

of different thicknesses flanges of different thicknesses
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V důsledku rozdílného smršťování horní a spodní desky 
se konzola  komorového mostu prohýbá nejprve 
vzhůru a potom dolů, koncový průřez se natáčí

• Konzola

Development of deflection of the cantilever free end 
due to differential shrinkage
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Tricky effects of shrinkage and drying 
creep on deflection development



Extreme sensitivity of box girder deflections 
to the differences in the rates of shrinkage 

and drying creep between the top and bottom 
slabs. 

The deflection evolution of large box girders 
is usually counterintuitive. The deflections at 
first grow slowly or are even negative, which 

may lead to unwarranted optimism, but after a 
few years a rapid and excessive deflection 

growth sets



Simple evaluation of deflections of a cantilever 
with a varying bottom flange thickness due to 

the differential shrinkage

yi =  (esht - eshb) / Hi

the contribution of a single (i-th) segment to deflection of the cantilever end 
due to differential shrinkage is 

Dyi = yi si xi

the deflection of the cantilever end due to differential shrinkage 
y = S yi si xi



Zvikov – Otava - bridge – an example 
of excessive deflections and repair



n A

Vltava river bridge at Zvikov
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n A

La Lutrive Bridge

La Lutrive
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C: Shear effects

- shear deformations of webs 
- shear lag:

classical negative



The deflection is a result of two opposite actions:
1. the external  loadings (dead and live loads)

2. the effect of prestressing (in the opposite direction)

The resulting deformation is the difference
of the above deflections 

This difference of large numbers is very sensitive, 
a small change in one of these numbers may result in 

very significant change of their difference



Deflection as a difference of 
large numbers

n Effect of the dead load DL

n Effect of prestressing P
n Deflection = difference D

n Long term effects of DL and P
are not proportional



The shear lag effects on deflections due to self 
weight and to prestress are different 

The shear lag is strong for the self weight but 
weaker for the prestress

Since the total deflection is a small difference 
of two large numbers, one for the downward

deflection due to self-weight and the other for 
the upward deflection due to prestress, a 

small percentage error in the first, typically 
10% to 15%, will result in a far larger

percentage error in the total deflection



No shear lag in a beam 
prestressed by straight tendons

No shear force = no shear lag



Prestressing (by straight or nearly 
straight tendons) induces no shear 

forces (or minor shears)

Therefore, 
there are no (or relatively very low) 

shear lag and shear deformations of 
webs due to prestressing



The concept of effective widths,
if they are assumed the same for 

evaluation of effects of vertical loads 
and prestressing, is in the case of 

prestressed concrete bridges
completely wrong



Shear effects – example:
Bridge at Melnik



Effect of shear lag and shear deformations of webs
on deflections

cantilever stage final structural system

Shear effects – example:



Effects of a Change of Structural System
Horizontally curved bridges

Free cantilever 
construction 

method
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Time variation of bending  moments:
Mo(α,t) = {[1 - r(t)] [(µ + 1)cosa ] + r(t) cosa - 1} q R2

Time variation of torsional moments
Mk(a,t) = {[1 - r(t)] [(µ + 1)sina ] + r(t) sina - a} q R2

Developed analytical formulas



Horizontally curved box beam – made continuous

Investigated time: 
t = 1800 days

Co-op: L.Vráblík

Made continuous at
tr = 1000 days
tr = 500 days
tr = 100 days
On scaffolding
Cantilever stage
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Effect of prestressing arrangement in construction stages
upon deflection variations in the final structural system

Effective presstresing in construction stages can be
completely uneffective for the structural performance in 

the final system

A simple example:

D: Arrangement of prestressing

No effect for reduction of future growth of deflections !!!



A tendon layout benefiting the stress state can at the 
same time be harmful from the deflection viewpoint

CTU Prague

Deflection is reduced

Deflection is increased !!!



A method to assess tendon efficiency on bridge 
deflections has been developed

The method was programmed  - the program is 
free to download from the internet address:

http://concrete.fsv.cvut.cz/veda/science_en.php
accessible to any engineer.

The advantage of the proposed method is its 
ease of application, which allows the optimal 

tendon layout to be determined from the 
developed procedure

http://concrete.fsv.cvut.cz/veda/science_en.php


The program contains several screens
the first is a form in which one needs to fill in the data about the influence line of 

deflection, 
the second  inputs layouts of investigated tendons, 

and the third gives immediately the deflections induced by individual tendons.



Bridge over the River Labe in Melnik

22% of the total prestressing tendons affect the bridge 
unfavourably, contributing to increase of deflections



Schematic layout of prestressing tendons

Tendons of several categories were installed during the individual stages 
of the construction process:

n Tendons located at the top surface, installed during cantilever erection stage;
n Tendons located at the bottom surface of the middle (main) span;
n Tendons located at the bottom surface of the first and third spans; and
n Tendons located at the top surface over the interior supports, installed at the 

time when the box girder cantilevers are joined continuously at their ends to 
form the final structural system.



A simple method to find the most efficient 
position of a tendon
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Ø intersections of lines indicate the regions of beneficial and adverse effects on 
deflection of section P

The most efficient location of tendon anchoring

Simple graphic tool
Ø diagram of derivative of the influence line for deflection at section P (full line)

Ø diagram of derivative of the influence line for deflection at section P shifted in left
direction along the bridge axis about the length of the tendon s (dashed line)

Ø the section with extreme diference of the both lines indicates the most efficient 
location of tendon anchoring

Ø intersections of lines indicate the anchorage locations without any effect on deflection 
of section P

The region of benefical effects 

The region of adverse effects

Program by Lukas Vrablik



Prestress loss
The prestress loss may be 2- to 3-times higher than 

predicted by simple textbook formulas or lump 
estimates

It can also be much higher than that predicted by the 
theory of beam bending in which the cross sections 

remain plane

The loss should be calculated as part of 3D finite 
element analysis, using a sound creep and 

shrinkage model and taking into account the 
nonuniformity of shrinkage and drying creep 

properties throughout the cross
section



Traditionally, the prestress loss is calculated 
not by finite elements but by simple formulas 

based on the classical engineering beam 
theory in which the cross sections are 

assumed to remain plane

One must conclude that, for large box girders, 
the standard textbook formulas for prestress

loss are inadequate and dangerously 
misleading

Three-dimensional analysis of prestress loss 
represent  an adequate method



The cross section warping effect and the warping 
induced long term prestressing loss due to creep of 

concrete

Particularly in the case of 
unevenly distributed and isolated 
tendons in cross-section and in 

the case of short spans.

Thus it will be appropriate to 
introduce a new component of 

the prestress loss – the prestress 
loss due to creep of concrete 

induced by cross section warping



Large bridges should be designed not for the mean 
but for 95% confidence limit on the predicted 

deflection (in other words, having to repair or close 
more than 1 bridge in 20 is unacceptable) 

The necessary statistical analysis is easy adopting
the Latin hypercube sampling.

It suffices to repeat a deterministic computer run of 
structural response about ten-times, using properly 
selected random samples of the input parameters



The Koror-Babelthuap (Palau)
Bridge Collapse

Creep sag of 1.61 m at mid-span in 1996



The K-B Bridge was repaired between 1995 and 1996. It was 
suggested to install 8 external post-tensioning tendons

continuous across the main span hinge with a total tensile 
force of 36 MN.

4688 kN 4688 kN

3972 kN 3972 kN

P=36 MN P=36 MN



Palau Bridge Collapse
incorrect remedies lead to injuries and loss of life



Incorrect
remedies lead 
to injuries and 
loss of life

Palau Bridge 
Collapse



From the general point of view, it is 
necessary to conclude that the 

primary reasons for collapse of the 
bridge were the excessive 

deflections. 

Without this, no any repairs were 
necessary and the bridge could be 

in service for many years in the 
future.



Zvikov – Otava - bridge – an example of 
excessive deflections and repair
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Zvikov bridge – midspan hinge



Zvikov bridge – expansion joint



Zvikov bridge - repair



Zvikov bridge - repair

External tendons 
for deflection 

stabilizing



Zvikov bridge - repair



Zvikov bridge 
after repair



Bridge over river Elbe in Decin Czech Republic

External 
tendons for 
deflection 
stabilizing



The lesson to be learned from the 
deflections of the existing bridges is 

that the bridge design should be 
performed in two different and equally 
important phases – not only the usual 

stress analysis, but also the 
optimization of prestressing tendon 

layout 

The latter is a necessity for ensuring 
acceptable long-term deflections 



Recommendations for design
n Analysis – important factors included (differential 

shrinkage ,shear, shear lag…)
n Statistical scatter – important for material properties
n Creep and shrinkage – based on short-term 

measurements
n Prestressing design – correct balancing factor
n Cantilever tendons – efficiency for the final stage
n Continuity tendons – contributing to reduction of 

deflections
n Prestress losses – low friction ducts recommended
n Monitoring of performance – improvement of future 

projects

CTU Prague



Conclusions

The designer – key role for 
reliable structure

Robust design is necessary –
(uncertainties)

CTU Prague



Thank you for your 
kind attention
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