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Introduction

In designing long-span prestressed concrete bridges, ex-
cessive long-term downward deflection has been a con-
cern among structural engineers. Compared to simply 
supported bridge spans, continuous bridge spans can 
eliminate the movement joints, so as to provide a smooth 
riding surface and ease the maintenance. Therefore, con-
tinuous rigid frame bridge is an attractive structural op-
tion. From vast experience, the deflection of a prestressed 
continuous rigid frame bridge deck at circa 500 days af-
ter completion of construction would amount to 70% to 
90% of the ultimate values, and after that, the deflection 
would increase at a much lower rate and eventually levels 
off (Robertson, 2005). However, there had been observa-
tions in reality that the actual long-term deflections were 
significantly larger than the predicted values, and even 
many years after completion of bridge construction, the 
deflections showed no sign of convergence but continued 

to increase steadily (Křístek, Bažant, Zich, & Kohoutková, 
2005, 2006; Xu, Tan, & Li, 2010). Therefore, it is necessary 
to investigate the underlying causes of the excessive long-
term deflections, and, given the common usage of Finite 
Element Method (FEM) in structural design, to devise a 
reliable method for assessing such in the finite element 
(FE) analysis for practical adoption.

In general, the deflection of prestressed concrete bridge 
girders is a complex nonlinear behaviour influenced by 
the long-term prestress loss, concrete shrinkage and creep 
characteristics, cracking of the bridge girder, construction 
tolerances, and the interactions among these factors (Xu, 
Zhang, & Xu, 2007). This is in line with the analytical 
results based on the FEM, which is commonly used for 
structural analysis and design by both engineers and re-
searchers. For instance, Takács (2002) analysed the long-
term deflections of bridge decks based on three real bridg-
es in Norway. By taking into account the time-dependent 
effects including shrinkage and creep as well as prestress 
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loss, the predicted deflections agreed reasonably well with 
the observed values. The studies by Křístek, Bažant, Zich, 
and Kohoutková (2006) and Křístek, Vráblík, Bažant, Li, 
and Yu (2009) revealed the sensitivity of non-uniform 
shrinkage on the deformational behaviour of box girder 
bridges. Due to differences in the thickness of and the en-
vironmental conditions faced by the top and bottom slabs, 
the slabs would exhibit different rates of shrinkage, which 
would play an important role in affecting the curvature 
and the deflection. All in all, the non-uniform shrinkage 
effect has great influence on the long-term deformations 
of bridge girders.

On the basis of the nonlinear diffusion theory (Bažant 
& Najjar, 1972) that models the nonlinear water diffusion 
in unsaturated concrete, Bažant, Yu, & Li (2012a, 2012b) 
established the physical model of a collapsed long-span 
bridge in Palau as part of the forensic investigation. In the 
model, the variation of exposure conditions of each mem-
ber to the ambient environment was taken into account, 
such that each solid element is characterized by a distinct 
drying rate. The shrinkage behaviour of the physical com-
ponents is described by the B3 Model for deformational 
analysis (Bažant & Baweja, 2000) to simulate the actual state 
of time-dependent dimensional change. It should, neverthe-
less, be noted that the collapse was attributed to a number 
of design flaws, construction quality, and workmanship fac-
tors, including an inadequate allowance of creep deflection 
(Bažant et al., 2011; Bažant, Hubler, & Yu, 2011). The non-
linear diffusion theory was also applied by Huang (2010) 
in developing a computation method for thin-walled box 
girder to consider the non-uniform shrinkage effect, so as 
to improve the accuracy of long-term deflection analysis.

By means of FE analysis using plate elements, Xiang, 
Tan, Xu, and Yan (2011) analysed the long-term deforma-
tions of a concrete box girder bridge taking into account 
the effects of non-uniform shrinkage. From their study, it 
was concluded that the non-uniform shrinkage augment-
ed the deflection of cantilever beam by approximately 
30%, and ultimately, the deflection of continuous rigid 
frame bridge span converges to a certain increased value 
under the combined effects of creep and shrinkage. Zhang, 
Meng, and Liu (2011) derived the equivalent shrinkage 
strain formulas based on plane section assumption and 
simulated the equivalent shrinkage strain with prescribed 
contraction of structural components. By employing this 
methodology, they assessed the long-term deformations 
of Sutong Bridge in China with the inclusion of non-
uniform shrinkage. Navrátil and Zich (2013) analysed 
the long-term deflections of a post-tensioned segmentally 
erected bridge across Vltava River in the Czech Republic 
using the FEM and compared the analytical results with 
the field measurement data (Zich, 2002; Zich & Navrátil, 
2011), and they conducted parametric analysis for various 
cross-section dimensions, environmental conditions, and 
shrinkage model coefficients. The above studies pointed 
out the remarkable effect of non-uniform shrinkage in in-
creasing the long-term deflections of rigid frame bridges. 

The omission of non-uniform shrinkage in the design 
process would lead to underestimation of the deflections.

Though vast research had been devoted to investigate 
the time-dependent effects on deflection of continuous 
rigid frame bridge due to concrete shrinkage and creep, 
the effect of non-uniform shrinkage of box girder section 
had rarely been studied. In design practice, the non-uni-
form shrinkage effect is often neglected due to the absence 
of guidance in design codes and lack of well-established 
methodology to cater for such effect. Given the signifi-
cance of non-uniform shrinkage in determining the long-
term deflections of a bridge girder, as will be shown in 
this paper, the authors hereby propose a new simulation 
technique that can be applied to common general-purpose 
FE program. The non-uniform shrinkage effect of the box 
girder is transformed to an equivalent temperature gradi-
ent and then applied as external load onto the beam ele-
ments in the FE analysis. The proposed simulation tech-
nique is simple and can be readily adopted in the practice 
of concrete bridge design. To illustrate the technique, a 
long-span prestressed concrete continuous rigid frame ve-
hicular bridge in real life is selected for analysing its long-
term deflections under the scenarios of uniform shrinkage 
and non-uniform shrinkage. Comparison of the numeri-
cal results reveals the significant impact of non-uniform 
shrinkage on the long-term deflection behaviour.

1. Shrinkage of bridge deck

In conducting structural analysis of bridges, the shrink-
age effect of the bridge deck is usually represented by the 
shortening movement in the longitudinal direction of the 
bridge. For given environmental conditions, given age 
and material properties of concrete, such movement is 
solely dependent on the effective thickness of the struc-
tural component. At this juncture, the effective thickness 
is evaluated as two times the concrete sectional area di-
vided by the perimeter exposed to ambient as per British 
Standard BS 5400 (British Standards Institution, 1990) and 
CEB-FIP Model Code 1990 (Comité Euro-International du 
Béton, 1993). Therefore, the uniform dimensional change 
over the bridge girder cross-section is characterized by a 
shrinkage strain, which is multiplied by the longitudinal 
dimensions to give the shortening movement. However, 
the bridge deck may not have uniform shrinkage through-
out the cross-section. For example, the top slab and bot-
tom slab of an I-shaped girder or a box girder may shrink 
by different amounts. This gives rise to non-uniform 
shrinkage that, apart from causing shortening movement, 
also induces curling of the deck.

The shrinkage strain of concrete may be assessed 
based on the formulations in different design codes. In 
this study, the real bridge chosen as a numerical example 
is located in China and was designed according to Chi-
nese Standard JTG D62-2004, reference is therefore made 
to this design standard. The provisions in JTG D62-2004 
with respect to shrinkage are similar to those in CEB-FIP 
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Model Code 1990, with modifications to suit the materials 
characteristics in China. As stipulated in JTG D62-2004, 
the shrinkage strain εcs(t, ts) of concrete at age t (days) is 
evaluated as (Eq. (1)):

( ) ( ),cs s cso s st t t tε = ε β − , 	 (1) 

where ts is the age of concrete (days) when shrinkage 
starts, εcso is the notional shrinkage coefficient as given 
by Eq.  (2), and βs(t – ts) is a time-dependent coefficient 
as given by Eq. (3). Theoretically, at infinitely long time, 
the value of βs(t –  ts) would approach unity. Hence, the 
notional shrinkage coefficient εcso is representative of the 
ultimate shrinkage.
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In the above equations, εs(fcm) is dependent on the 
28-day mean cube compressive strength fcm of concrete, 
βRH is a coefficient dependent on the relative humidity, 
and he is the characteristic thickness (mm) of the struc-
tural component (same as the effective thickness defined 
above). Readers are referred to JTG D62-2004 for the valu-
ation of εs(fcm) and βRH. As can be seen from the above 
formulation, for a given concrete grade and for a given 
environmental relative humidity, the notional shrinkage 
coefficient and hence the ultimate shrinkage strain of 
concrete are constant, and are not affected by the charac-
teristic thickness (which affects only the time-dependent 
coefficient βs(t – ts)) of the structural component. Never-

theless, the characteristic thickness of the component is 
an important parameter in determining the rate of drying 
shrinkage of concrete. Therefore, the shrinkage behaviour 
of structural members is largely dependent on the mem-
ber geometry and dimensions. 

To illustrate the above, consider long concrete panels of 
unit width subject to one-dimensional drying with mois-
ture movement allowed only in the out of plane direction. 
The thickness of panel h is varied among 0.3 m, 0.6 m, 
0.9 m and 1.2 m. Assume the panels are cast of grade C55 
ordinary Portland cement concrete, the relative humidity 
is 65% and the concrete starts to shrink from the fifth day 
after casting. The longitudinal shrinkage strains of the con-
crete panels are evaluated based on the relevant provisions 
in JTG D62-2004. The variations of shrinkage strain and 
concrete age so obtained are presented in Figure 1.

As can be seen from the curves in Figure 1, the rate 
of shrinkage is higher for a panel with smaller thickness, 
and vice versa. Furthermore, as reflected from the formu-
lations stipulated in JTG D62-2004, the shrinkage strains 
of the concrete panels will converge to a certain ultimate 
value when the age of concrete approaches a very long pe-
riod of time. The ratios of shrinkage strain of 0.3 m thick 
panel to those of other panel thicknesses at different ages 
are listed in Table  1. It is noted that the ratio is higher 
when the difference of panel thickness is larger, and when 
the concrete is at relatively early age. In any case, the ratio 
decreases with increasing age of concrete. Consider an I-
shaped girder or a box girder, if the difference in thickness 
of the top slab and the bottom slab is large, correspond-
ingly there would be large difference in shrinkage strains 
between the two slabs, and such differential shrinkage will 
eventually diminish.

2. Equivalent transformation of non-uniform 
shrinkage

2.1. New simulation technique of non-uniform 
shrinkage

The proposed simulation technique of non-uniform 
shrinkage is introduced in this section. Consider a section 
of box girder as shown in Figure 2, denote the thickness of 
top slab by ht and the thickness of bottom slab by hb. For 
simplicity, suppose the top and bottom slabs are exposed 
to the same environmental conditions and are cast of the 
same concrete at the same time. If the thickness of the 
bottom slab is greater than that of top slab, i.e., hb > ht, a 
larger shrinkage strain would be developed in the top slab Figure 1. Variations of shrinkage strain with concrete age

Table 1. The ratio of shrinkage strains of different thickness of concrete panels at different age

Thin panel, m 
/Thick panel, m

Age, year
1 2 5 10 20 30 50 70 100

0.3/0.6 1.79 1.72 1.58 1.44 1.30 1.22 1.15 1.11 1.08
0.3/0.9 2.50 2.38 2.13 1.88 1.62 1.48 1.33 1.25 1.19
0.3/1.2 3.13 2.98 2.64 2.29 1.92 1.73 1.51 1.40 1.30
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at certain concrete age. Denote the shrinkage strain of top 
slab by εt and the shrinkage strain of bottom slab by εb. It 
is known that the magnitude of εt is greater than εb. This 
non-uniform shrinkage would induce shortening as well 
as a sagging curvature in the box girder. Due to the re-
straining effect of the fibres in the cross-section, it can be 
assumed that plane sections remain plane in the deformed 
girder. Figure 3 depicts the outline of the box girder along 
the longitudinal axis. The undeformed outline is repre-
sented in solid lines, whereas the deformed outline due to 
shrinkage is represented in dotted lines.

In analysing the time-dependent structural behav-
iour of the bridge using FE computer program, usually, 
the analysts may directly assign the axial shortening of 
beam elements. However, the curvature due to non-uni-
form shrinkage is not allowed for, and hence a specialised 
simulation technique becomes necessary. Denote Δε as 
the difference between εt and εb, and h as the structural 
depth of the box girder (m). If the shrinkage of the webs 
and flanges is compatible such that the web sections do 
not restrain the shrinkage deformation of the slabs, the 
curvature φ (1/m) induced by the non-uniform shrinkage 
is mathematically given by Eq. (4):

t b
h h

ε − ε ∆ε
ϕ = = .	  (4) 

The curvature may be regarded as equivalent to the 
rotational deformation produced by a fictitious bending 
moment M which is applied to a simply supported beam, 
as shown in Figure 4. Denote the flexural rigidity of the 
beam by EI (kN/m2), M is given by Eq. (5):

M EI EI
h
∆ε

= ϕ = . 	 (5) 

The fictitious bending moment is prescribed through 
an equivalent temperature gradient across the section, as 
depicted in Figure 5. In doing so, the shrinkage strains of 
the top and bottom slabs are converted to equivalent ther-
mal strains. Since shrinkage produces shortening move-
ment, it is represented by thermal contraction, and hence 
temperature drop should be prescribed to the top and 
bottom slabs. By the assumption of the plane sections re-
main plane, the temperature gradient may be regarded as 
uniform. Suppose T1 (°C) and T2 (°C) are the temperature 
drop prescribed to the top slab and the bottom slab, re-
spectively. They are related to the shrinkage strains by the 
coefficient of equivalent thermal expansion α (1/°C), as 
given in the below Eq. (6):

1
tT
ε

=
α

, 2
bT
ε

=
α

. 	 (6) 

Further, denote ΔT as the temperature difference 
(ΔT = T1 – T2; in this context, ΔT < 0). From the above, 
ΔT is related to the difference in shrinkage strain of the 
top and bottom slabs. The equivalent temperature gradient 
is given by Eq. (7):

1t bT
h h h

ε ε ∆ ∆ε
= − = α α α 

.	  (7) 

Therefore, the flexural deformation of box girder 
caused by non-uniform shrinkage can be converted to the 
flexural deformation caused by an equivalent temperature 
gradient. This transformation technique can be utilised for 
the deformational analysis of box girders.

2.2. Assessment of curvature

The effects of non-uniform shrinkage on the curvature 
development in box girder sections are analysed. Dimen-
sions of the cross-sections are shown in Figure 6 and are 
summarised as follows. The structural depth is 3.0 m, the 
width and thickness of top slab are respectively 8.0 m and 

Figure 2. Box girder section with different thickness of the top 
and bottom slabs

Figure 3. Outline of box girder section before and after 
shrinkage deformation

Figure 4. Fictitious bending moment applied                                
to the simply-supported beam

Figure 5. Equivalent temperature gradient

Figure 6. Cross-section of box girder with variable thickness    
of bottom slab (dimensions in m)
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0.25 m, the thickness of web is 0.3 m, the width of bot-
tom slab is 4.0 m, and the thickness of bottom slabs is 
varied among 0.3 m, 0.6 m, 0.9 m and 1.2 m. Assume the 
concrete starts to shrink from the fifth day after casting. 
Due to the larger thickness of the bottom slab than the top 
slab, as discussed in the above, the top slab would exhibit a 
higher rate of drying shrinkage and sagging curvature will 
be induced in the box girder. The variations of curvature 
with the concrete age are plotted in Figure 7, and the nu-
merical values of curvatures for the girder sections with 
varying thickness of bottom slab at different concrete age 
are tabulated in Table 2.

From Figure 7, it is observed that the curvatures of 
box girders first increase up to the maximum value, and 
then decrease gradually. The increase in curvature due to 
non-uniform shrinkage has been explained in the forego-
ing, and it is accompanied by an increase in downward 
deflection of the box girder. It should be noted that with 
the increase of concrete age, the rate of drying shrinkage 
eventually decreases. The reduction in the rate of drying 
shrinkage is also reflected in Figure 1. Initially, the top slab 
shrinks more rapidly. After a certain period of time, its 
rate of shrinkage will reduce to become smaller than that 
of the bottom slab. In other words, initially, the difference 
in shrinkage strains of the top and bottom slabs increases 
from zero to the maximum value. Subsequently as the 
rate of shrinkage of the bottom slab exceeds that of the 
top slab, the difference in shrinkage strains reduces, and 
this causes the curvature and the magnitude of downward 
deflection to decrease. The time to attain the maximum 
curvature is dependent on the slab thickness. As can be 
seen in Figure 7, the time is shorter when the difference in 
slab thickness is less, and is longer when the bottom slab 
is much thicker than the top slab. 

Theoretically, both the top and bottom slabs would 
eventually reach the same ultimate shrinkage strain, such 
that the curvature induced by non-uniform shrinkage 
would vanish. However, since concrete shrinkage is a 
long-term process, the curvature and deflection induced 
by the non-uniform shrinkage would reduce only very 
slowly after attaining their maxima and would exist most-
ly during the service life of the bridge structure. Besides, 
given the variable environmental condition, due allowance 
of the non-uniform shrinkage effect has to be made in 
assessing the long-term deformational behaviour of rigid 
frame bridges.

2.3. Analysis procedure

The proposed equivalent transformation technique is sim-
ple to apply in the bridge design process. For the general 
case of bridge configurations, the cross-section of box 
girder may be non-uniform, where the depth of girder 
and the thickness of slabs may be changing along the 
longitudinal direction. Due to the variable geometry of 
bridge girders, the shrinkage strains at different cross-sec-
tions and different locations of the girder section can be 
varying. Therefore, the effects of non-uniform shrinkage 
on the deformational behaviour can be complicated, and 
the FEM is usually required to perform structural analy-
ses. The procedures for implementing the transformation 
technique in the analysis are presented in the flowchart 
in Figure 8.

As the equivalent temperature gradient is determinis-
tic from the shrinkage strain, the solution process of FE 
analysis does not require performing iterations. The de-
formation response due to non-uniform shrinkage effect 
as obtained from the FE analysis is to be superposed to 
the deformation induced by the applied loads and envi-
ronmental loads. On the other hand, the time-dependent 
stresses of the bridge structure should be computed with 
due consideration of the interaction between shrinkage 
and creep effects (Bačinskas, Kaklauskas, Gribniak, Sung, 
& Shih, 2012; Gribniak, Bačinskas, Kačianauskas, Kak-
lauskas, & Torres, 2013). In this respect, the step-by-step 
time integration method of FE analysis can be adopted 
(Kwan & Ng, 2009, 2015). The above analysis procedures 
can be applied using a wide range of general-purpose FE 
computer programs, including the ones normally used in 
performing practical structural design. This allows im-
proving the accuracy of deformation assessment in the 
design phase of continuous rigid frame bridges.

Table 2. The curvature of girder sections with varying thickness of bottom slab (×10–6/m)

Bottom slab 
thickness, m

Age, year
1 2 5 10 20 30 50 70 100

0.3 14.3 18.6 23.2 23.8 20.7 17.7 13.4 12.0 10.8 
0.6 25.0 33.2 44.3 49.5 49.0 45.7 38.9 36.1 33.6 
0.9 28.7 38.3 52.0 59.8 61.9 59.7 53.8 51.0 48.4 
1.2 30.5 40.9 56.0 65.2 68.9 67.8 62.9 60.3 57.8 

Figure 7. Time variations of curvature of girder sections
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3. Application of equivalent transformation 
technique

3.1. Bridge selected for study

Lijiawa Bridge is located in Yan’an City in Shaanxi Prov-
ince of China. It forms part of the Huangling to Yan’an 
Expressway running from south to north of Shaanxi 
Province. The bridge superstructure is in the form of 
prestressed concrete continuous rigid frame. It has a 
total length of 570  m with span length arrangement of 
(75 + 3 × 140 + 75) m. Figure 9 illustrates the elevation 
layout of the bridge. The deck girder is a hunched pre-
stressed single-cell box girder. The structural depth varies 
from 3.2 m at mid-span to 8.3 m at support position, and 
the variation of depth follows a parabolic curve with an 
exponential index of 1.8. The width and thickness of the 
top slab are 16.65 m and 0.32 m, respectively. The width 
of the bottom slab is 8.65 m, and the thickness of the 
bottom slab varies from 0.32 m at mid-span to 1.0 m at 
the edge of support, and the variation of thickness fol-
lows a parabolic curve with an exponential index of 1.8. 
Atop the bridge piers, the thickness of the bottom slab is 
increased to 1.3 m.

The span length of 140 m of the three main spans is 
regarded as long-span in the practical range of continu-
ous rigid frame concrete bridges. The support condition 
of the three main spans is fixed support. The bridge has 
the special feature of having tall bridge piers, which are 
of different heights to suit the topology of the mountain-
ous site. The piers at opposite sides of the end spans are 
respectively 25  m and 45 m in height. The piers of the 
three main spans, labelled as P1, P2, P3, and P4 as shown 
in Figure 9, have heights of 60 m, 124 m, 100 m and 65 m, 
respectively. The bridge deck is fixed-supported on the 
piers P1 to P4 and is simply supported on the two piers 

at both ends. The bridge piers are of rectangular hollow 
section. Among the piers, P1 and P4 are split piers of 
double rectangular hollow sections. Since the bridge has 
the structural form of a continuous rigid frame, the use of 
split piers can reduce the shear stiffness so as to provide a 
certain degree of flexibility to cater for length changes of 
the bridge deck, while maintain a high flexural stiffness 
to resist bending moments.

Construction of the main bridge structure was com-
menced in 2013 and completed in 2015. The bridge deck 
was constructed by balanced cantilever method. Stress-
ing of the tendons was carried out during the progress 
of constructing the bridge deck, which was cast of grade 

Figure 8. Procedures to analyse the non-uniform shrinkage effect

Figure 9. Elevation and cross-sections of Lijiawa Bridge
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C55 concrete. In the analysis, the construction sequence 
and the stage-by-stage changes of the partially complet-
ed bridge structure are not considered in the structural 
model. The reason is that the curvature arisen from the 

construction sequencing could be corrected by appropri-
ate pre-cambering before closure of the deck, and such 
is assumed herein to illustrate the effect of non-uniform 
shrinkage solely. However, in general circumstances, the 
influences of the construction sequence and the corre-
sponding shrinkage that would occur during the con-
struction stages should be duly included in the structural 
modelling.

3.2. Analysis of non-uniform shrinkage effects

The deflection of the main girder of Lijiawa Bridge due 
to non-uniform shrinkage effect is analysed. To demon-
strate the feasibility of implementing the transformation 
technique with the use of general commercial FE software 
in engineering practice, a commonly used FE program 
Midas/Civil is employed for the analysis. In accordance 
with the bridge geometry, FE model of Lijiawa Bridge is 
established in Midas. The bridge girder is discretized into 
beam elements with a typical length of 1 m, and the sec-
tion properties are taken from the middle of the girder 
segments. Since the shrinkage occurs more rapidly at early 
age and its rate eventually diminishes, the division of time 
intervals is relatively fine initially and has gradually de-
creasing fineness. With the aid of a spreadsheet program, 
the shrinkage strains of the girder and equivalent tem-
perature gradient for each beam element at different time 
intervals are determined.

The effects of selfweight, prestress force, deformation 
of substructure and other external loads are not included 
in the analysis to highlight the sole effect of non-uniform 
shrinkage on the deformational behaviour. Two scenarios 
of shrinkage are considered, namely 1) under uniform 
shrinkage of bridge girder; and 2) under non-uniform 
shrinkage of bridge girder. The computed vertical de-
flections of the main girder at 1 year, 2 years, 5  years, 
10 years, 20 years and 100 years after completion of the 
deck structure construction for these two scenarios are 
shown in Figures 10–15.

It can be seen from Figures 10–15 that under the ef-
fect of uniform shrinkage, the end spans exhibit upward 
deflection, while other spans exhibit downward deflec-
tion, and these upward and downward deflections are 
very small comparatively. Under the effect of non-uniform 

Figure 10. Computed deflections of main girder 1 year            
after completion of the deck

Figure 11. Computed deflections of main girder 2 years            
after completion of the deck

Figure 12. Computed deflections of main girder 5 years              
after completion of the deck

Figure 13. Computed deflections of main girder 10 years             
after completion of the deck

Figure 14. Computed deflections of main girder 20 years               
after completion of the deck
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shrinkage, only the regions near the continuous supports 
of end spans have small upward deflections, while other 
regions exhibit downward deflections. These downward 
deflections are much greater compared to those induced 
by uniform shrinkage. The maximum upward and down-
ward deflections under the two scenarios are plotted in 
Figures 16–17.

Considering the upward deflections, under the effect 
of uniform shrinkage, the maximum upward deflection 
increases from 0.9 mm in the first year to 6.1 mm in the 
one hundredth year; whereas under the effect of non-
uniform shrinkage, the maximum upward deflection in-
creases from 0.4 mm in the first year to 1.0 mm in the one 
hundredth year. In the scenario of uniform shrinkage, the 
upward deflections continue to increase throughout the 
time period considered. In contrast, the upward deflection 
under the effect of non-uniform shrinkage first increases 
and subsequently decreases.

Considering the downward deflections, under the 
effect of uniform shrinkage, the maximum downward 
deflection increases from 1.4 mm in the first year to 
9.2  mm in the one hundredth year; whereas under the 
effect of non-uniform shrinkage, the maximum down-
ward deflection increases from 6.7 mm in the first year 
to 21.0 mm in the one hundredth year. In the scenario of 
uniform shrinkage, the downward deflections continue to 
increase throughout the time period considered. In con-
trast, the downward deflection under the effect of non-
uniform shrinkage first increases to the maximum and 
then decreases. After the bridge deck being completed 
by 20 years, the maximum downward deflection caused 
by uniform shrinkage is 5.6  mm, while the maximum 
downward deflection caused by non-uniform shrinkage 
is 21.6 mm. The downward deflection under non-uniform 
shrinkage is substantially larger in magnitude (3.8 times) 
than that under uniform shrinkage. Therefore, neglecting 
the effect of non-uniform shrinkage would lead to seri-
ous errors in the deformation assessment of continuous 
rigid-frame bridges.

As can be seen from Figures 16–17, the maximum 
upward deflection increases slightly with time under 
uniform shrinkage, and is relatively stable under non-
uniform shrinkage. The maximum downward deflection 
increases steadily with time under uniform shrinkage, 
and increases dramatically with time at the initial stage 
under non-uniform shrinkage. From the above, it is re-
vealed that non-uniform shrinkage has a significant ef-
fect on the long-term deflection of bridge girder, and this 
also explains why the downward deflection of prestressed 
concrete continuous rigid frame bridge could continue to 
increase many years after completion of the deck, as re-
ported in the relevant literature. Finally, it should be noted 
that the analysis results need to be combined with those 
under other load cases to assess the probable long-term 
deck deflections, and the time-variation of stresses need to 
be evaluated with the interaction between shrinkage and 
creep effects taken into account.

Conclusions

Based on the above study on the analysis of non-uniform 
shrinkage in box girder sections for long-span continu-
ous rigid frame concrete bridge, the following conclusions 
may be drawn:

1.	A new simulation technique of non-uniform shrink-
age has been developed. The non-uniform shrinkage 
effect of the box girder section is transformed to an 
equivalent temperature gradient and then applied as 
external load onto the beam elements in the finite 
element analysis.

2.	Comparative analysis of vertical deflections of the 
main girder of a typical continuous rigid frame 
bridge, Lijiawa Bridge in China, under the scenar-
ios of uniform shrinkage and non-uniform shrink-
age has been performed. The numerical results 
have indicated that the maximum deflection of box 
girder under the action of non-uniform shrinkage 
is much greater than that under the action of uni-
form shrinkage. 

Figure 15. Computed deflections of main girder 100 years            
after completion of the deck

Figure 16. Variation of maximum deflections of the main girder 
with time under uniform shrinkage

Figure 17. Variation of maximum deflections of the main girder 
with time under non-uniform shrinkage
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3.	Taking the deflection results at 20 years after com-
pletion of bridge deck structure as an example, the 
maximum downward deflection of the main girder 
caused by uniform shrinkage is 5.6 mm, whereas 
the maximum downward deflection caused by non-
uniform shrinkage is 21.6 mm, which is 3.8 times 
larger. Therefore, neglecting the effect of non-uni-
form shrinkage would lead to serious errors in the 
deformation assessment of continuous rigid-frame 
bridges.

4.	This study has shown that non-uniform shrink-
age of the box girder has a substantial effect on 
the long-term deflections of long-span continuous 
rigid frame bridge. The simulation of non-uniform 
shrinkage by the proposed equivalent transforma-
tion technique can significantly improve the defor-
mation assessment in the design phase of bridges.
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