
Steel and Composite Structures, Vol. 30, No. 6 (2019) 535-550 
DOI: https://doi.org/10.12989/scs.2019.30.6.535 

Copyright © 2019 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=scs&subpage=6                                      ISSN: 1229-9367 (Print), 1598-6233 (Online) 

 
1. Introduction 

 
Though conventional prestressed concrete (PC) bridges 

have been used widely throughout the world, the material 
possesses weaknesses that limit the scope for using it in the 
construction of long-span bridges. One such issue is that the 
dead load of a longer span would increase its moment, 
placing a limit upon the potential length of a span 
(Rosignoli 1999, Zhan et al. 2016a). A second problem is 
that prestressing efficiency of PC is reduced when it is used 
in very large bridge sections (Jiang et al. 2015). A third 
issue is that diagonal cracks are already often observed in 
existing PC bridge webs that result from insufficient 
prestressing, excess permanent loads and secondary stresses 
such as increases in traffic flow and thermal effects 
(Sprinkel and Balakumaran 2017). This would only be 
aggravated by an increase in span. In view of this, the PC 
bridges with corrugated steel webbing have become popular 
because they offer reduced weight, more efficient  
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prestressing of the concrete flanges and less cracking in the 
web. This type of bridge has been successfully used in 
France (Combault 1988), Germany (Roesler and Denzer 
2002), Norway (Combault 1988), Korea (Jung et al. 2011), 
Japan (Ikeda et al. 2002) and China (Wan et al. 2009, Jiang 
et al. 2015). However, most research to date has focused on 
the short-term behavior of these bridges, such as their 
flexural performance with regard to the “accordion effect” 
(Chan et al. 2002, Elamary et al. 2017, Johnson and Cafolla 
1997), shear buckling (Kano et al. 1997, Rosignoli 1999) 
and their torsional behavior (Mo and Fan 2006, Ikeda et al. 
2002). Little work has been devoted to their longer-term 
performance, especially when it comes to long-span bridges 
(Jiang et al. 2015, Chen et al. 2017). The time-dependent 
properties of the material, such as relaxation, the adequacy 
of prestressing, the girder type, and so on, may have an 
effect upon the long-term behavior of a bridge and result in 
additional deflection, prestress loss, force redistribution, 
and possibly cracking. 

The long-term behavior of conventional PC bridges has 
been studied comprehensively (e.g., Bazant et al. 2011, 
2012a, b, Lou et al. 2015, Xiao et al. 2014, Geng et al. 
2014) and most of the results indicate that long-span PC 
bridges suffer excessive long-term deflection within 20-40 
years of their completion (Bazant et al. 2011). The long-
term behavior of a PC bridge with corrugated steel 
webbing, however, is more complex because of the 
existence of the corrugated steel web. Sung et al. (2016) 
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have reported the test results for long-term horizontal 
shortening, using FEM based on a long-term health 
monitoring system, for a 93 + 2 × 145 + 93 m PC bridge with 
corrugated steel webbing in Taiwan. However, the plane 
section assumption and a Euler-Bernoulli beam were built 
into this study, undermining the validity of its results. Chen 
et al. (2017) have tested the time-dependent behavior of a 
simple supporting beam bridge model in a lab. In this case, 
the PC bridge with corrugated steel webbing was designed 
to have a span of 2800 mm. In order to make comparisons 
using FEM, a sandwich element was added to the numerical 
model. The results showed that the long-term behavior of 
the bridge was significantly different from traditional PC 
bridges because of the different type of web. Although a 
few researchers have begun to study the long-term behavior 
of PC bridges with corrugated steel webbing, the work is 
still extremely limited and work relating to long-span PC 
bridges with corrugated steel webbing is very rare. 

In order to tackle this gap in the research, the study 
reported here has examined the long-term behavior of a 
three-span innovative PC bridge with corrugated steel 
webbing that has been constructed in China, with spans of 
105 m + 190 m + 105 m. Both PC bridges with corrugated 
steel webbing and conventional PC bridges were compared 
in this research across a variety of creep models. On the 
basis of numerical analysis of the long-term behavior of this 
type of bridge, this paper presents some design recommen-
dations and suggestions for their health monitoring require-
ments in the future. 

 

2. A PC bridge with corrugated steel webbing 
 
2.1 Structure 
 
The bridge focused upon in this study was designed as a 

three-span prestressed concrete bridge with corrugated steel 
webbing for a highway. An elevation view of the bridge 
showing the spans and location of various instruments is 
given in Fig. 1. The bridge is composed of two parts: that is, 
a beam with corrugated steel webbing through the middle of 
the spans; and a concrete beam bridge near the supporting 
piers. The overall span is 105 m + 190 m + 105 m, with the 
height of the key sections being 11.2m and 5m at the 
supporting and mid-span points, respectively. The height of 
the inner piers is 27 m and 31 m. The corrugated web units 
used in the bridge are 1600 mm in length and 12~25 mm in 
thickness. Their height and angle are 220 mm and 31°, 
respectively. C55 and C30 concrete were used, respectively, 
for the main girder and the piers. 

 
2.2 Prestressing tendons 
 
The layout of the prestressing tendons is shown in Fig. 

2. The prestressing tendons consisted of 216 strands of 
internal tendon and 20 strands of external tendon. The 
internal prestressing tendons were arranged at the top and 
bottom flanges of the concrete girders. The external 
prestressing tendons were assigned to the inner box of the 
girder, which transfers the prestressing pressure from the 

 
 

 
(a) Elevation view 

 

 
(b) Sketch view 

Fig. 1 Layout of the bridge 
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tendons to the concrete through end anchors at each end and 
deviators in the middle span. The internal tendons in the top 
flange consisted of 21 strands and 23 strands of 15.2 mm in 
nominal diameter, while the prestressing tendons with 19 
strands were used as the internal tendons in the bottom 
flange. The external tendons consisted of 25 strands of 15.2 
mm in nominal diameter. Unlike traditional PC bridges, 
there are no prestressing tendons in the webbing between 
the beam segments containing the corrugated steel web, 
except for the segments above the inner piers. 

 
2.3 Construction stage 
 
The construction stage is summarized in Fig. 3. A 

cantilever cast-in-place construction of the bridge was 
carried out where each cantilever was divided into 22 
segments, of which the first two segments were made of 

 
 

 
 

concrete webs and the rest of corrugated steel webs. The 
segment lengths were 3.0 m for segment 1 and 2, and the 
segment lengths were 3.2 m and 4.8 m for segments 3-11 
and 12-22, respectively. Four form travelers were used to 
construct the cantilevered segments symmetrically about the 
middle piers until the full bridge was finally completed, 
beginning with the side-spans, then the mid-span. The 
casting cycle for each single segment was 7 days. 

 
 

3. Conventional PC bridges 
 
3.1 Structure 
 
To ensure a meaningful comparison with the PC bridge 

with corrugated steel webbing, a conventional PC bridge 
was also taken, where the spans were also 105 m + 190 m 

 
 

 

Fig. 2 Arrangement of prestressing tendons of PC bridge with corrugated steel web 

Fig. 3 Construction stages of PC bridge with corrugated steel web 
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+ 105 m (see Fig. 4). The principle of comparison adopted 
was that the moment of resistance for the critical section 
should be equivalent for both bridges, with the height of the 
girders and number of prestressing tendons being adjusted 
accordingly. To simplify the design requirements, the key 
variables were taken to be the thickness of the webs and the 
quantity of prestressing tendons (Zhan et al. 2016a). After a 
number of trial calculations, the height near the middle pier 
and the mid-span was 12.2 m and 4 m, respectively. The 
thickness of the concrete web varied between 400 mm and 
550 mm from the mid-span to the supports at the same 
locations as in the PC bridge with corrugated steel webbing. 

Based on the principle of having an equivalent moment 
of bending, the quantity of prestressing tendons in the PC 
bridge was adjusted to between 1.20 and 1.30 times those in 
the PC bridge with corrugated steel webbing at the critical 
positions in the top and bottom flanges, respectively. These 
critical locations included the mid-span, the quarter-span 
and positions of support. The average moment of resistance 
at the critical positions under the same loading condition 
was within a 1% deviation of those in the PC bridge with 
corrugated steel webbing. A greater amount of prestress was 
needed because of the structure’s relatively high axial 
stiffness and the potentially greater weight of the webs, 

 
 

 
 

as indicated by Chen et al. (2017). The arrangement of the 
prestressing tendons in the PC bridge is shown in Fig. 5. 

 
 

4. Creep prediction models 
 
4.1 Finite element model 
 
In previous research, the contribution of corrugated 

webbing to the flexural rigidity of PC bridges was usually 
set aside because of the so-called “accordion effect” 
resulting from the bending of thin folded plates (Elgaaly et 
al. 1997, Combault 1998). The assumption that plane 
sections remain plane had been verified, thereby suggesting 
that the flexural behavior of both PC bridges with 
corrugated steel webbing and conventional PC bridges 
would be similar (Mizuguchi et al. 1998, Yamaguchi et al. 
1997). This meant that either classical Euler-Bernoulli or 
Timoshenko beam theory could be used to simulate the 
bridge’s bending behavior. However, other researchers have 
found that the shear deformation of corrugated web cannot 
be ignored and that the plane section assumption cannot be 
applied. Machimdamrong et al. (2003), for example, 
discovered that the shear deformation of corrugated 

 
 

 

Fig. 4 Elevation view of conventional PC bridge 

Fig. 5 Arrangement of prestressing tendons in PC bridge 
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webbing needed to be considered in their model because 
there was an uncoordinated deformation between the top 
and bottom flanges and the web plates. Further studies by 
Fujioka and Kakuta (2005) and Shiratani et al. (2002) have 
revealed that the axial stiffness of corrugated steel webbing 
is much larger than has typically been assumed, sometimes 
by as much as 25% above the value predicted by 
conventional analysis where the stiffness of the webbing 
has been ignored. All in all, the assumption that there is 
negligible axial stiffness in corrugated webbing is, at the 
very least, conservative. A sandwich beam model originally 
proposed by Chen et al. (2016) has therefore been 
introduced in this study. A typical beam segment of a girder 
with corrugated steel webbing is shown in Fig. 6. The 
bending deflection, and shear deflection, need to be 
superimposed to take into account their interaction. If the 
transverse shear force acting on the bridge varies with the 
abscissa x, there will be additional curvature, together with 
a secondary shear force, and a bending moment, causing a 
concentration of stress in the concrete flanges. 
Consideration of equilibrium and compatibility in this case 
will give 
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where, V1 = the primary shear force; V = the total shear 
force; Sw = the shear rigidity of the corrugated webs; Bf = 
the sum of the local flexural rigidity of the flanges around 
their respective centroidal axes; and Bg = the global flexural 
rigidity of the flanges around the centroidal axis of the 
entire beam section, assuming uniform stress in each flange. 

The two conceptual schemes of a PC bridge with 
corrugated steel webbing and a traditional PC bridge were 
simulated using sandwich beam elements. A traditional 
Euler-Bernoulli beam element was introduced to simulate 
the piers and a compressive-only truss element was adopted 

 
(a) Deformation 

 

 
(b) Forces equilibrium 

Fig. 6 Description of sandwich beam element 
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to discretize the prestressing tendons. The finite element 
models are shown in Fig. 7. As the foundations were 
enough strong for the pile, the boundary was set to be fixed 
at the bottom of the pile and the pile-soil coupling effect 
was ignored. In order to make a meaningful comparison, the 
model details and construction stages of both bridges were 
considered to be almost the same apart from the section 
dimensions and quantity of prestressing tendons. For 
convenience, from now on the traditional PC bridge will be 
referred to as Type-I and the PC bridge with corrugated 
steel webbing will be referred to as Type-II. 

 
4.2 Creep model 
 
Even though it has been proved that the existing 

empirical creep prediction models can result in a gross 
underestimation of multi-decade creep deflections (Bazant 
et al. 2011), they are still often directly applied to real 
projects by engineers. At present, several empirical creep 
models are used to simulate long-term behavior using finite-
element methods. These include: the American Concrete 
Institute (ACI) 209 model (ACI Committee 209 2011); the 
B3 model (Bazant and Baweja 1995); the Comite Euro-
international du Beton ‒ Federation Internationale de la 
Precontrainte (CEB-FIP) model (1978, 1990); the GL2000 
model (Gardner and Lockman 2001); and the American 
Association of State Highway and Transportation Officials 
Load and Resistance Factor Design (AASHTO LRFD) 
model (AASHTO 2010). These creep models can be 
roughly divided into two categories: asymptotic and 
logarithmic. The first of these covers most of the creep 
models presented in design codes, recommendations, and 
standards. These asymptotic models predict long-term 
ultimate creep strains that are approached asymptotically 
over time. This category includes the AASHTO LRFD 
model (AASHTO 2010), the 1978 and 1990 CEB-FIP 
model codes (CEB-FIP 1978, 1990), and the ACI 209 
(1992) model. The logarithmic models, such as the B3 
model (Bazant and Baweja 1995), use a notion of long-term 
creep strains tending to approximate linearly as a logarithm 
of time, instead of predicting ultimate creep strains. 
Although the mathematical form of the GL2000 creep 
model (Gardner and Lockman 2001) implies an 

 
 

asymptotic creep strain, for typical concrete properties and 
load durations less than thousands of years the asymptotic 
behavior is never observed. For normal structural life spans 
up to 150 years, the GL2000 creep model behaves much 
like a logarithmic creep model and will consequently be 
classified as such for the purposes of this study. Unlike 
creep, most shrinkage models progress asymptotically to an 
ultimate shrinkage strain. Physically, this is justified 
because the mechanisms that induce shrinkage are limited 
by the movement or chemical processes of water (Neville 
1996). When the system has reached an equilibrium state, 
the shrinkage will cease. Although limited, the AASHTO, 
ACI 209, CEB-FIP (1990) and GL2000 models were 
chosen to analyze the time-dependent behavior of the two 
types of bridge discussed in this paper. 

 
 

5. Results and discussion 
 
5.1 Creep coefficient 
 
The input characteristics required by all of the creep 

models are: the average compressive strength of the 
concrete; the environmental relative humidity; and the 
effective cross-sectional thickness. In addition, some of the 
model use the water-cement ratio (w/c), the specific cement 
content c, and the aggregate-cement ratio (a/c) as input. If 
these additional input values are unknown, the 
recommended default values are used. It was assumed for 
the various creep models that the designed concrete strength 
was 48 MPa at 28 days. The average effective cross-
sectional thickness was taken to be he = 865 mm, with an 
environmental humidity of 75%. For the other parameters, it 
was assumed that w = 207.92 kg/m3, w/c = 0.46, a/c = 3.73 
and γ = 2405 kg/m3, with it being ordinary Portland cement 
and moist-cured concrete. The age of the concrete at 
loading was assumed to be t0 = 7 days for the CEB-FIP, 
ACI, and AASHTO models and the age of the concrete at 
the beginning of shrinkage was assumed to be tc = 7 days 
for the GL2000 model. The creep coefficient for four of the 
creep models - CEB-FIP (1990), ACI209R-92, AASHTO, 
and GL2000 - are shown in Fig. 8 and Table 1. The creep 
coefficient curves for the CEB-FIP (1990), ACI209R-92 

(a) Type I: PC bridge (b) Type II: PC bridge with corrugated web 

Fig. 7 Finite element models 
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and AASHTO models show an asymptotic behavior that 
varies over time, while the curve for the GL2000 model 
shows a sustained increasing over time. Up to 180 days, the 
creep coefficients obtained by the ASSHTO code more or 
less agree with those obtained by the ACI209 and CEB-FIP 
codes. After six months, gaps begin to appear between each 
model for the creep coefficient. The creep coefficient 
obtained by the ASSHTO code is significantly smaller than 
it is for the other codes at the same given time. The 
maximum ASSHTO creep coefficient is less than 1.0. The 
creep coefficient curves for the ACI and CEB-FIP codes are 
similar due to the similarity between their specifications. 
Beyond 1600 days, the creep coefficient for the CEB-FIP 
(1990) model and the ACI209R-92 model begins to 
stabilize, with a maximum value of between 1.5 and 2.0. 
The maximum creep coefficient for the GL2000 model, 
meanwhile, exceeds 2.0. 

 
 

 
 

 
 

5.2 Longitudinal Deflection 
 
Fig. 9 shows a comparison between the longitudinal 

deflections at the expansion joints for the Type-I and Type-
II bridges. The adjusted age of zero was assumed to 
correspond to the date when the construction was 
completed. The longitudinal deflection in the horizontal 
direction shows that both the instantaneous and long-term 
deflection for the PC bridge with corrugated steel webbing 
was smaller than it was for the conventional PC bridge. It 
can be seen that the longitudinal deformation values at the 
expansion joints based on the CEB-FIP (1990), ACI 209 
(2011) and GL2000 models show a certain degree of 
consistency, whilst the values for the AASHTO model are 
evidently different. The reason for this is that the creep 
coefficient for the AASHTO code is significantly smaller 
than it is for the other three. A comparison between the 

 
 

 
 

 
 

 

 

Fig. 8 Results of creep coefficient 

Table 1 Creep coefficient results at typical testing time 

d (day) CEB-FIP(1990) ACI209 AASHTO GL2000 d (day) CEB-FIP(1990) 

7 0.284 0.263 0.205 0.692 7 0.284 

14 0.367 0.400 0.257 0.906 14 0.367 

28 0.564 0.729 0.452 1.231 28 0.564 

180 1.006 1.252 0.789 1.582 180 1.006 

360 1.179 1.382 0.844 1.697 360 1.179 
 

Table 2 Longitudinal deflection at expansion joint (unit: mm) 

Time (day) 
CEB-FIP ACI AASHTO GL2000 

Type I Type II Ratio Type I  Type I Type II Ratio Type I  Type I Type II

14 7.15 1.31 82% 9.70 14 7.15 1.31 82% 9.70 14 7.15 1.31 

28 9.32 1.47 84% 20.06 28 9.32 1.47 84% 20.06 28 9.32 1.47 

365 27.24 3.10 89% 29.91 365 27.24 3.10 89% 29.91 365 27.24 3.10 

3650 46.69 5.55 88% 40.43 3650 46.69 5.55 88% 40.43 3650 46.69 5.55 

Average   86%  average   86%  average   
 

*Note: Type I-----PC bridge; Type II-----PC bridge with corrugated steel web; ratio = (I-II）/ I×100% 
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Type I and Type II bridges for the long-term longitudinal 
deflection after a typical period is shown in Table 2. It can 
be seen from the Table that the longitudinal deformation at 
the expansion joints for the Type I bridge was less than it 
was for the Type II bridge by 86%(CEB-FIP), 89%(ACI), 
87%(AASHTO) and 87%(GL2000), respectively. 

 
5.3 Vertical deflection 
 
Some investigations have suggested that the vertical 

deflection of concrete bridges is still increasing after 
periods of between 20 and 50 years (Bazant et al. 2011). 
This is contrary to the common consensus, which suggests 
that the long-term vertical deflection can be ignored after 6 
months. In view of this, predictions for 14 days, 28 days, 1 
year and 10 years after the time of completion were carried 

 
 

out to examine how the vertical deflection varied over time 
between the Type I and Type II bridges. The results are 
shown in Fig. 10. It can be seen that the shape of the time-
dependent deflection displays a similar trend for both types 
of bridge. The absolute deflection in the vertical direction 
for the mid-span is greater than it is for the side-span, with 
the maximum deflection being generated in the mid-span. 
Initially (for the periods up to 28 days), the curves for all 
four creep models for the Type I bridge are more or less 
coincident. Apart from in the case of the AASHTO model, 
the long-term deflection continues to grow for the periods 
up to 1 year and 10 years. For the Type II bridge, the values 
calculated by the different models are in close agreement. 
The long-term vertical deflection of the Type II bridge for 
all four creep models remains constant and the values at the 
same points in time are systematically less than they are for 

 

(a)Type I 

 

(b)Type II

Fig. 9 Longitudinal deflection results at expansion joint 
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the Type II bridge, by a factor of up to 50%. It can also be 
seen from Fig. 10 that the deflection calculated by the four 
creep models displays certain differences for the middle 
part of the span in both of the bridges, while the side span 
results remain consistent. 

 
 

 
 

 
 
Figs. 11-12 show the results of the long-term deflection 

for the middle section of the mid-span and the side-spans, 
respectively. The effect of the creep on the middle span is 
more significant than it is on the side span, for both bridges. 
For specific models, the long-term deflection of the middle 

(a) ASSHTO (b) ACI 
 

(c) CEB-FIP (d) GL2000 

Fig. 10 Vertical deflection results at different period 

(a) Type II (b) Type I 

Fig. 11 Long-term deflection at middle section of mid-spa 

(a) Type II (b) Type I 

Fig.12 Long-term deflection at middle section of side-span 
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section of the mid-span increases over time, while that of 
the side-span keeps more or less constant. The results also 
show that the long-term deflection of the mid-span is 
greater than it is for the side-span. Here, the deflection of 
the Type I bridge is between 2.5 and 3.0 times that of the 
Type II bridge. In Fig. 11, it can be seen that the values for 
the ACI 209 and GL2000 models are in close agreement but 
distinct from those for the AASHTO and CEB-FIP models. 
At the same moment in time, the AASHTO model presents 
its minimum deflection while both the ACI 209 and 
GL2000 models present their maximum deflection and the 
CEB-FIP model indicates a value in-between. In Fig. 12, 
the long-term deflection of the side-span for both bridges 
shows little change over time in any of the models. 

The maximum deflections at the middle of the side-span 
and mid-span are shown in Tables 3-4, covering periods of 
14 days, 28 days, 1 year and 10 years. The results obtained 
by all four models illustrate that the maximum deflection of 
the Type II bridge is smaller than that of the Type I bridge, 
in both the side-span and the mid-span. The average ratio of 
reduction in the maximum deflection between the Type II 
and Type I bridges for the side-span is about 43%(CEB-
FIP), 52%(ACI), 38% (AASHTO) and 56%(GL2000), 
respectively. The corresponding values for the mid-span are 
44%(CEB-FIP), 48%(ACI), 32% (AASHTO) and 
52%(GL2000), respectively. Though the weight of the Type 
II bridge is less than that of the Type I bridge, the long-term 
deflection of the Type II is always smaller than that of the 
Type I, especially in the mid-span during the later stages of 
loading. The reason for this is that the energy exchange 
between a concrete web box girder and the environment is 
more significant than it is in the case of a corrugated steel 
web box girder. So, under higher compressive stress, the 
growth ratio for the long-term deflection of a Type I bridge 
is greater than that of a Type II bridge. This suggests that 
the long-term deflection of a concrete web box girder will 
be more influenced by concrete creep. For the side span, the 

 
 

 
 

deflection values for both types of bridge only slightly 
increased. 

 
5.4 Prestress loss analysis 
 
As may be recalled from above, there were both internal 

and external prestressing tendons in the Type II bridge 
while there were only internal prestressing tendons in the 
Type I. In the Type II, the internal prestressing tendons were 
assumed to be able to bear the main reaction to dead and 
live loads while the external prestressing tendons were set 
to adjust the pre-camber to meet the bridge’s requirements 
during the whole of its serving life. The tension control 
stress of the internal tendons was 1395 MPa and, for the 
external tendons, it was set to 1160 MPa. 

The average prestressing loss of the Type I bridge is 
given in Fig. 13. After a short period, the prestressing loss 
obtained by all four models reached about 15% and this 
continued to increase over time. The rate of increase for the 
CEB-FIP, ACI 209 and GL2000 models remained 
consistent. However, it is striking that in the AASHTO 
model the prestressing loss showed almost no growth after 
it had reached the maximum instantaneous elastic loss. The 
results also show that variations in the prestressing loss 

 
 

Fig. 13 Prstressing loss result (Type I) 
 

Table 3 The maximum deflection value of the side-span 

Time (day) 
CEB-FIP ACI AASHTO GL2000 

Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio

14 -30.79 -16.78 46% -42.00 -19.69 53% -25.58 -15.37 40% -58.10 -25.10 57%

28 -30.73 -16.92 45% -42.06 -19.92 53% -25.55 -15.50 39% -58.21 -25.24 57%

365 -30.24 -17.65 42% -42.69 -20.98 51% -25.49 -16.11 37% -58.29 -25.72 56%

3650 -30.01 -17.82 41% -42.80 -21.12 51% -25.35 -16.12 36% -58.00 -25.82 55%

Average   86%   89%   87%   87%
 

Table 4 The maximum deflection value of the side-span 

Time (day) 
CEB-FIP ACI AASHTO GL2000 

Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio

14 -54.09 -38.02 30% -65.71 -40.92 38% -47.24 -36.77 22% -78.44 -43.97 44%

28 -57.97 -38.69 33% -71.44 -41.97 41% -50.22 -37.34 26% -82.26 -44.65 46%

365 -87.11 -42.79 51% -104.42 -47.23 55% -66.13 -40.14 39% -102.83 -47.42 54%

3650 -119.10 -45.56 62% -121.96 -49.20 60% -69.19 -40.35 42% -134.74 -49.91 63%

Average    44%    48%   32%     52%
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were similar across the CEB-FIP, ACI and GL2000 models. 
The initial prestress loss calculated by the CEB-FIP, ACI 
and GL2000 models was about 15%, increasing over time 
to a maximum of about 18%. The prestressing loss 
according to the AASHTO model started at about 15% and 
remained more or less the same. 

The prestressing loss for the internal and external 
tendons of the Type II bridge is shown in Fig. 14. The 
elastic loss of the internal prestressing tendons was about 
13% and about 4.8% for the external ones. Over the passage 
of time, the prestressing loss of the internal tendons showed 
almost no further growth and even for the external tendons 
the growth remained very small. The maximum prestressing 
loss value for the external tendons was about 5%. As with 
the Type I bridge, it was found that the AASHTO model 
presented a smaller result than the other three models for 
both the internal and external prestressing tendons. Taking 
Figs. 13 and 14 together, it can be seen that the CEB-FIP, 
ACI 209 and GL2000 models have highly coincident curves 
for the trends in prestressing loss and a higher absolute 
value than the results from the AASHTO model. Note, also, 
that the prestressing loss for the Type II bridge was smaller 
than it was for the Type I. 

 
5.5 Stress results 
 
In order to analyze their stress status, the stress 

experienced by the two types of bridges was compared. As 
 
 

 
 

the long-term behavior of steel webbing under common 
working stress is virtually time independent it can be 
ignored, so the results are focused on the concrete (Jiang et 
al. 2015, Chen et al. 2015). In order to make a comparison 
under one specific condition, a combined Dead Load (DL) / 
Live Load (LL) case of DL+0.5LL was selected to carry out 
the calculations. The long-term stress on the upper flanges 
at the middle of the mid-span is shown in Fig. 15, over a 
period from the beginning to 10 years after casting. It can 
be seen that the stress for the Type I bridge calculated 
according to the different creep models varied greatly over 
time. This coincides with the findings of previous research 
(e.g., Chen et al. 2017). The stress for the Type II bridge 
remained largely constant over time. The absolute stress 
value was about 6.0 MPa for the Type I bridge but, for the 
Type II bridge, it increased over time to 16 MPa (GL2000) 
after 10 years. The reason for this is that the concrete 
flanges of the Type II bridge work like a pure slab because 
of a weakness in the axial stiffness of corrugated steel webs. 
The same phenomenon was observed by Chen et al. (2015, 
2017) and Chen et al. (2017). Higher stress induces higher 
long-term vertical deflection, meaning that the long-term 
deflection of a Type II bridge will be more serious than that 
of a Type I bridge. The normal stress distribution for the 
interior piers for the two types of bridge is shown in Fig. 16. 
The results show that, although the stress for both bridges 
increases over time, the absolute values at the same age are 
roughly equivalent according to the same models. This is 

 
 

 
(a) Interior (b) Exterior 

Fig. 14 Prstressing loss results (Type II 

 

Fig. 15 Stress result of top flange at the middle section 
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because the section near the interior pier is very similar in 
both bridges. Figs. 15 and 16 together reveal that the stress 
value for the interior pier is larger than that of the mid-span. 

 
5.6 Parameters analysis 
 
For continuous beam bridge, because the relationship 

between girder height and span is often satisfied with 
empirical formula, thus, the ratio of side to middle span is 
one of the main factors affecting the long-term behavior. 
Besides, the control prestressing tension stress is another 
essential factor affecting the long-term deformation of 
bridges. Therefore, the mid-side span ratio and control 
prestressing tension stress are chosen as the basic variables 

 
 

 
 

 
 

for parameter analysis. Considering comparison, the 
calculation time is uniformly set at 1000 days. The long-
term deformation at mid-span section is shown as Fig. 17. It 
can be seen that with the increase of the side-to-mid span 
ratio, the deflection direction at mid-span section gradually 
changes from the downward to upward. When the ratio of 
side-to-mid span is about equal to 0.55, the deflection at 
mid-span section is the smallest nearly zero. When the ratio 
of side-to-mid span is less than 0.55, the long-term 
deflection at mid-span section is downward. Especially 
when the ratio is smaller, the absolute value of long-term 
deflection is much larger and may lead to structural 
insecurity, which is consistent with the conclusions of 
Bazant et al. (2011). When the ratio of side-to-mid span is 
 
 

 
 

Fig. 16 Stress result of top flange at the interior pier 

 

Fig. 17 Long-term deflection at mid-span section influenced by span ratio 

 

Fig. 18 Stress of top flange at inner-pier section influenced by span ratio 

546



 
Comparison of long-term behavior between prestressed concrete and corrugated steel web bridges 

 
 
greater than 0.55, the upward deflection at midspan 
increases by the side-to-mid span ratio. The concrete stress 
of top flange at inner-pier section is shown as Fig. 18. It can 
be seen that the absolute value of compressive stress of 
flange concrete increases first and then decreases with the 
side-to-mid span ratio, reaching the maximum at 0.55. The 
concrete stress of top flange at mid-span section is shown as 
Fig. 19. It also shows the same rule as stress of top flange at 
inner-pier, which is the absolute value of concrete stress 
increase first and then decreases with the side-to-mid span, 
it reaches its maximum result at about 0.4. It is worth 
mentioning that the effect of control prestressing tension 
stress on the results is consistent. 

 
 

6. Analysis of the factors influencing the creep 
effect 
 
The Type II bridge was impacted by many factors, 

including the loading age, the environmental relative 
humidity, and the strength of the concrete. Most of the basic 
creep models take the volume/surface ratio to be the most 
influential parameter, apart from the CEB-FIP (1990) 
model, which replaces it with effective thickness. In view of 
the limits of a single publication, this article can only 
discuss the loading age and environmental relative humidity 
by taking the AASHTO and CEB-FIP creep models as 
examples to simulate the long-term behavior. From the 
preceding analysis, concrete creep has a major impact on 

 
 

 
 

the long-term deflection, but less of an influence on the 
prestress loss and normal stress. Thus, this section only 
analyzes the deflection distribution according to the 
different factors that can affect creep. In particular, when 
concrete is subjected to sustained stress, it undergoes 
deformation that increases over time. In order to compare 
the results meaningfully, the construction stages and 
material properties are strictly aligned with the real project. 

 
6.1 Loading age 
 
Ages of 5 days, 7 days, 10 days, 14 days, 28 days and 

3650 days were selected to compare the impact of loading 
age, while all the other parameters were kept constant. The 
long-term deflection according to loading age for the 
ASSHTO and CEB-FIP models is shown in Fig. 20. It can 
be seen that the deflection of the Type II bridge increased 
over time, with the loading age having some degree of 
influence. However, it has almost no impact on the Type II 
bridge. In relation to this, the absolute maximum value of 
long-term deflection for the Type II bridge is much smaller 
than it is for the Type I bridge. 

The typical long-term deflection values considering the 
influence of loading age are listed in Tables 5 and 6. For the 
same loading age, the long-term deflection of the Type II 
bridge was between 50% and 70% of that of the Type I 
bridge, with the Type II bridge not being sensitive to 
loading age. Variations in the concrete loading age have 
little influence on the creep coefficient. The maximum 

 
 

 

Fig. 19 Stress of top flange at mid-span section influenced by span ratio 

AASHTO model CEB-FIP model 

Fig. 20 Long-term deflection at mid-span section influenced by loading age 
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creep coefficient in the AASHTO model was approaching 1 
and variations in the deflection of the Type II bridge’s mid-
span under different loading ages was within 10 mm. For 
the AASHTO model, the long-term deflection of the Type II 
changed from 40.1 mm to 38.8 mm as the loading age 
changed from t0 = 5 to t0 = 28. The corresponding variation 
for the Type I varied from 71.8 mm to 62.4 mm at an age of 
3650 days. For the CEB-FIP model, the long-term 
deflection of the Type II changed from 38.5 mm to 36.3 mm 
as the loading age changed from t0 = 5 to t0 = 28. The 
corresponding variation for the Type I varied from 126.0 
mm to 95.2 mm at an age of 3650 days. In both models, the 
rate of change for the Type I bridge was much bigger than 
for the Type II. All in all, the loading age seems to play a 
minor role in the long-term deflection of Type II bridges 
and can be ignored. This means that long-span PC bridges 
with corrugated steel webbing are viable for widespread 
adoption when using a segmental cantilever construction 
approach because the casting period for the segments never 
exceeds 10 days. 

 

 
6.2 Environmental relative humidity 

 
 
In order to study the influence of environmental relative 

humidity, the relative humidity was set variously to 55%, 
65%, 75% and 85%, with a loading age of 7 days for both 
models. The long-term deflection taking into account the 
influence of environmental relative humidity is shown for 
both models in Fig. 21. The same phenomenon as before 
was found, i.e. the deflection for the Type I bridge showed 
evident variation over time in both models, while, for the 
Type II bridge, it remained almost constant. Additionally, 
the long-term deflection of the Type II bridge in relation to 
environmental relative humidity was smaller than that it 
was for the Type I bridge. The typical long-term deflections 
for an environmental relative humidity of 40%, 65%, 75% 
and 85% are shown in Tables 7 and 8. At the same 
environmental relative humidity, the long-term deflection of 
the Type II bridge was between 51% and 70% of that of the 
Type I bridge, with the Type II bridge not showing any 
significant sensitivity to environmental relative humidity. 
When the environmental relative humidity changed from 
85% to 55%, the deflection value for the mid-section in the 

 
 

 

Table 5 Long-term deflection under different loading age in CEB-FIP (1990) model (unit: mm) 

Time (day) 
t0 = 5 t0 = 7 t0 = 14 t0 = 28 

Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio

14 -59.7 -46.3 0.78 -57.4 -45.3 0.79 -53.2 -43.2 0.81 -49.4 -41.5 0.84 

28 -63.6 -43.4 0.68 -61.1 -42.6 0.70 -56.4 -41.1 0.73 -52.3 -39.7 0.76 

365 -93.2 -39.2 0.42 -88.8 -38.7 0.44 -80.4 -37.7 0.47 -73.1 -36.8 0.50 

3650 -126.0 -38.5 0.31 -119.1 -38.0 0.32 -106.3 -37.1 0.35 -95.2 -36.3 0.38 

Average     0.55     0.56     0.59     0.62 
 

Table 6 Long-term deflection under different loading age in AASHTO model (unit: mm) 

Time (day) 
t0 = 5 t0 = 7 t0 = 14 t0 = 28 

Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio Type I Type II Ratio

14 -50.0 -36.5 0.73 -49.0 -36.4 0.74 -49.0 -36.5 0.74 -49.7 -36.8 0.74 

28 -53.0 -37.1 0.7 -51.8 -36.9 0.71 -51.1 -36.9 0.72 -51.2 -37.0 0.72 

365 -68.8 -39.9 0.58 -67.0 -39.6 0.59 -63.4 -39.0 0.62 -60.2 -38.6 0.64 

3650 -71.8 -40.1 0.56 -69.8 -39.8 0.57 -65.9 -39.2 0.59 -62.4 -38.8 0.62 

Average   0.60   0.70   0.70   0.70 
 

* Type I = PC bridge; Type II = PC bridge with corrugated steel web. Ratio = Type II/Type I 

AASHTO model CEB-FIP model 

Fig. 21 Long-term deflection at mid-span section influenced by relative humidity 
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mid-span of the Type I bridge increased by nearly 40 mm in 
the CEB-FIP (1990) model. However, for the Type II, the 
same measure of change was only about 3 mm. 

 
 
7. Conclusions 
 
In this study, a comparison was undertaken between the 

long-term behavior of a conventional PC bridge and one 
with corrugated steel webbing. This led to the following 
observations: 

 

 The long-term deformation of a PC bridge with 
corrugated steel webbing is significantly smaller 
than it is for a conventional PC bridge, in terms of 
both the horizontal deformation and the deflection at 
the middle of the mid-span. It can be concluded from 
this that, when it comes to establishing bridge 
specifications, pre-cambering will not be needed for 
PC bridges with corrugated steel webbing, but will 
still be needed for conventional PC bridges. 

 As a result of the “accordion effect” in corrugated 
webs, the stress distribution at the top and bottom 
flanges of a PC bridge with corrugated steel webbing 
is more uniform than that of conventional PC bridge. 
The stress in PC bridges with corrugated steel 
webbing remains nearly constant throughout its 
serving life, while, for conventional PC bridges, it 
increases over time. 

 The top and bottom concrete flanges in Type II 
bridges behave like thin plates because of the 
relatively weak axial stiffness of corrugated steel 
webs, so, the prestressing tendons need to supply 
sufficient effective prestress. Thus, the prestressing 
loss in both types of bridge is similar over the longer 
term. 

 The long-term deformation value of the PC bridge 

 
 

 
 
with corrugated steel webbing is small when the 
side-to-mid span ratio is about 0.5. It is suggested 
that the design value should be between 0.4 and 0.6. 

 Relative to conventional PC bridges, PC bridges 
with corrugated steel webbing are not sensitive to 
loading age and environmental humidity. 

 

In view of the above findings, we would conclude that 
further experimental research and the development of health 
monitoring systems are required to further progress our 
understanding of the long-term behavior of PC bridges with 
corrugated steel webbing. 
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