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1 Introduction 

The corrosion of reinforced concrete structures highly de-

pends on local environmental exposure conditions. For re-

inforced concrete structures in coastal areas, such deterio-

ration phenomenon turns out to be very severe and can 

extend significantly in windy zones, since higher wind 

speeds allow the deposition of a larger concentration of 

chlorides further inland. And the larger concentration of 

chlorides, the larger the steel corrosion rate. The connection 

between chloride deposition rate and steel corrosion rate 

has been proved in several studies [1]. Additionally, fre-

quent temperature changes and, above all, exposure to ex-

treme temperatures might induce wider cracks and micro-

cracks in concrete structures which, in turn, might acceler-

ate the diffusion of corrosive agents. In the case of inte-

gral abutment bridges [2], even before compromising 

structural safety, the combination of corrosion and extreme 

temperature variations may lead to the exceedance of some 

serviceability limit states and to cascading negative effects 

on the proper operation of the road infrastructure.  

Motivated by this evidence, the present study aims at ver-

ifying the sensitivity of integral abutment bridges to the 

combined effect of thermal stresses and corrosion. The fi-

nal goal is to quantify the risk of exceedance of relevant 

serviceability limit states. For this purpose, the model of 

an existing bridge is used as a case study. Preliminary re-

sults show that high thermal stress may largely amplify 

the negative effects of corrosion and can anticipate the 

exceedance of the considered serviceability limit states.    

2 Modeling framework 

To analyze the combined effects of thermal stresses and 

corrosion, an existing integral abutment bridge located in 

Shenzhen (Guangdong, China) is selected as a case study. 

In the analyses, the location of the bridge is changed from 

the real one, assuming that the bridge is positioned in par-

allel with a hypothetical shore at a distance variable be-

tween 10m and 100m. In addition to thermal loads and 

corrosion effects, the bridge is considered subject to traffic 

load.   

This analysis considers three different limit states related 

to the maximum vertical displacement of the girders, the 

stresses in the lowest fiber of the concrete cross-section, 

and the stresses in the post-tensioned tendons.   

2.1 Bridge model 

The structural model of the Maluanshan bridge, which is 

an integral abutment bridge, is used in the analyses. Such 

a bridge is a three-span, post-tensioned bridge with a total 

length of 88 meters. Figure 1 shows a lateral view of the 

Maluanshan Bridge and a typical cross-section. 

Since the purpose of the study is to verify the exceedance 

of the serviceability limit state, it is reasonable to assume 

a linear behavior of the bridge deck within the range of the 
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considered loads. Therefore, the structural components of 

the bridge are modeled with equivalent linear elements, 

one for each row of piers and six for each girder. The dif-

ference in the accuracy of the models of piers and girders 

is a consequence of the choice to analyze the effects of the 

chosen loads only on the girders. Each girder is divided 

into six elements to account for the changes in the section 

and position of the post-tensioned tendons. The elements 

used to model the girders are homogenized elements that 

account for the presence of both regular and post-ten-

sioned steel. The interaction between abutments and 

back-fill is modeled with springs having a stiffness taken 

from the literature. 

 

 

Figure 1 View of the Maluanshan integral abutment bridge in Shen-

zhen (a) and typical cross-section (b). 

 

For the post-tensioned tendons, the long-term losses due 

to concrete shrinkage, concrete creep, and steel relaxation 

are modeled according to the formulation provided in Eu-

rocode 2 [3]. The elastic problem is solved with the clas-

sical displacement formulation.  

2.2 Temperature model  

The thermal loads acting on the girders consist of uniform 

and linear gradients of temperature (
uT  and 

lT , both 

expressed in [°C]) that are assigned to each element of 

the girder. Such gradients are assumed to be the same for 

all the girders. Their values are based on temperature 

measurements referred to bridges in China, mostly in the 

Guangdong province. Such measurements refer to both 

winter and summer months which are the months ex-

pected to be characterized by the largest temperature var-

iations.  

A model for such gradients as functions of the environ-

mental conditions at the site is currently been developed 

based on temperature measurements referred to similar 

bridges located in several provinces in China.  

2.3 Corrosion model  

Corrosion is modeled starting from the surface chloride 

concentration sC  according to the formulation presented 

by Yang et al. [4], which reads as  

0.01 0.61 1.25

/0.64 (1 ) .d t

s c w W BC A e v e R    (1) 

In Equation (1), 
cA is the correction coefficient for the 

binder type [4], d  represents the distance from the coast 

[m], and 
wv  is the wind speed [m/s]. The time t  is the 

exposure time in years and 
/W BR  is the water-to-binder 

ratio. Since no wind speed data are available for the case 

study, Equation (1) is calibrated so that  

( 10, ) ,s CC d t      (2) 

where 
C  is the mean value of the distribution of 

sC  used 

in [5]. While for regular steel the value of 
sC  varies ac-

cording to the distance from the shore (accounting also for 

the position of every single bar within the girders), for the 

post-tensioned tendons the distance is fixed to 15mm as 

in [6]. Starting from 
sC , the time-dependent chloride dif-

fusion within the concrete ( , )C C s t , which takes into ac-

count the time-dependent behavior of both surface chlo-

ride concentration 
sC  and chloride diffusion coefficient D

, can be obtained following [7]; s represents the distance 

from the surface of the girder (i.e., the concrete cover). 

For the post-tensioned tendons, the time-dependent chlo-

ride diffusion also accounts for the chlorides in the grout 

that are assumed to have a concentration of 500ppm, fol-

lowing [6]. Once the time-dependent chloride diffusion 

within concrete is known, the corrosion current density 

corri [μA/cm2] is estimated following [8] as  

0.215

ln(1.08 ) l7.89 0.7771ln(1.69 )

3006 / 0.000116 2.24 .

corr

c

i C

T R t

 

  
           (3) 

In Equation (3), T  is the temperature in [K], and 
cR  is 

the ohmic resistance of concrete, which decreases as the 

chlorides increase [9]. The current intensity is used to de-

rive both generalized and pit corrosion using the formula-

tion provided in [10]. The location of the pit corrosion is 

assigned along each bar (and each strand in the tendons) 

with a continuous Poisson Process that can account for an 

increased probability of having pits near the location of the 

rebars.  

2.4 Traffic load model   

The traffic load is modeled according to the Chinese stand-

ard for bridges [11] which considers four design lanes for 

a transversal dimension of the deck of 17m, as in the 

bridge chosen for the case study. According to such a de-

sign code, the traffic load is assigned as the composition 

of a uniform load kq  and a concentrated load kP , as in 

Figure 2.  

 

Figure 2 Scheme of the traffic load 

The uniform lane load is distributed along the entire length 

of the bridge with the same sign, whereas the concen-

trated load is moved according to discrete steps of 0.1m 

which are the same steps used to verify stresses and 

(a) 

(b) 
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strains in the cross-sections of the girders. 

3 Preliminary results 

The analysis considers different scenarios obtained by 

combining the extreme values of the distributions of the 

temperature gradients (i.e., 
uT ={-10°,10°} and 

lT ={-

5°,5°}), the traffic load, and corrosion phenomena lasting 

100 years. The results show that the bridge, as designed, 

has limited sensitivity to corrosion. These results can be 

partially explained by considering the limited amount of 

chlorides inside the post-tensioned tendons and, to a 

lesser extent, the large thickness of the concrete cover, 

which goes from 6cm for the steel bars near the upper and 

lower sides of the cross-section to 4cm for the steel bars 

on the lateral positions.      

Figure 3 shows the maximum values of the vertical dis-

placements v , obtained considering the different load 

combinations, along the length of the bridge (defined by 

an abscissa x  [m]). From Figure 4, which is a zoom of 

Figure 3 in a limited range around the area of the largest 

displacements, it is possible to see that the largest dis-

placement is close to 3mm and that, in any case, it is sig-

nificantly lower than 
slv =0.048m, which is the threshold 

imposed for the serviceability limit state by the Chinese 

standards [11]. 

 

Figure 3 Bridge displacements for several combinations of the uniform 

and linear temperature gradients 

 

Although the displacements are limited, when a large neg-

ative value of the uniform gradient of temperature is con-

sidered, the concrete stress at the bottom fiber of the 

cross-section ci reaches the modulus of rupture strength 

rf =4.2·106 N/m2 (as shown in Figure 5), with the conse-

quent occurrence of cracks. To account for the cracked 

sections, an effective moment of inertia eI  is used as an 

average value along the span of each element of the beam 

where ci rf   according to the method proposed by Bran-

son [12].  

 

Figure 4 Zoom of Figure 3 in the range of the maximum displacements 

 

Figure 5 Concrete stresses at the bottom fiber of the cross-section 

 

When the cracked sections are considered, as for the re-

sults in Figure 6, the displacements increase. For the worst 

combination of thermal gradients (i.e., uT =-10° and 
lT

=5°), the largest displacement becomes larger than 
slv  

(i.e., v =0.05m), thus exceeding the serviceability limit 

state.   

 

Figure 6 Comparisons between displacements at 1 and 100 years, with 

and without considering cracks  
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4 Conclusions 

The results of the preliminary analyses show that there are 

cases where, in the long term, the combined effects of 

thermal loads, traffic load, and corrosion lead to displace-

ments that exceed the threshold set for the serviceability 

limit state by the Chinese standards. Consequently, there 

is a need to accurately estimate the probability of loss of 

functionality of the bridges to help the design of actions 

needed to prevent such loss of functionality and the con-

sequent impact on road infrastructure.         
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