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ABSTRACT: 24 

Due to structural degradation, the performance of concrete bridges may degrade with time and 25 

result in catastrophic consequences. A novel approach is developed for evaluating the time-variant 26 

reliability of multi-girder concrete bridges considering the effects of the load-carrying mechanism 27 

and redundancy. By considering three failure modes at both the component and system levels, a 28 

new performance indicator is proposed for quantitatively evaluating the load elastic distribution 29 

and plastic redistribution among multiple girders. The adverse effects of material deterioration on 30 

the structural capacity, ductility, redundancy, load-carrying capacity, and failure mechanism are 31 

also investigated and incorporated into the analytical procedure, in which an incremental nonlinear 32 

finite element analysis of a 3D fiber beam element is used. Furthermore, full-scale destructive 33 

failure tests of two in situ deteriorated bridges, a reinforced concrete (RC) and a prestressed RC 34 

(PRC) T-girder bridge, are conducted to evaluate the accuracy of the proposed approach. The 35 

feasibility and satisfactory performance of the proposed framework are evaluated using these two 36 

real-world bridges. The results demonstrate that the load-carrying mechanism and redundancy 37 

significantly affect the structural ultimate load-carrying capacity and time-variant reliability of 38 

deteriorating structures. 39 
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Nomenclature 

SGFM single-girder failure mode. Es0 

fy0 

fu0 

εsy0 

εsu0 

elastic modulus, yield strength, 

ultimate strength, yield strain, and 

ultimate strain of uncorroded steel 

bar, respectively. 
MGFM-ED 

multi-girders failure mode under elastic 

distribution of load. 

MGFM-PR 
multi-girders failure mode by considering 

plastic redistribution of load. 

σpc 

εpc 

stress and strain of corroded 

prestressed tendons, respectively. 

FEM finite element analysis. ηp 

ηp,cr 

corrosion rate and threshold value 

of corrosion extent of corroded 

prestressed tendons, respectively. ULS ultimate limit state. 

Pc 

Pe 

Pu 

the ultimate wheel load under the worst-

case of vehicle loading for SGFM, 

MGFM-ED and MGFM-PR, respectively. 

Epc 

fpuc 

εpuc 

elastic modulus, ultimate strength, 

and ultimate strain of corroded 

prestressed tendons, respectively. 

m load transverse distribution coefficient. 

Ep0 

fpu0 

εpu0 

elastic modulus, ultimate strength 

and ultimate strain of uncorroded 

prestressed tendon, respectively. 

Lc 

LFe 

LFu 

the ultimate vehicle load for SGFM, 

MGFM-ED, and MGFM-PR, respectively. 

μc 
ductility coefficient (at component 

level). 

MCRs moment-curvature relationships 

σsc 

εsc 
stress and strain of corroded steel bars. 

φu 

φy 

section curvatures at failure point 

and yielding point of MCRs curve. 

ηs 

ηs,cr 

corrosion rate and threshold value of 

corrosion extent of corroded steel bars. 
Ru system redundancy. 

fyc 

fuc 

εsyc 

εshc 

εsuc 

yield strength, ultimate strength, yield 

strain, hardening strain, and ultimate 

strain of corroded steel bars, respectively. 

PIc 

PIs,u 

the probability contributions of 

SGFM and MGFM-PR to system 

failure. 
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1  Introduction 49 

Structural engineering is undergoing a profound change toward a life-cycle-oriented design 50 

philosophy to satisfy the continuously increasing demands in response to economic, environmental, 51 

social, and political requirements [1-3]. During their service lives, reinforced concrete (RC) and 52 

prestressed RC (PRC) bridges may exhibit severe damage due to variety of environmental and 53 

mechanical stressors [4-6]. Damage may impair structural reliability and requires increasing 54 

inspection and maintenance costs. During the past four decades, accidents frequently occurred, 55 

such as the collapses of the Mianus River bridge in 1983, the SR1014 bridge over I-70 in 2005, the 56 

I-35W Mississippi River bridge in 2007 [7], the I-5 Skagit River bridge in 2013 [8], the Morandi 57 

bridge in 2018 [9, 10] and the Wuxi single-column bridge in 2019. These have aroused concern 58 

regarding the performance assessment and management of aging bridges. Therefore, studies on the 59 

reliability assessment of deteriorated bridges at both the component and system levels are of vital 60 

importance for maintaining sufficient reliability levels of both serviceability and ultimate 61 

performance [11, 12].  62 

To address these issues, many studies have been conducted to assess the performance of 63 

deteriorated structural components. For instance, Melchers [13] conducted a reliability assessment 64 

by considering the degradation of the structural performance, Val [14] assessed the component 65 

performance of the critical sections, and Hamdia [15] presented a fuzzy-based assessment model 66 

for estimating the importance of structural assessment criteria for RC structures. These studies 67 

focused on the strength degradation of load-carrying components that is caused by material 68 

deterioration. The ultimate limit state of the most vulnerable component was evaluated after 69 

determining the internal force distribution among the load-carrying components. In these studies, 70 

only the most vulnerable component was investigated in detail by considering the ultimate limit 71 

state.  72 

Afterwards, studies on the system-level performance were conducted based on the series-73 

parallel model. For instance, Frangopol [16] assumed that failure of any two or three adjacent 74 

girders can cause failure of the superstructure within a multi-girder bridge, and Li [17] assumed 75 

the failure of three adjacent I-shaped steel girders as the failure criterion of the structure system. 76 

These studies assessed the system-level performance by using failure probabilities of multiple 77 
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girders linked in a series-parallel system, which directly reflect the importance of each component 78 

to the system. However, the plastic redistribution of the internal force was not always considered, 79 

and the number of parallel girders was determined via empirical estimation, resulting in an 80 

insufficient basis for the establishment of system failure criteria [18-20]. To address these issues, 81 

structural system failure analysis using the finite element method (FEM) was used in many studies 82 

to simulate the failure process of the structure and to analyze the ultimate load-carrying capacity 83 

of the corresponding bridge system [21, 22]. To consider the uncertainties within the analysis 84 

process, the FEM should be conducted repeatedly, which is relatively computationally expensive 85 

and cannot be rapidly incorporated into the reliability analysis process. Meanwhile, the accuracy 86 

of the FEM should be evaluated. Thus, an efficient and accurate model should be developed for the 87 

time-variant performance assessment of deteriorated structures by considering the plastic 88 

redistribution. Recently, many destructive failure tests have been designed and conducted to 89 

evaluate the failure criterion [23], but most are component-level tests. In this paper, a new system 90 

assessment method is proposed for multi-girder bridges that uses full-scale destructive failure tests 91 

and a precise finite element modeling method.  92 

The system redundancy is another essential indicator for system-level structural performance 93 

evaluation, which is defined as the ability of the bridge system to redistribute the applied load after 94 

reaching the ultimate load-carrying capacity of the most vulnerable component within the system 95 

[16, 24-34]. Typically, the failure of a single component would not cause the failure of the whole 96 

structure [35, 36]. Research on system redundancy has been extensively conducted in the recent 97 

decades. For instance, Wen et al. [37] investigated the redundancy of special moment resisting 98 

frames and dual systems under seismic excitations, Kim et al. [38] evaluated the redundancy of a 99 

steel box-girder bridge by using a nonlinear finite element model, Biondini et al. [39] developed a 100 

probabilistic procedure for time-variant redundancy assessment of concrete structures that are 101 

exposed to corrosion, and Tu et al. [40] considered the relevant adverse effects that are induced by 102 

reinforcement corrosion at various levels when assessing the redundancy of a multi-girder PRC 103 

bridge. In these studies, the effects of material deterioration on the degradation of the girder’s 104 

resistance and the system redundancy were assessed. However, these studies were based on the 105 

assumption that the system-level load-carrying mechanism is unchanged. Considering the 106 

deterioration, the load-carrying mechanism of the system may no longer follow the design scenario. 107 
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Another important aspect that should be considered within the redundancy analysis is the 108 

contribution of the transverse connection, which was often ignored in the previous studies. 109 

Considering deteriorated multi-girder bridges as an example, the performance of the transverse 110 

connection has a significant influence on the system-level load-carrying mechanism [41, 42]. If the 111 

transverse connection fails, the probability of a system failure caused by a single-girder failure 112 

mode would significantly increase; When the transverse connection is intact, a bridge system will 113 

fail in a typical multi-girder failure mode. Meanwhile, the change of the load-carrying mechanism 114 

that is caused by material deterioration and damage accumulation is a random process. Studies 115 

should be conducted to assess the effects of the time-variant system-level load-carrying mechanism 116 

and its randomness on the structural reliability and redundancy. In this paper, the coupling effect 117 

of the time-variant redundancy and the load-carrying mechanism on the system-level performance 118 

is considered. 119 

In this study, a novel assessment approach is developed for evaluating the time-variant system 120 

reliability and redundancy of multi-girder bridges by considering the effects of the load-carrying 121 

mechanism, transverse connection, and plastic redistribution. This aspect acts as one contribution 122 

of this study. In addition, based on the analysis of failure modes at both the component and system 123 

levels, a new indicator is proposed in Section 2 for quantitatively evaluating the performance in 124 

terms of the load elastic distribution and plastic redistribution among multiple girders. In this way, 125 

a system-level redundancy indicator is derived by considering more aspects, which acts as another 126 

contribution of this paper. The adverse effects of material deterioration on the structural capacity, 127 

ductility, redundancy and load-carrying mechanism are investigated in Section 3. A computational 128 

framework for the system reliability is presented, in which the effects of the time-variant load-129 

carrying mechanism and redundancy on the bridge system are considered. An analytical procedure 130 

with detailed modeling techniques is established in Section 4 for implementing the proposed 131 

assessment framework, in which an incremental nonlinear finite element analysis of a 3D fiber 132 

beam element that utilizes OpenSees is employed. Two full-scale destructive tests of in situ 133 

deteriorated bridges are conducted to evaluate the accuracy of the proposed analytical procedure. 134 

The feasibility and satisfactory performance of the proposed framework and procedure are 135 

evaluated using RC and PRC T-girder bridges. The results demonstrate that the time-variant load-136 
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carrying mechanism and redundancy significantly affect the structural ultimate load-carrying 137 

capacity and the reliability of deteriorated structures. 138 

2  Flexural Failure Modes of Multi-Girder Bridges 139 

Multi-girder bridges have been widely used in practical applications due to their advantages in 140 

terms of construction and mechanical behavior [43, 44]. Considering the spatial integrity of the 141 

structure, when a live load is applied to the bridge, the girders work together [45]. A reliability 142 

assessment of multi-girder bridges must consider the relevant failure mode physically. As a basic 143 

structural form, the failure mode of a single girder has been widely investigated. However, multi-144 

girder bridges are composed of multiple girders, which are connected into a spatial structure using 145 

transverse connections, and the failure mode at the system level considering transverse connection 146 

still must be investigated. 147 

2.1  Effect of the transverse connection on the failure mode of multi-girder bridges 148 

As presented in Fig. 1, for multi-girder bridges, the main girder is the load-carrying component, 149 

and the transverse connection is the transverse load-transferring component. Therefore, multiple 150 

girders interact to carry loading via the transverse connection. This interaction load-carrying 151 

mechanism and the failure mode of system are affected by many factors. Material deterioration 152 

would lead to not only the decrease of girders resistance but also performance degradation of the 153 

whole structure, resulting in changes in the interaction load-carrying mechanism and the structural 154 

failure mode. In this paper, the relevant parameters are considered within the performance 155 

assessment of the deteriorated structures. 156 
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  157 

Fig. 1. Load-carrying mechanism of a multi-girder bridge. 158 

This study focuses on flexural failure under the worst-case scenario of vehicle loading, which 159 

is the most likely failure scenario for multi-girder bridges. If any main girder within the system 160 

fails due to exceeding material strength or the maximum vertical deflection exceeds l/100 of the 161 

bridge span [46-48], the multi-girder bridge system is regarded as having reached the ultimate limit 162 

state (ULS) and fails.  163 

2.2  Flexural failure modes 164 

In this paper, based on an investigation of real-world accidents of multi-girder bridges, two main 165 

forms of failure modes are considered: single-girder failure mode (SGFM) and multi-girder failure 166 

mode (MGFM). Based on the bridge design specifications [46, 47], the multi-girder failure modes 167 

can be divided into multi-girder failure mode under the elastic distribution of the load (MGFM-ED) 168 

and multi-girder failure mode by considering the plastic redistribution of the load (MGFM-PR).  169 

2.2.1  Single-girder failure mode 170 

As shown in Fig. 2 (a), if the transverse connection fails, the load-transferring route among adjacent 171 

girders is cut off, thereby resulting in the loss of the interaction load-carrying mechanism among 172 

multiple girders. In this case, any single-girder within the system that exceeds ULS will cause a 173 

structural failure, which can be defined as a SGFM. 174 
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 175 

Fig. 2. Single-girder failure mode. 176 

As illustrated in Fig. 2 (b) and (c), the ultimate vehicle load for SGFM cL  can be expressed 177 

as 178 

 2c cL P  (1) 179 

where cP  is the ultimate wheel load under the worst-case scenario of vehicle loading for SGFM. 180 

The corresponding limit state function of SGFM cZ  is  181 

 
G V

c c c cZ R S S    (2) 182 

where cR  is moment resistance of the single girder for SGFM, which is equal to uM  of the MCR 183 

curve, as presented in Fig. 2 (d); G

cS  is the bending moment associated with the dead load effect 184 

on the single-girder; and V

cS  is the bending moment from the vehicle load on the single girder for 185 

SGFM. 186 

2.2.2  Multi-girder failure mode under the elastic distribution of the load 187 

As illustrated in Fig. 3 (b), when the transverse connection is intact, multiple girders interact to 188 

carry the load, and the vehicle load is distributed according to the component stiffness within the 189 

initial elastic stage. Once the most vulnerable girder within a bridge has reached its ULS, the whole 190 

bridge can be regarded as failed, which is defined as a MGFM-ED [46, 47]. 191 
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As illustrated in Fig. 3 (b) and (c), the ultimate vehicle load for MGFM-ED eLF  can be 192 

expressed as 193 

 e eLF n P   (3) 194 

where n and eP  are the number of the wheel load points and the ultimate wheel load under the 195 

worst-case scenario of vehicle loading for MGFM-ED, respectively. 196 

Herein, a new indicator, namely, the effective number of girders eN  is proposed for 197 

quantitatively evaluating the ability of the system to distribute a vehicle load for MGFM-ED. This 198 

number is defined as 199 

 /e e cN LF L  (4) 200 

Based on the design specifications [46], eLF  can also be computed as 201 

 /ceLF L m  (5) 202 

where m  is the load transverse distribution coefficient [46] representing the proportion of the load 203 

that is carried by the most vulnerable girder within a bridge in the elastic range. From Eq. (4) and 204 

(5), it follows that 1/eN m . 205 

The corresponding limit-state function of MGFM-ED, denoted as 
,s eZ , is 206 

 , , ,

G V

s e s e s s eZ R S S    (6) 207 

where 
,s eR  is the moment resistance of the bridge system for MGFM-ED; G

sS  is the dead-load 208 

bending effect of the bridge system; and 
,e

V

sS  is the vehicle-load bending effect for MGFM-ED, 209 

which is equal to 
v

iM , where v

iM  is the vehicle load effect on each girder. 210 

MGFM-ED approximately reflects the ULS of the bridge system, as it combines the load 211 

distribution that is based on the initial elastic analysis with the ultimate and plastic load-carrying 212 

capacities of the most vulnerable components. This could result in a contradiction between the 213 

elastic analysis at the system level and the ultimate load-carrying capacity design at the structural 214 

component level. Only the elastic distribution of the internal forces is considered within the 215 

analytical method, while the plastic redistribution is not. As a result, this method fails to capture 216 
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the critical state of the ultimate load-carrying capacity of the whole structural system, and the real 217 

ultimate load-carrying capacity at the system level is not considered, namely, only an approximate 218 

value that is based on the elastic distribution of the internal forces is provided. 219 

   220 

Fig. 3. Multi-girder failure mode. 221 

2.2.3  Multi-girder failure mode by considering the plastic redistribution of the load 222 

As illustrated in Fig. 3 (b), when the transverse connection is intact, multiple girders work together 223 

to carry the load. With the increase of the external vehicle load, the distribution of the load among 224 

the girders gradually changes from an elastic distribution that is based on the stiffness to a plastic 225 

redistribution by considering the ductility. Once the system exceeds the ULS, the system fails. This 226 

is defined as a MGFM-PR. 227 

As shown in Fig. 3 (d), the flexural failure could be regarded as a ductile failure in most cases 228 

[49], however, concrete components with serious steel corrosion can exhibit the brittle failure. By 229 

considering the ductility of the main girder, the load distribution mechanism may change before 230 

the most vulnerable girder reaches the plastic hinge rotation limit state. In this scenario, the adjacent 231 

girders would be subjected to the increasing external load that is released by the failure component. 232 

The ultimate vehicle load for MGFM-PR uLF  is the ultimate load-carrying capacity of the bridge 233 

system, which could exceed the ultimate vehicle load for MGFM-ED eLF ; thus, the contradiction 234 

between the elastic analysis at the system level and the ultimate load-carrying capacity design at 235 

the component level that was described previously is eliminated. 236 

Intact 

transverse 

connection 

MCR Curve of Girder 1

Rs,e

The most vulnerable 

girder 

MCR Curve of Girder2,3,4,5

Rc

M

Mu

φy

φ

My

φu

M

Mu

φy

φ

My

φu

Mr5

Mr4
Mr3

Mr2

(c) MGFM-ED 

Ss,e=ΣMiSv

Ss,eSv   

Multiple girders 

damaged

MCR Curve of Girder1,2

Rs,u

MCR Curve of Girder3,4,5

M

Mu

φy

φ

My

φu

Mr5

Mr4

Mr3

d3

Pe  Pu

P P P

PPPP

(a) Accident scene 

(b) Structural analysis sketch

Ss,uSv   

(e) Resistance 

Analysis

Ss,u=ΣMi
v v

Plastic hinge

load-

transferring 

route

5 4 3 2 1

M1M3 M2M4M5

Mu

v vvvv

5 4 3 2 1

M1M3 M2M4M5

MuMu

v vv v v

(d) MGFM-PR 

Rc

M

Mu

φy

φ

My

φu

d3

v

P
Continue to load



 

11 

As presented in Fig. 3 (b) and (d), the ultimate vehicle load for MGFM-PR is 237 

 u uLF n P   (7) 238 

where n and uP  are the number of the wheel load points and the ultimate wheel load under the 239 

worst-case scenario of vehicle loading for MGFM-PR, respectively. 240 

An indicator, namely, the effective number of girders uN , is proposed for quantitatively 241 

evaluating the ability of the system to distribute vehicle load for MGFM-PR. This indicator can be 242 

expressed as 243 

 /u u cN LF L  (8) 244 

e uN N Num  , in which Num  is the number of girders within the bridge. Based on this, an 245 

indicator   is defined for evaluating the plastic redistribution ability of the bridge system as 246 

follows: 247 

 /u eN N   (9) 248 

For a multi-girder system, once the topological configuration of the system has been 249 

determined, the ductility of the component is the main factor that affects the plastic redistribution 250 

ability  . The corresponding limit state function of MGFM-PR 
,s uZ  is 251 

 , , ,

G V

s u s u s s uZ R S S    (10) 252 

where 
,s uR  is the moment resistance of the bridge system for MGFM-PR and 

,

V

s uS  is the vehicle-253 

load bending effect for MGFM-ED, which is equal to 
v

iM , where v

iM  is the vehicle-load 254 

bending effect on each girder. 255 

3  Time-Variant System Performance 256 

3.1  Time-variant material behavior  257 

3.1.1  Time-variant material behavior of the reinforcement 258 

As bridges are typically directly exposed to the environment, their performances decrease over 259 

time. For RC and PRC bridges, corrosion of reinforcement is one of the primary sources of 260 

deterioration of the structures [50]. There are various categories of steel corrosion, among which 261 
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the most common are the carbonization-induced uniform corrosion and pitting corrosion that are 262 

caused by chloride erosion. Corrosion will lead to loss of the stress section and reduction of the 263 

ultimate/yield strength and the stress concentration, which will further reduce the structural 264 

resistances of individual components and of the whole system [40].  265 

 266 

Fig. 4. Constitutive model of corroded (a) steel bars and (b) prestressed tendons under tension 267 

 268 

In addition to the adverse effects described previously, corrosion can reduce the ductility of 269 

steel bars, which is manifested by the shortening of the yield plateau or even its disappearance [51]. 270 

If the value of the corrosion rate s  is less than the threshold value of the corrosion extent 
,s cr , 271 

the yield plateau becomes shorter with the increase of the corrosion; if s  exceeds 
,s cr , the 272 

hardening strain shc  coincides with the yield strain 
syc , and the yield plateau disappears. As the 273 

redistribution of internal forces often occurs within the yield plateau stage, additional studies 274 

should be conducted to assess the relevant influences on the structural behavior at both the 275 

component and system levels.  276 

Based on tensile tests, Zhang et al. [51] concluded that the value of the elastic modulus scE  277 

of a corroded steel bar remained nearly constant; however, the yield strength 
ycf , the ultimate 278 

strength ucf  and the ultimate strain suc  deteriorated as the corrosion propagated. The constitutive 279 

relationship of corroded steel bars that are subjected to tension can be described as illustrated in 280 

Fig. 4 (a), as follows 281 
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 (11) 282 

where sc  and sc  are the tension stress and strain, respectively, of the corroded steel bars. 283 

The variation of shc  can be expressed as 284 
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
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


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 (12) 285 

where 0sE , 
0yf  and 0sh  are the elastic modulus, yield strength and hardening strain, 286 

respectively, of the uncorroded steel bars. The values of the characteristic parameters are 287 

summarized in Table 1. 288 

Table 1. Characteristic parameter values [51]. 289 

ycf , ucf  shc  suc  ,crs  
Applicable 

condition 

0

1 1.049

1

s
yc y

s

f f









 
Calculated 

via Eq. (12) 

2.501

0
s

suc sue
 

  

Deformed: 20% Practical 

engineering: 

80%s   
0

1 1.119

1
uc u

s

s

f f









 
Plain: 10% 

 290 

The model in Fig. 4 (a) is suitable for steel bars and pretensioned tendons, which are in direct 291 

contact with concrete. If prestressed tendons are installed suitably, corrosion is rare. In this paper, 292 

to illustrate and quantify the potential effects of corrosion, the effects of the corrosion of prestressed 293 

tendons are considered. 294 

Experimental studies have shown that with the increase of corrosion, the ultimate tensile strain 295 

puc  and ultimate stress 
pucf  of the prestressed tendons significantly decreased [52]. The 296 

hardening portion within the constitutive model also decreases with the increase of corrosion, 297 

which could cause the behavior of the prestressed tendons to change from bilinear elastic to brittle 298 

elastic behavior [53].  299 
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Define 0.85
pucf  as the prestressed tendon nominal yield tension stress 

pycf , and the 300 

evolution of the constitutive relationship of corroded prestressed tendons that are subjected to 301 

tension can be described by Eq. (13) and (14) [53], as presented in Fig. 4 (b). 302 

For 
,p p cr  , 303 
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 (13) 304 

For 
,p p cr  , 305 

 cpc pcp E   (14) 306 

where 
pc  and 

pc  are the tension stress and strain, respectively; 
,p cr  is the threshold value of 307 

the corrosion extent; and 
pcE , 

puc  and 
pucf   are the elastic modulus, ultimate tension strain, and 308 

ultimate tension stress, respectively, of the corroded prestressed tendons, which can be computed 309 

as 310 

   01 0.848pc ppE E   (15) 311 

 0

1 2.683

1

p

p

puc puf f






 (16) 312 

   01 9.387puc p pu     (17) 313 

where 
0pE , 

0pu  and 
0puf  are the elastic modulus, ultimate tension strain, and stress, respectively, 314 

of the uncorroded prestressed tendons. 315 

3.1.2  Time-variant material behaviour of the concrete 316 

Though the corrosion of reinforcements is the principal pathological manifestation in reinforced 317 

concrete structures [54], the effect of concrete degradation on the structural durability should also 318 

be considered. Many studies have been conducted to established a model that accounts realistically 319 

for concrete mechanical degradation with time. For instance, Leonel [55] presented a numerical 320 
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nonlinear formulation, in which the physical nonlinearity of concrete is described by Mazars 321 

damage model. In this paper, the performance degradation formulation proposed by Zhang [56] is 322 

adopted, which is based on the long-term exposure test data and the measured results of old bridges. 323 

The diachronic model of concrete strength is described as 324 

  0( ) ( )c cm t t m  (18) 325 

 0( ) ( )c ct t    (19) 326 

where, 0cm  and 0c  are the average value and standard deviation of concrete 28d strength, and 327 

 2( ) 1.3781exp[ 0.0187(ln 1.7282) ]t t     (20) 328 

 ( ) 0.0347 0.9772t t    (21) 329 

3.1.3  Spatial variability associated with the material corrosion 330 

Corrosion of steel reinforcement is spatially distributed over RC structures due to several factors 331 

(e.g., different environmental exposures, concrete cover, concrete quality). It is important to take 332 

the effect of spatial variability on the reliability analysis and prediction of the remaining service 333 

life of RC structures [57]. However, as in practice there exists difficulty in quantifying the area of 334 

the rebars in the concrete, it is not easy to obtain the relevant parameters for spatial variability 335 

modeling [58]. Recently, Akiyama and Frangopol and Lim et al. [59, 60] have used the X-ray and 336 

digital image processing techniques to study and quantify the spatial variability in the steel weight 337 

losses along the corroded bars inside RC members, which provides an effective simulation method 338 

for spatial variability. Given more information, in this paper, the spatial variability information can 339 

be incorporated within the developed analytical framework to evaluate the time-dependent system 340 

reliability and redundancy. 341 

3.2  Time-variant ductility of the structural components 342 

Material deterioration leads to the deterioration not only of the component resistance but also of 343 

the component ductility. The ductility is the ability of a material, section, component, or system to 344 

sustain plastic deformation without significant reduction of its strength [61]. The flexural 345 

deformation of structural components is associated with their curvature. For example, the curvature 346 

of an RC component depends on the tensile strain of the reinforcement steel and the compressive 347 
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strain of the concrete. As concrete is a material with limited ductility compared with steel, RC 348 

components realize ductility and sufficient deformation capacity mainly through the tensile 349 

straining or yielding of the reinforcement steel. 350 

Based on the load-to-deformation relationships, the ductility is usually measured using a 351 

ductility factor  , which is the ratio between the ultimate deformation at failure to the elastic limit 352 

deformation. Considering the deterioration effects (e.g., reinforcement corrosion), the ductility 353 

factors of the structural constituents should be time-variant. The time-variant ductility factor at the 354 

component level, which is denoted as c ( )t , can be expressed as 355 

 c( ) ( ) / ( )u yt t t    (22) 356 

where ( )u t  is the section curvature at the failure point and ( )y t is the section curvature at the 357 

yielding point of the MCR curve, which can be obtained via sectional material nonlinear analysis. 358 

A larger ductility factor corresponds to a more ductile performance. 359 

3.3  Time-variant redundancy of a structural system 360 

For multi-girder bridges in which flexural failure is regarded as the main failure mode, the ductility 361 

of the components plays an important role in the ultimate load-carrying capacity of the system. Due 362 

to the direct influence on the plastic redistribution of the load for a bridge system, the ductility of 363 

a component significantly influences the capability of the system to continue to carry loads after 364 

the ductile failure of the most vulnerable component within the system [30]. This capability is 365 

referred to as the redundancy uR  and can be expressed by Eq. (23), which considers the time-366 

variant effect [30, 31, 35, 40].  367 

 
( )

( )
( )

u
u

e

LF t
R t

LF t
  (23) 368 

where ( )uLF t  and ( )eLF t  are time-variant quantities that correspond to the deterioration effect.  369 

In addition, to consider the time-variant effect, Eq. (4) and (8) can be reformulated as 370 

 
0

u
u

c

LF t
N t

L


（）
（）  (24) 371 
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0

e
e

c

LF
N

t
t

L


（）
（）  (25) 372 

where 0cL  is the ultimate load-carrying capacity of single girder at the design state. Based on Eqs. 373 

(4), (8), (9), and (23), ( )uR t  can also be reformulated as 374 

 
0

0

( ) ( ) / ( )
( ) ( )

( ) ( ) / ( )

u u c

e c

u
u

e e

LF t LF t L N t
R t t

LF t LF t L N t
     (26) 375 

( )t  is used to evaluate the plastic redistribution ability of the bridge system, which is the 376 

same as the original redundancy indicator uR  [31, 62]; hence, the redundancy uR  mainly reflects 377 

the plastic redistribution ability of the structural system. Therefore, for a multi-girder bridge system, 378 

when the topological configuration of the system is determined, the ductility of the component is 379 

the main factor that affects the redundancy. 380 

According to Eq. (26), 
,1 u u designR R  , where 

,u designR  is the redundancy at the design state. 381 

With the deterioration of materials, the ductility of the components gradually decreases, and ‘1’ 382 

represents that the structural system has lost the ability to redistribute an applied load. Ghosn et al. 383 

[31] suggested a minimum value of 1.3 for uR  to ensure a redundant superstructure system. 384 

3.4  System-level reliability considering the time-variant load-carrying mechanism 385 

As presented in Fig. 5, in addition to the reduction of the load-carrying component strength and 386 

structural redundancy, material deterioration will also cause performance degradation of the load-387 

transferring component, which will lead to the change of the loading-carrying mechanism and 388 

failure model and will influence the bridge system reliability directly. 389 

  390 
Fig. 5. Time-variant system reliability. 391 
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To consider the effect of the performance degradation of the load-transferring component on 393 

the change of the loading-carrying mechanism and failure model, a total probability formula is 394 

introduced to describe the failure probability of the bridge system f

SP , which can be expressed as 395 

 

   

   

( ) ( )

( ) ( )

,

( ) Pr ( ) ( ) Pr ( ) ( )

             Pr ( ) ( ) Pr ( ) ( )

   ( ) ( ) ( ) 1- ( )

T T

T T

f

S S S R t S t T T

S S R t S t T T

f f f f

c T s u T

P t R t S t R t S t

R t S t R t S t

P t P t P t P t





    

  

   ( )

 (27) 396 

where ( )f

TP t  is the failure probability of the transverse connection; ( )f

cP t  is the failure probability 397 

for SGFM; , ( )f

s uP t  is the failure probability for MGFM-PR; ( )TR t  and ( )TS t  are the resistance 398 

and effect, respectively, of the transverse connection; ( )SR t  and ( )SS t  are the resistance and 399 

effect, respectively, of the bridge system; and  Pr E  is the probability of occurrence of event E. 400 

The corresponding system reliability index ( )S t  can be expressed as 401 

 
-1( ) - ( ( ))f

S St P t    (28) 402 

The proposed assessment model reflects the effect of the stochastic variation of the interaction 403 

load-carrying mechanism on the bridge system reliability, which considers the effect of 404 

deterioration of the transverse connection on the structural interaction load-carrying mechanism. 405 

In addition to the overall reliability of the structural system, the efficiency indices 
cPI  and ,s uPI , 406 

which reflect the effects of different components on the system failure, are also critical for decision-407 

making regarding bridge maintenance and reinforcement construction as they can determine the 408 

major cause of system failure initiation in a life-cycle context. Based on Bayes’ theorem, two 409 

indices 
cPI  and ,s uPI  are defined to evaluate the probability contributions of SGFM and MGFM-410 

PR to system failure. 411 

 

f f
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c f
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4  Computational Procedure and Experimental Validation 414 

The analytical procedure presented in this section consists of three modules: structural analysis of 415 

capacity and demand, probabilistic analysis, and reliability analysis modules. The probabilistic 416 

analysis module is developed for considering the uncertainties that are associated with the variables 417 

that are involved in the structural analysis module [47]. To account for time-variant effects 418 

(material deterioration), the analytical procedure is repeated for each time step during the 419 

investigated time interval. The six time steps are described below. 420 

Step 1: Conduct sectional material nonlinear analysis as indicated in Fig. 6 to determine the 421 

moment resistance of component ( )cR t , which is equal to ( )uM t . 422 

 423 

Fig. 6. Flowchart of numerical incremental algorithm for sectional MCR [40]. 424 
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Step 2: Conduct the linear analytical procedure that is presented in Fig. 7 (a) to determine the 426 

ultimate vehicle load ( )cL t  for SGFM, the demands ( )G

cS t  and ( )V

cS t  in Eq. (2), the ultimate 427 

vehicle load ( )eLF t  for MGFM-ED, and the demands ( )G

sS t  and , ( )V

s eS t  in Eq. (6). 428 

The Euler-Bernoulli beam element (Fig. 7 (b)) is used to establish the FEM for both single-429 

girder and multi-girder bridges. The grillage model (Fig. 7 (c)) is used to simulate a multi-girder 430 

bridge system for MGFM-ED, which has been demonstrated to realize a satisfactory balance 431 

between accuracy and computational cost [63].  432 

 433 

Fig. 7. Linear analytical procedure for SGFM and MGFM-ED. 434 
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The nonlinear analytical procedure for determining the ultimate vehicle load ( )uLF t  for 444 

MGFM-PR is presented in Fig. 8 (b), and the demands G

sS  and, ,

V

s uS  are provided in Eq. (10). To 445 

calculate ( )uLF t , a grillage model with a fiber beam element is used to simulate the multi-girder 446 

system for MGFM-PR. As illustrated in Fig. 8 (c), the model is implemented with OpenSees [64]. 447 

The nonlinear beam column element (Fig. 8 (d)) is used to establish an FEM, in which five 448 

integration points are typically considered. The nonlinear characteristics in the cross-sections are 449 

captured by defining the uniaxial materials (unconfined concrete, confined concrete and 450 

reinforcement steel).  451 

 452 

Fig. 8. Finite element modeling for MGFM-PR 453 
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Step 5: Conduct a reliability analysis with the limit state functions (31) to determine ( )f

TP t , 461 

( )f

cP t , , ( )f

s eP t , and , ( )f

s uP t  in Eq. (27) using the first-order reliability method (FORM) [65, 66]. 462 
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 (31) 463 

where ( )TZ t , ( )TR t , ( )G

TS t , and ( )V

TS t  are the limit-state function, moment resistance, dead-464 

load effects and vehicle-load effects, respectively, of the transverse connection. The corresponding 465 

reliability indices ( )T t , ( )c t , , ( )s e t , and , ( )s u t  can be calculated via Eq. (28).  466 

Based on an accurate understanding of the failure modes of a single component and the bridge 467 

system, along with the whole-process structural behavior, a system reliability assessment is 468 

conducted from a global perspective. It follows from Eqs. (24), (25) and (26) that 
, ( )s eR t  and 469 

, ( )s uR t  in Eq. (31) can be computed as 470 

 , 0( ) ( )s e e cR t N t R   (32) 471 

 , 0 0( ) ( ) ( ) ( )s u u c u e cR t N t R R t N t R      (33) 472 

where 0cR  is the moment resistance of a single girder at the design state. Moreover, ,

V

s eS  and ,

V

s uS  473 

in Eq. (31) can be computed as 
v

iM , where v

iM  is the vehicle load effect of each girder for 474 

MGFM-ED and MGFM-PR, respectively, under the determined worst-case scenario of vehicle 475 

loading, as presented in Fig. 3. In this paper, a novel indicator, namely, the effective number of 476 

girders ( ( )eN t , ( )uN t ), is proposed for calculating the global load-carrying capacity of the 477 

structural system quantitatively, which avoids the shortcomings of the previously discussed series 478 

parallel method at the system level. 479 

Step 6: Determine the failure probability f

SP  and reliability index S  of the bridge system 480 

via Eq. (27) and (28), respectively, and compute 
cPI  and ,s uPI  via Eq. (29) and (30), 481 

respectively. 482 
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5  Illustrative Examples  483 

5.1  Destructive failure test of investigated bridges 484 

The first investigated bridge (IB1) is a cast-in-place, 9.2m simply supported RC T-girder bridge. 485 

Fig. 9 (a) and (b) present the dimensions of the bridge with the reinforcement layout. Based on 486 

standard tests that were conducted on cores and a reinforcing bar from the bridge, the basic material 487 

properties of the bridge were determined. The average values of the measured initial elastic 488 

modulus of concrete and the compressive strength were 23,530 and 23.5 MPa, respectively, and 489 

the yield stress of the reinforcement bar was 254.8 MPa. To explore the ultimate load-carrying 490 

capacity of IB1, Song et al. [67] conducted an in situ full-scale destructive test on the bridge. To 491 

simulate the actual vehicle loading, cyclic loading was imposed eccentrically, as illustrated in Fig. 492 

9 (a), and the bridge was loaded to failure. The test span was instrumented such that measurements 493 

could be conducted to assess both the global and local responses of the bridge. Measurements were 494 

conducted at locations where a maximum response was expected. Fig. 9 (c) illustrates the test setup 495 

for IB1 in detail.  496 

 497 

Fig. 9. Destructive failure test of IB1 (unit: mm). 498 

 499 
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diaphragms, distributed along the span uniformly. Fig. 10 (a) and (b) indicate the dimensions of the 502 

bridge and girder section. All T-girders were prefabricated with C50 concrete. The prestressed 503 

reinforcement was tensioned with a 1,600-MPa high-strength steel wire cone anchor jack, and the 504 

tension stress was controlled to 1,200 MPa. To explore the ultimate load-carrying capacity of IB2, 505 

Zhang [68] conducted an in situ full-scale destructive test of the bridge, as shown in Fig. 10 (c). 506 

Considering the tremendous loading amount in the destructive failure test of in situ bridge, the steel 507 

loading scheme was adopted. Fig. 10 (d) presents the test setup for IB2.  508 

 509 

Fig. 10. Destructive failure test of IB2 (unit: mm). 510 

 511 

5.2  Numerical model validation using destructive failure tests 512 

The complete process of destructive failure is simulated in OpenSees using a fiber beam element 513 

to account for the nonlinear behavior. The analysis results, along with the test data and FEA results 514 

in references [67, 68], are presented in Fig. 11 and Fig. 12. Considering IB1 as an example, the 515 

results that were obtained in this paper for T-girders G1~ G3 accord well with test data, as shown 516 

in Fig. 11. For T-girder G4, the simulation results are more similar to the test data than the FEA 517 

results in the reference. For IB2, the analysis results for T-girder G1 are presented in Fig. 12 and 518 

are compared with the test data. 519 
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Fig. 11. Applied load versus deflection for IB1. 520 

 521 

  

Fig. 12. Applied load versus deflection for IB2. 522 

 523 

Thus, satisfactory accuracy of the proposed method for RC and PRC multi-girder bridges is 524 

demonstrated in the destructive failure tests. The time-variant structural performance in the worst-525 

case scenario of vehicle loading is assessed in Sections 5.3-5.5. 526 
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5.3  Component-level performance analysis 527 

The characteristic parameters of corroded reinforcement steel, such as 
ycf , ucf  and 

pucf , begin to 528 

decrease after the corrosion initiates, which would substantially affect the ductility and capacity of 529 

the component and the structure. To examine the effect of corrosion at the component level, ( )y t , 530 

( )u t  and c ( )t  as functions of the corrosion rate are presented in Fig. 13. ( )u t  decreases 531 

dramatically once the corrosion begins, whereas ( )y t  remains nearly constant for the 532 

investigated corrosion interval. The deteriorations of ( )y t  and ( )u t  result in a continuous 533 

reduction of the ductility c ( )t . Considering IB1 as an example, c ( )t  decreases from 10.4 to 3.7 534 

for the interval of 0 to 
,s cr  since the yield plateau becomes dramatically shorter, as shown in Fig. 535 

13 (a). Afterward, it increases gradually as ( )y t  and ( )u t  become closer after the 536 

disappearance of the yield plateau. For IB2, c ( )t  decreases from 14.3 to 6.4 for the investigated 537 

corrosion interval, as presented in Fig. 13 (b). This is because the failure criterion of the section is 538 

gradually changed from the crushing of the top fiber-reinforced concrete to the tensile fracture of 539 

the prestressed tendons, and the latter is more easily satisfied [40]. 540 

  

Fig. 13. Time-variant expected values of ( )y t , ( )u t , and ( )c t  of (a) IB1 and (b) IB2.  541 
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5.4  System-level performance analysis  543 

According to the analytical procedure in Section 4, the time-variant expected values of ultimate 544 

vehicle loads ( )uLF t , ( )eLF t  and ( )cL t  are presented in Fig. 14 (a) and Fig. 15. (a). The time-545 

variant residual net area of reinforcement steel is computed based on the corrosion model [69, 70]. 546 

Considering IB1 as an example, the expected values of ( )uLF t , ( )eLF t  and ( )cL t  decrease after 547 

the corrosion begins at t = 20 years, as indicated in Fig. 14 (a). The trends of ( )uLF t  and ( )eLF t  548 

are in agreement with that of ( )cL t , resulting in reductions of 23.5%, 16.9% and 19.8% at t = 100 549 

years for ( )uLF t , ( )eLF t , and ( )cL t , respectively.  550 

( )eLF t  for MGFM-ED is always less than ( )uLF t  for MGFM-PR throughout the lifetime 551 

period, as shown in Fig. 14 (a) and Fig. 15. (a); hence, ( )uLF t  represents the ultimate load-carrying 552 

capacity of multi-girder bridges, which considers both the elastic distribution and plastic 553 

redistribution for system-level performance assessment.  554 

  

Fig. 14. Time-variant expected values of (a) the ultimate vehicle loads and (b) Nu(t), Ne(t) and Ru(t) of IB1. 555 
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Fig. 15. Time-variant expected values of (a) the ultimate vehicle loads and (b) Nu(t), Ne(t) and Ru(t) of IB2. 557 
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5.5  Time-variant system reliability assessment  574 

According to the analytical procedure in Section 4, the time-variant system reliability is calculated. 575 

As shown in Fig. 16, due to the effect of the elastic distribution of the transverse connection, the 576 

reliability index for MGFM-ED , ( )s e t , is much larger than the reliability index for SGFM ( )c t . 577 

The reliability index for MGFM-PR , ( )s u t , is larger than , ( )s e t , which reflects the effect of 578 

plastic redistribution on the capacity of the bridge system. According to the framework proposed 579 

in Section 3.4, the system reliability ( )S t  is very close to , ( )s u t  when the transverse connection 580 

does not deteriorate. However, it gradually becomes consistent with ( )c t  with the deterioration 581 

of the transverse connection; hence, the time-variant load-carrying mechanism affects the 582 

reliability of the bridge system.  583 

  

Fig. 16. Time-variant reliability of (a) IB1 and (b) IB2. 584 
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Fig. 17. (a) Expected values of βS, βs,u, βs,e, and βc; and (b) PIc and PIs,u. 594 

 595 

As shown in Fig. 17 (b), the corresponding probability contributions of SGFM and MGFM-596 

PR to the system failure are calculated via Eq. (29) and (30). The larger the reliability index of the 597 

transverse connection, the larger the probability contribution of MGFM-PR. For this scenario, 598 

increasing the performance of the girder is more effective. For a larger value of cPI , it indicates 599 

that the transverse connection is associated with a poor condition. Special attention should be paid 600 

to performance assessment and management of transverse connection within the investigated 601 

bridge.  602 

6  Conclusions 603 

A novel approach is developed for evaluating the system reliability of multi-girder bridges, which 604 

considers the effects of the time-variant load-carrying mechanism and redundancy of the bridge 605 

system. The following conclusions are drawn: 606 

1. Based on the investigative reports of actual accidents and full-scale destructive failure 607 

tests, three typical flexural failure modes for multi-girder bridges are assessed: SGFM, 608 

MGFM-ED and MGFM-PR. It is found that the performance of the transverse connection 609 

directly influences the flexural failure modes of the bridge system. 610 

2. For quantitatively evaluating the elastic distribution and plastic redistribution of a vehicle 611 

load among multiple girders, a new indicator is proposed, namely, the effective number 612 

of girders. This indicator is used to calculate the global load-carrying system capacity in 613 

the system reliability assessment.  614 
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3. Through analyzing the time-variant behavior of the material, its deterioration leads to not 615 

only the reduction of the girder’s resistance but also the deterioration of the girder’s 616 

ductility, which further affects the plastic redistribution of the vehicle load at the system 617 

level. Hence, in addition to the time-variant structural component resistance, the time-618 

variant redundancy of bridge system is an important factor that should be considered in 619 

the structural performance analysis process.  620 

4. By considering the effect of deterioration of the transverse connection on the structural 621 

interaction load-carrying mechanism, a new reliability assessment framework for bridge 622 

systems is proposed.  623 

5. An analytical procedure with detailed modeling techniques is established for 624 

implementing the proposed assessment framework. In this procedure, a sectional material 625 

nonlinear analysis for MCRs is conducted to capture the time-variant resistance and 626 

ductility of components. An incremental nonlinear finite element analysis of a fiber beam 627 

element using OpenSees is used to simulate the plastic redistribution of an applied load.  628 

6. Full-scale destructive tests of two in situ deteriorated bridges are selected for evaluating 629 

the accuracy and feasibility of the proposed analytical procedure: a reinforced concrete 630 

(RC) T-girder bridge and a prestressed reinforced concrete (PRC) T-girder bridge. The 631 

results of the proposed simulation analytical procedure are in good agreement with the test 632 

data.  633 

7. The feasibility and satisfactory performance of the proposed framework and procedure are 634 

evaluated using the RC and PRC T-girder bridges. The results demonstrate that the time-635 

variant load-carrying mechanism and redundancy significantly affect the structural 636 

ultimate load-carrying capacity and reliability of deteriorated structures. 637 

 638 

Nowadays, the bridges and infrastructural networks in many countries are facing the 639 

progressive deterioration of performance and safety issues. The results of this study could aid the 640 

design and management of more redundant structures in a life-cycle context. This goal can be 641 

achieved by proposing a method to reward adequately redundant designs by permitting less 642 

conservative member designs than is allowed by current design standard. Furthermore, more 643 
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studies should be conducted on the effects of spatial variability of the material corrosion on the 644 

system performance (e.g., reliability, redundancy). 645 
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