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30 1. Introduction

31 Due to limited budget and conservative prediction of increase of traffic volume, a considerable 

32 number of narrow bridges were built previously all over the world. With the rapid growth of 

33 traffic volume, many of these existing bridges became functionally obsolete due to insufficient 

34 width. Compared with complete replacement or building a new bridge, widening these bridges 

35 is generally more economical and effective [1]. For most widened concrete bridges, in order to 

36 improve structural integrity, the superstructures of the new and existing bridges are connected 

37 by longitudinal splice joints [2]. The static and long-term behavior of the widened bridge, 

38 considering the interaction between new and existing bridges, are much more complex than 

39 those in the case of treating these bridges separately [3-4]. However, nearly all bridge widening 

40 guidelines suggest that standards and guides used for new bridges can also be applied for the 

41 widened bridges without considering the interaction between the new and existing bridges [1, 

42 5-8]. Thus, it can be concluded that the specified design and assessment methodology for 

43 widened bridges have not been well established and, therefore, relevant studies are needed.

44 Nowadays, the reliability-based load and resistance factor design (LRFD) method 

45 dominates the design philosophy for most current design codes including the Chinese code for 

46 design of highway reinforced concrete and prestressed concrete bridge and culverts (JTG D62-

47 2004) [9], the model code 2010 [10], and the AASHTO LRFD Bridge Design Specifications 

48 [11], among others. The structural reliability index is also recognized as the fundamental 
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49 performance indicator for structural safety and performance assessment of existing structures 

50 [12-17]. Thus, relevant reliability studies of widened bridges are necessary. 

51 Within the performance assessment of widened bridges, the live-load redistribution should 

52 be computed firstly. Nie et al. [18] modified the conventional rigid-jointed girder method 

53 (RJGM) to compute the transverse distribution coefficient of concrete girders that are widened 

54 with steel-concrete composite beams. Chen et al. [19] proposed a general hinge-jointed slab 

55 method (HJSM) for the computation of the lateral distribution factor of widened prestressed 

56 concrete hollow slab bridge. Chang et al. [20] investigated the live-load redistribution behavior 

57 of widened T-girder and hollow slab bridge using finite element (FE) grillage model. Based on 

58 these studies, it can be concluded that the analytical methods (e.g., RJGM, HJSM) are only 

59 suitable for certain types of widened bridges, while the FE-model-based method can serve as a 

60 general approach for live-load redistribution analysis of widened bridges.

61 Another well-recognized mechanical characteristic of widened concrete bridges is the 

62 shrinkage and creep difference between new and existing girders. This difference could result 

63 in significant time-dependent internal stresses [4, 21-23]. Fang et al. [24] investigated the 

64 internal forces induced by shrinkage and creep in widened box-girder bridge using FE, and 

65 compared the bending moment capacity of the box-girder before and after widening by 

66 sectional nonlinear analysis. The results indicated that as the axial compressive force induced 

67 by shrinkage and creep changes the failure mode of the existing box-girder (i.e., from flexural 

68 failure to compressive-flexural failure), the bending moment capacity of the existing box-girder 
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69 increases. Thus, it is of vital importance to integrate these effects associated with concrete 

70 shrinkage and creep into the structural reliability analysis process. In addition, it should be 

71 noted that most studies on shrinkage and creep effects in widened bridges are deterministic. 

72 Uncertainties associated with concrete shrinkage and creep will be addressed in this paper.

73 As bridges are usually directly exposed to environmental attack, their capacities will 

74 decrease over time. For reinforced concrete and prestressed concrete bridges, corrosion of 

75 reinforcement steel is the primary source of structural deterioration [25-27]. During the past 

76 decades, the effects of reinforcement corrosion on the reliability of existing concrete structures 

77 have been investigated [28-34]. Two main conclusions can be drawn from these studies. Firstly, 

78 reinforcement corrosion plays an important role in time-variant reliability analysis of existing 

79 concrete bridges, especially for those exposed to chloride-prone environments [35-37]. 

80 Secondly, the deterioration process mainly depends on corrosion initiation time and corrosion 

81 rate. As there exist differences in the construction time (or service time) and design profiles 

82 (e.g., concrete material properties, thickness of concrete cover) between new and existing 

83 girders, the extent of reinforcement corrosion can vary between them. Therefore, it is necessary 

84 to consider, for widened concrete bridges, the corrosion progress (i.e., corrosion initiation time 

85 and corrosion rate) using time-variant reliability analysis.

86 Overall, bridge widening has become an economic option to enhance the capacity of 

87 existing bridges. However, the reliability analysis of widened bridges is still in its infancy. The 

88 interactions between new and existing girders, including live-load redistribution, concrete 
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89 shrinkage and creep effects, and different reinforcement corrosion, deem to have significant 

90 effects on performance of the widened concrete bridges. All these effects should be carefully 

91 considered within the reliability assessment process in a systematic and probabilistic manner. 

92 Furthermore, the reliability analysis should be conducted at a system level to account for the 

93 correlations among different girders and the redundancy of the bridge system. This paper aims 

94 to propose a probabilistic approach to compute the time-variant reliability of widened concrete 

95 bridges considering live-load redistribution, concrete shrinkage and creep as well as the 

96 difference in reinforcement corrosion between new and existing girders. To conduct this study, 

97 firstly, live-load distribution factors and internal axial forces caused by concrete shrinkage and 

98 creep are computed using a FE grillage model, and an age-adjusted effective modulus 

99 (AAEM)-based algorithm is proposed within the FE analysis to assess the shrinkage and creep 

100 effects. The uncertainties associated with the shrinkage and creep effects are accounted for 

101 within the computation process. Subsequently, considering the combined effects of 

102 reinforcement corrosion and the shrinkage-and-creep-induced forces, the probabilistic flexural 

103 moment resistance of girder components is assessed using Monte Carlo Simulation (MCS). 

104 Then, the superstructure of widened concrete bridge is modeled as a series-parallel system, in 

105 which the correlation of resistances between different girder components is considered. Finally, 

106 the reliability index of girder components and the bridge system are computed. In order to 

107 demonstrate the application of the proposed approach, a widened prestressed concrete T-girder 

108 bridge is considered.
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109 2. Flowchart of reliability assessment of widened concrete bridge

110 The proposed methodology is integrated using three modules: structural analysis of capacity 

111 and demand, probabilistic analysis, and system reliability analysis modules, as shown in Fig.1. 

112 Firstly, structural analysis of widened concrete bridge is conducted considering the interactions 

113 between new and existing girders. The output of this module is the demand (i.e., live-load effect) 

114 and resistance of each girder component. Then, the probabilistic analysis module is developed 

115 to consider the uncertainties associated with the variables involved in the first module. The 

116 simulation methods (e.g., MCS and Latin Hypercube Sampling (LHS) [38]) can be used to 

117 generate these random variables. Finally, a system reliability model that describes the behavior 

118 of the widened bridge system and the relationship of individual girder components to the 

119 overall system is introduced. The reliability of the investigated widened bridge system can be 

120 calculated using First order reliability method (FORM)/Second order reliability method 

121 (SORM). In order to account for time-dependent effects (i.e., structural deterioration, concrete 

122 shrinkage and creep), the proposed methodology is repeated for each time step during the 

123 investigated time interval.

124 3. Live-load redistribution of widened bridge

125 3.1 Lateral live-load distribution

126 For a bridge superstructure with multi-girders, the live-load effect on an individual girder is 

127 generally computed as [39]

128                             (1), ,refined i beamline F iF F g 
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129 where Frefined,i = the maximum live-load flexural moment or shear force in a certain girder for 

130 all possible load combinations; Fbeamline = the maximum flexural moment or shear force 

131 determined from a simple beam-line analysis under one lane of traffic; and gF,i = live-load 

132 distribution factor (LLDF), which reflects the distribution characteristic of live load in lateral 

133 direction.

134 LLDF is related with many geometric and material parameters, such as girder type, girder 

135 spacing, span length, traffic lane arrangement, transverse connection stiffness and sectional 

136 longitudinal stiffness, among others [40-42]. As these parameters may change during the bridge 

137 widening process, LLDF as well as live-load effect of an individual girder associated with new 

138 and existing bridges should be updated accordingly.

139 Though explicit formulas of LLDF are available in various bridge design codes, such as 

140 AASHTO LRFD Specifications [11], these simplified formulas are generally conservative, and 

141 are only applicable to certain types of bridges, such as slab-girder superstructures with uniform 

142 girder spacing and longitudinal stiffness [43]. For widened bridges, the type of superstructure 

143 may vary, and the spacing as well as longitudinal stiffness of girder component of new and 

144 existing bridges are usually different. Therefore, a more accurate and systematic method for 

145 computation of LLDF of widened structures should be established. Herein, the grillage model 

146 is used to compute the LLDF. This method will be described in the following section.
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147 3.2 Grillage model for live-load effect analysis

148 The grillage-model-based method is adopted herein to compute the live-load effects on bridges 

149 before and after widening. Grillage model has been well recognized to produce a good balance 

150 between accuracy and computational cost, thus it is usually recommended to analyze complex 

151 bridges, such as skewed and curved bridges [44]. The grillage model can be implemented with 

152 commercial finite element (FE) software, e.g., ANSYS [45], to aid the computational process 

153 associated with complex structures. For illustrative purpose, Fig.2(a) shows a typical grillage 

154 model of a widened multi-girder bridge. The model consists of eleven longitudinal girders in 

155 which girders 1 to 6 are existing girders and 7 to 11 are new girders. Seven transverse members 

156 are labeled as a, b, c, d, e, f, g representing the transverse diaphragms. They are uniformly 

157 distributed along the span. The rest transverse members are virtual diaphragms, and represent 

158 the connection contribution from the girder flange. The splice joint is also modeled as discrete 

159 transverse members with corresponding cross section in the grillage model. The precise 

160 determination of structural parameters (e.g., flexural stiffness) associated with the splice joint 

161 should be based on experimental results and/or a refined FE model. Regarding the engineering 

162 applications, some approximations can be made. For instance, in the widened T-girder bridges, 

163 flange wet seams and transverse diaphragms are used to connect the adjacent new and existing 

164 girders, in which the flexural stiffness of transverse diaphragms is relatively large. Accordingly, 

165 the splice joint can be modeled as a rigid connection, as shown in Fig.2(b). For the widened 

166 hollow-slab bridge, as the new and old slabs are connected by the weak flange wet seams, it is 
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167 reasonable to model the splice joint using a hinge connection, as indicated in Fig.2(c). With 

168 additional information from test or refined FE modeling regarding splice joint, its model detail 

169 can be refined or updated.

170 4. Concrete shrinkage and creep effects of new and existing bridges

171 Normally, widening is carried out after several years of service of an existing bridge. By this 

172 time, concrete shrinkage and creep in the existing bridge have almost fully developed, while 

173 for the newly-built bridge, these long-term deformations just start. Therefore, when subsequent 

174 deformations originated from concrete shrinkage and creep of new bridge are restricted by the 

175 existing bridge, long-term internal forces (i.e., axial forces and flexural moments) in horizontal 

176 plane will generate. The long-term internal forces, especially axial forces, can lead to a 

177 significant change of bending capacity of girders [24] and should be carefully considered 

178 during the performance assessment process.

179 4.1 Prediction of concrete shrinkage and creep

180 The CEB-FIP-90 model [46] has been widely adopted to predict the concrete shrinkage strain 

181 and creep coefficient and is used in this study. This model accounts for the effects of several 

182 parameters, such as cement type, compressive strength of concrete, theoretical thickness of 

183 component, ambient humidity, among others.

184 Accordingly, the shrinkage strain εcs(t,ts) at time t (days) is calculated as [46]

185      (2) 
   

6
2( , ) 160 10 9 /10 10

350 /100
s

cs s sc cm RH
s

t tt t f
h t t

   
       
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186 where ts = concrete age (days) when shrinkage starts; βsc = a coefficient that depends on the 

187 type of cement (e.g., for normal or rapid hardening cement, βsc = 5); fcm = mean compressive 

188 strength (cylinder) of concrete at the age of 28 days (MPa); h = nominal thickness of member 

189 (mm) defined as 2Ac/u, in which Ac = cross-sectional area and u = perimeter of the member that 

190 in contact with the atmosphere; and βRH = a coefficient related to relative humidity of ambient 

191 environment, and can be expressed as

192              (3) 31.55 1 /100% 40% 99%

0.25 99%
RH

RH RH

RH


        
 

193 where RH = annual relative humidity of ambient environment (%). 

194 The creep coefficient φ(t,t0) at time t (days) can be calculated as [46]

195       (4)
   

0.3

0
0 1/3 0.2

0 0

1 /100% 5.3 1( , ) 1
0.1/100.46 /100 Hcm

t tRHt t
t t tfh




       
                  

196 where t0 = initial time when load acting (days), and it corresponds to the widening time; and

197                (5)
18

min 150 1 1.2 250, 1500
100% 100H

RH h
         

     

198 4.2 AAEM-based procedure for analysis of shrinkage and creep 

199 The grillage model, shown in Fig.2(a), is combined with age-adjusted effective modulus 

200 (AAEM) method to compute the internal forces caused by the difference of concrete shrinkage 

201 and creep between new and existing bridges.
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202 According to AAEM, during the time interval from widening time t0 to the time of interest 

203 t, the relationship between incremental stress Δσ(t,t0) = σ(t) - σ(t0) and incremental strain Δε(t,t0) 

204 = ε(t) - ε(t0) of concrete in new bridge can be computed as [47]

205            (6)       
   0

0 0 0 0 0
0

, , , , ( , )cs

t
t t E t t t t t t t t

E t


   

 
     

 

206 where Eφ(t,t0) = age-adjusted effective modulus, and can be calculated as [47]

207                         (7)   
   

0
0

0 0

,
1 , ,

E t
E t t

t t t t  




208 where χ(t,t0) = ageing coefficient that can be derived from φ(t,t0) and E(t0) = initial elastic 

209 modulus.

210 Eq. (6) can be extended to a generalized vector form as [48]

211                (8)     
     0

0
0

, cs

t
D t t

E t


   

                

212 where {Δσ} = incremental stress vector; [Dφ] = effective elasticity matrix, and it can be 

213 modified from conventional elasticity matrix by replacing E with Eφ(t,t0); {Δε} = incremental 

214 strain vector; {σ(t0)/E(t0)} = initial strain vector caused by initial force σ(t0); and {εcs} = 

215 shrinkage strain vector.

216 The three strain items in Eq. (8) can be transformed to the corresponding nodal 

217 displacement vectors as [48]

218                          (9)    eB   



12

219                       (10)
 
      0

0
0

et
B t

E t



    
  

220                          (11)    e
cs csB 

221 where [B] = strain matrix; {Δδ}e = incremental nodal displacement vector; {δ(t0)}e = initial 

222 elastic nodal displacement vector caused by initial stress σ(t0); and {δcs}e = nodal displacement 

223 vector caused by shrinkage.

224 Then, Eq. (8) can be rewritten as

225           (12)            0 0,
ee e

csD B t t t             

226 Following the principle of conventional finite-element method and neglecting body and 

227 surface forces, equilibrium of new bridge element can be established using virtual displacement 

228 principle as [48]

229                         (13)     
T e

e

B dV F  

230 where {ΔF}e = incremental nodal force vector.

231 Then, substituting Eq. (12) into Eq. (13), the governing equation for the concrete element 

232 of new bridge is derived as

233          (14)          0 0,
e e eee e e

csk k t t t k F                   

234                      (15)   
Te

e

k B D B dV       

235 where [kφ]e = effective stiffness matrix for new bridge elements.
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236 For the existing bridge elements, the effects of concrete shrinkage and creep can be 

237 neglected, and the corresponding governing equation is [48]

238                         (16)     e e ek F  

239 where [k]e =element stiffness matrix for existing bridge.

240 Integrating governing equations of all elements (i.e., Eq. (14) and Eq. (16)) into global 

241 coordinate system, the governing equation of the entire widened structures is

242     (17)           0 0
, ,

,
e ee e

cs
new global new global

K k t t t k P               

243 where [K] = global stiffness matrix of the widened structure, in which [kφ]e and [k]e are element 

244 stiffness matrix used for elements associated with new and existing bridges, respectively; {Δδ} 

245 = global incremental nodal displacement vector; {ΔP} = global incremental nodal force vector; 

246 and means integration of elements within the new bridge under the global coordinate 
,new global


247 system.

248 As there is no incremental nodal force during the time interval from the widening time t0 

249 to the time of interest t, {ΔP} is a zero matrix. Then the Eq. (17) can be transformed as

250      (18)          0 0
, ,

,
e ee e

cs
new global new global

K k t t t k             

251 Based on the above derivations, the authors developed a computational procedure for FE 

252 analysis of shrinkage and creep effects on widened bridge considering the interaction between 

253 the new and existing bridges, and the flowchart is shown in Fig.3. The procedure defines the 

254 sequence of the analysis process, the pre-processing of input data, and the post-processing of 
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255 output results. It can be translated into program code and be embedded into arbitrary FE model 

256 of widened bridges.

257 4.3 Analysis of uncertainties 

258 As stated previously, the input (e.g., shrinkage strain and creep coefficient) and the associated 

259 calculation model (e.g., FE grillage model and AAEM) in the analysis procedure for shrinkage 

260 and creep effects are associated with many parameters, such as concrete material properties 

261 (e.g., compressive strength, elastic modulus), geometric parameters (e.g., sectional nominal 

262 thickness, area), and environment conditions (e.g., relative humidity), among others. These 

263 parameters are usually associated with uncertainty. Thus, it is important to incorporate the 

264 uncertainty within the assessment process. Under given information, these parameters can be 

265 modeled as random variables with specific distribution types.

266 Additionally, the modeling uncertainty factors associated with concrete shrinkage strain 

267 and creep coefficient prediction (Ψ1 and Ψ2) should be incorporated within the computational 

268 process. Accordingly, the prediction formula for concrete shrinkage strain εcs(t,ts) and creep 

269 coefficient φ(t,t0) (i.e., Eq. (2) and (4)) need to be updated with a multiplicator of Ψ1 and Ψ2, 

270 respectively. Information on the modeling uncertainty can be obtained from the statistical study 

271 conducted by Bažant and Baweja [49]. The mean value and coefficient of variation (COV) of 

272 Ψ1, Ψ2
 within CEB-FIP model are [49]

273                          (19a) 
11 1; 0.451E V  

274                         (19b) 
22 1; 0.339E V  
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275 MCS method can be utilized to generate these random variables within the analysis of 

276 shrinkage and creep effects. As the finite element simulation (i.e., FE grillage model) process, 

277 which aims to establish the implicit relationship between the input (e.g., shrinkage strain and 

278 creep coefficient) and output parameters (e.g., internal axial forces), is usually time-consuming, 

279 the Latin Hypercube Sampling (LHS) [38] can be used to generate the relevant variables 

280 associated with the input and model parameters to improve the computational efficiency.

281 5. Time-dependent corrosion model

282 As bridges are usually directly exposed to aggressive environment, their strength and durability 

283 degrade with time, and corrosion of reinforcement steel is recognized as the primary source of 

284 structural deterioration for reinforced and prestressed concrete bridges [25-27].

285 Based on the geometric shape of reinforcement steel after corrosion, reinforcement 

286 corrosion can be divided into two categories, one is the uniform corrosion that is mainly caused 

287 by concrete carbonization and the other is chloride-induced pitting corrosion. According to 

288 González et al. [50], the maximum penetration of pitting corrosion is about four to eight times 

289 of that associated with uniform corrosion, thus pitting corrosion can lead to a more severe area 

290 loss. Therefore, the chloride-induced pitting corrosion is considered in this study. Specifically, 

291 area loss and yield (ultimate) strength decrease of reinforcement steel under pitting corrosion 

292 are accounted.
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293 The diffusion process of chloride ions through concrete surface is usually modeled by the 

294 one-dimensional Fick’s law. Accordingly, the corrosion initiation time ti (years) can be 

295 predicted as [25]

296                        (20)
2

2

1

0

1
4

1
i

c cr

dt
D Cerf

C



  

  
  

297 where d = thickness of concrete cover (cm); Dc = diffusion coefficient of chloride ions 

298 (cm2/year); C0 = constant concentration of chloride ions on concrete surface (% weight of 

299 concrete); Ccr = threshold concentration of chloride ions (% weight of concrete); and erf-1 

300 represents inverse of error function.

301 Then the radius of the pit in reinforcement bar at time t (years), p(t) (mm), can be computed 

302 as [51]

303                        (21)   0.0116 i corrp t t t i R 

304 where icorr = corrosion current density (μA/cm2) and R = the ratio between maximum and 

305 average penetration.

306 The geometric model proposed by Val and Melchers [51] is used to compute the loss of 

307 effective cross-sectional area under pitting corrosion. Accordingly, the remain net area of 

308 reinforcement bar at time t, Ar(t), is [51]
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309                    (22) 

 

 

 
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1 2 0

1 2 0 0
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  




310 where ; ; ;    2

0

2 1
p t

a p t
D

 
   

 
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0

2arcsin a
D
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 

  
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a

p t


 
  

 

311 ; ; and D0 is the initial 
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1 1

0

1
2 2 2

p tD DA a
D


      

   
   2

2
2 2

0

1
2

p t
A p t a

D


 
  

 

312 diameter of the reinforcement bar.

313 As the prestressed tendon usually consists of strands with several twisted wires (e.g., seven 

314 5 mm-diameter wires), and is placed inside the grouted corrugated ducts, the corrosion 

315 mechanism of prestressed tendons is much more complex than that of reinforcement bar. In 

316 this study, the probabilistic model proposed by Darmawan and Stewart [36] is used to account 

317 for the corrosion effects of prestressed tendons. This model is based on accelerated corrosion 

318 tests of 54 prestressed 7-wire strands and the maximum pit depth p(t) was found to follow an 

319 extreme value distribution (type I). Given the corrosion density icorr (μA/cm2), wire length l 

320 (mm) and initial corrosion time ti (years), the probability distribution function (PDF) of p(t) 

321 (cm) is [36]

322    (23)       
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325                     (25)0 exp 0 exp
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326 Herein, T0-exp = 0.03836 years, μ0-exp = 0.84, α0-exp = 8.10, icorr-exp = 186 μA/cm2, l0-exp = 650 mm 

327 and these values are obtained from statistical analysis of the accelerated corrosion tests.

328 With respect to the prestressed strand with 7 wires, it is assumed that the pitting only 

329 formed on the six outer wires [36]. Thus, the remain net area of the entire strand Asr(t) is 6Awr(t) 

330 + Aw0, where Awr(t) is the remain net area of outer wire at time t and can be computed using Eq. 

331 (22), and Aw0 denotes the time-invariant net area of the inner wire.

332 In addition to the loss of net area, existing laboratory results indicate that corrosion could 

333 also reduce the yield (ultimate) stress of reinforcement steel by the following equation [52,53]

334                       (26)    01 100y corr corr yf t P f 

335 where fy(t) = deteriorated yield (ultimate) stress at time t; fy0 = initial yield (ultimate) stress; 

336 Pcorr = percentage of area loss that caused by corrosion (%); and αcorr = a coefficient and the 

337 value is 0.0054 and 0.0075 for reinforcement bar and prestressed strand, respectively.

338 6. Illustrative Example

339 6.1 Bridge description

340 The presented methodology is applied to a widened simply-supported concrete bridge located 

341 in Hebei Province, China. The existing part of the widened bridge was built in 1996, and 

342 consisted of 6 prestressed concrete T-shape girders to support three traffic lanes in one direction. 

343 In 2016, the existing bridge was widened with another 5 prestressed concrete T-shape girders 
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344 to expand it to five traffic lanes in one direction, as shown in Fig.4(a). The continuous flange 

345 wet seams and seven uniformly-arranged transverse diaphragms are used to connect the girders 

346 within the construction and widening process, as shown in Fig.4(b).

347 The existing and new bridges were designed based on the old and the latest version of 

348 Chinese Code for Design of Reinforced Concrete and Prestressed Concrete Highway Bridges 

349 and Culverts, i.e., JTJ 023-85 [54] and JTG D62-2004 [9], respectively. The nominal 

350 compressive strength fck1 of concrete used in existing bridge is 28.0 MPa [54] and the 

351 corresponding nominal compressive strength of the concrete used in the new bridge fck2 is 32.4 

352 MPa [9]. The reinforcement steel (prestressed tendons and reinforcement bars) arrangement in 

353 mid-span section of existing and new girders is shown in Fig.4(c) and Fig.4(d), respectively. 

354 In Fig.4(c) and Fig.4(d), Ry
b and fpk denote the nominal ultimate stress of prestressed tendon, 

355 Rg1, Rg2 and fsk represent the nominal yield stress of reinforcement bar. 

356 Accordingly, the FE grillage model of the illustrated bridge is constructed using ANSYS 

357 [45], as shown in Fig.5. The longitudinal new and existing girders, the transverse diaphragms, 

358 and the transverse virtual diaphragms are modeled using BEAM189 element, a 3-D quadratic 

359 finite strain beam. The transverse splice joint members are modeled by rigid connections as 

360 shown in Fig.2(b). The cross sections and spatial arrangements of the longitudinal and 

361 transverse members are determined according to the bridge configuration as indicated in Fig.4. 

362 Linear elastic behavior of all elements is assumed under the effects of live-load and concrete 

363 shrinkage and creep. In the analysis for live-load effect, the elastic modulus of concrete of new 
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364 and existing bridge is 3.45×104 MPa [9] and 3.30×104 MPa [54], respectively. The analysis for 

365 shrinkage and creep effects is conducted according to the incremental procedure indicated in 

366 Fig.3. Within the analysis process, the elastic modulus of concrete used in the existing bridge 

367 is fixed as 3.30×104 MPa. The age-adjusted effective modulus is adopted for concrete in the 

368 new bridge, and the value of the age-adjusted effective modulus is updated in each time interval 

369 by using Eq. (7).

370 6.2 Load effects

371 The flexural failure in the mid-span section, as the dominate failure mode for simply-supported 

372 girder, is investigated in this paper. The nominal flexural moment in the mid-span section of a 

373 single girder subjected to dead load, MDL,n, can be calculated as

374                       (27)
  2

1 2
, 8
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M

 


375 where WDC1 = uniformly-distributed load due to self-weight of the T-type girder, and it depends 

376 on the geometry size of girder section and density of concrete material; WDC2 = uniformly-

377 distributed load due to traffic barriers; WDW = uniformly-distributed load of wearing surface; 

378 and l = span length. The flexural moment associated with the dead load is assumed to fellow a 

379 normal distribution, and the mean value and coefficient of variation (COV) are 1.0148 MDL,n 

380 and 0.0431, respectively [55].

381 The nominal live-load flexural moment MLL,n is computed based on the truck load specified 

382 in the Chinese General Code for Design of Highway Bridges and Culverts [56]. The axle 
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383 spacing and weight distribution of the specified semitrailer truck are shown in Fig.6. Then 

384 given the grillage model as shown in Fig.5, the largest mid-span live-load flexural moments of 

385 each girder for all load cases (in both longitudinal and transverse directions) can be computed 

386 with following procedure: (1) the longitudinal position of the truck load is determined using 

387 influence line analysis based on the single-girder model, and the worst scenario for the flexural 

388 moment in mid-span is the case that the front wheel (30 kN) is placed 1.1 m away from the left 

389 support; and (2) in the transverse direction, five load combinations are considered, as shown in 

390 Fig.7. In these load combinations, the minimum clearance between two adjacent trucks is 1.3 

391 m, and the minimum clearance between the extreme-exterior wheel and the barrier edge is 0.5 

392 m [56]. The five load combinations are moved from left to right side of the deck at a given 

393 fixed step (e.g., 0.1 m for each step), respectively. Then, the load effects of the girders under 

394 the loading steps can be computed using the grillage model implemented within ANSYS. The 

395 computed load effects should be further modified by multiplying lane factor (m in Fig.7), and 

396 the factor equals to 1.00, 0.78, 0.67, and 0.60 for two, three, four, and five adjacent trucks case, 

397 respectively [56]. Ultimately, by searching the corresponding maximum flexural moment of 

398 mid-span section under the investigated scenarios (i.e., load combinations and load action 

399 positions), the worst scenario in transverse direction under the truck load associated with each 

400 girder can be determined.

401 The probabilistic model proposed in Chinese Standard for Reliability Design of Highway 

402 Engineering Structures [55] is utilized to account for the uncertainty associated with vehicle 
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403 load (i.e., live load) effect. Accordingly, the maximum flexural moment through the lifetime 

404 period that caused by vehicle load is assumed to follow an extreme value distribution (type I). 

405 For the investigated highway bridge, the design period T is specified as 100 years, then the 

406 mean value and COV of the live-load flexural moment are 0.7795 MLL,n and 0.0862, 

407 respectively [55].

408 The uncertainty associated with the dynamic load amplification factor ηDLA is also 

409 considered. ηDLA is affected by many factors, such as road surface roughness, bridge dynamics 

410 and vehicle dynamics. The distribution of ηDLA used herein is based on the monitoring data of 

411 a similar bridge (a simply-supported reinforced concrete bridge with a span of 20m) [55]. 

412 Accordingly, ηDLA is assumed to follow an extreme value distribution (type I) with a mean 

413 value of 1.1776 and COV of 0.0428 [55].

414 6.3 Time-variant resistance model

415 The time-variant resistance of the bridge is investigated in this section. According to the stress-

416 block model used in JTG D62 2004, the time-variant flexural moment capacity Mu0(t) of the 

417 flanged concrete section with both prestressed tendons and normal reinforcement bars (see 

418 Fig.8(a) and Fig.8(b)) is given by [9]
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420 where kpM = modeling uncertainty factor for flexural capacity; fc = compressive strength of 

421 concrete; b′f = effective width of flange; b = width of web; h0 = effective height of the section, 

422 and it is the distance from the top fiber to the centroid of the tensile steel; h′f = height of flange; 

423 fs′(t), As′(t) = yield strength and area of the compressive reinforcement at time t, and it can be 

424 determined based on the corrosion model; a′s = distance from the top fiber to the centroid of 

425 the compressive reinforcement; and x1(t), x2(t) = depth of concrete compression block when 

426 the concrete compression block is within and exceeds the flange height, respectively.

427 For the widened bridge, concrete shrinkage and creep effects can lead to time-variant axial 

428 compressive force Nc(t) or tensile force Nt(t) in the girder, as seen in Fig.8(c) and Fig.8(d). 

429 Considering the axial load effect, the flexural capacity of the girder is [9]
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431 where MuN(t) = flexural moment capacity of section with axial force; kpMN = modeling 

432 uncertainty factor; es and e′s = distance from the section centroid to the centroid of the tensile 

433 steel and compressive reinforcement bars, respectively; and x1N(t), x2N(t) = the depth of the 

434 equivalent rectangular stress block when the block is within and exceeds the flange height, 

435 respectively. x1N(t) and x2N(t) can be obtained based on the equilibrium equation of the 

436 calculated section with respect to axial force. For instance, for the case with axial compressive 

437 force Nc(t) [9]
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440 where fp(t), Ap(t) = ultimate tensile strength and area of prestressed tendon, respectively.

441 Given the load effects and capacity, the performance function associated with different 

442 girders at time t can be identified as

443                    (32)     , , ,i u i DL i DLA LL ig t M t M M  

444 where Mu,i(t) = flexural resistance (capacity) of mid-span section of girder i at time t; MDL,i = 

445 dead load moment; ηDLA = dynamic load amplification factor; and MLL,i = live-load moment.

446 6.4 System reliability of bridge superstructure

447 In order to compute the reliability at the system level, a model that describes the relationship 

448 between the individual components and the relationship of individual girder components to 

449 overall system should be identified firstly. A series-parallel model for the investigated widened 

450 bridge is shown in Fig.9. In this model, it is assumed that failure of any three adjacent girders 

451 will cause the whole structure failure [13].

452 Once the system failure model is established, the reliability of structural components and 

453 system are computed using RELSYS (Reliability of Systems), a FORTRAN 77 computer 

454 program [57]. RELSYS firstly computes the reliability of every component in the system using 

455 FORM. Then, the system is progressively reduced to a single equivalent component, and 
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456 equivalent alpha vectors are used to account for the correlations between the failure of different 

457 equivalent components. The accuracy of the RELSYS has been ascertained by comparing its 

458 results with those computed using Monte Carlo simulation [13, 57-59].

459 The random variables involved in this study are shown in Table 1, and they can be 

460 classified to four categories: (1) geometric parameters and initial material properties; (2) 

461 parameters that specified for calculation of concrete shrinkage and creep; (3) corrosion-related 

462 parameters; and (4) parameters associated with load effects. The relevant references are also 

463 indicated in this table. 

464 6.5 Results and discussion

465 6.5.1 Live-load distribution factor

466 The comparison of live-load distribution factor (LLDF) of each girder before and after 

467 widening is shown in Fig.10. LLDF is determined according to Eq. (1). The maximum flexural 

468 moment determined from a simple beam-line analysis, Mbeamline, is 2245 kN·m for the 

469 investigated bridge.

470 It can be observed that the LLDF of all existing girders will decrease after widening. As 

471 the existing girders that are close to the splice joint (i.e., girder 5 and 6) turn into the interior 

472 girder within the widened bridge, the reduction of LLDF associated with these girders is much 

473 more significant than that of other girders. For instance, the LLDF of girder 6 after the widening 

474 is around 41% of that before the widening; this value associated with girder 2 is approximately 

475 90% of that before widening. 
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476 6.5.2 Axial force induced by concrete shrinkage and creep 

477 The axial force induced by concrete shrinkage and creep of the new bridge is presented in 

478 Fig.11. The results are obtained from the response of 100 times of FE analysis using grillage 

479 model implemented within ANSYS (see Fig.5). The relevant random variables within the 

480 computational process, such as the variables associated with shrinkage strain and creep 

481 coefficient, are generated using the LHS, which could improve the sampling efficiency 

482 significantly compared with traditional sampling method.

483 Results of the Chi-square (χ2) goodness-of-fit tests indicate that normal distribution is an 

484 acceptable approximation for the probability distribution of the axial forces (Fig.11(a)). Given 

485 t = 100 years, the expected values of the axial force of all girders are presented in Fig.11(b), 

486 and it can be concluded that both tensile and compressive force can result in the girders. For 

487 instance, in the existing girders, the girder 1 has tensile force, while the girder 6, which is close 

488 to the splice joint, results in compressive force. In contrast, for the new girders, the compressive 

489 force is associated with the girders that are far away from the splice joint (e.g., girder 11). In 

490 addition, the largest expected values of the compressive and tensile forces among all girders 

491 are those associated with girders 6 and 7, respectively. The absolute values of these forces are 

492 3863 kN and 3464 kN, respectively. Therefore, concrete shrinkage and creep has a significant 

493 effect on the girders that adjacent to the splice joint, and should not be ignored.

494 The time-variant mean (μ) and mean plus (μ + σ) and minus (μ - σ) one standard deviation 

495 (σ) of axial force in girder 6 and girder 7 are shown in Fig.11(c) and Fig.11(d), respectively. In 
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496 accordance with the development law of concrete shrinkage strain and creep coefficient, the 

497 mean value as well as standard deviation of axial force increase with time, but with a decreasing 

498 rate, and the axial force converges at about 20 years after widening.

499 In addition, a sensitivity analysis is conducted to sorting the importance of the input 

500 variables on the variability of the output parameters (i.e., axial forces of girder) within the 

501 analysis for shrinkage and creep effects. The Spearman rank-order correlation coefficient 

502 (SRCC), as defined by Eq. (33), is utilized herein. The SRCC has a value that ranges from -1 

503 and 1. A larger absolute value of SRCC indicates a higher contribution of the investigated input 

504 variable to the output. Accordingly, the SRCC between the input variable x and output variable 

505 y can be computed as [66]

506                    (33)
  

   
1

,
2 2

1 1

n

i i
i

x y n n

i i
i i

X X Y Y
r

X X Y Y



 

 


 



 

507 where n is the sampling size; Xi is the rank of xi within the sampling set of x, [x1, x2, …, xn]; Yi 

508 is the rank of yi within the result set of y, [y1, y2, …, yn]; and  and  is the average value of X Y

509 X and Y set, respectively.

510 Given t = 30 years and 100 years, the SRCCs between the input variables and the output 

511 axial force in girder 6 and 7 are presented in Table 2. As indicated, the most important input 

512 factor is the modeling uncertainty factor of shrinkage Ψ1, followed by the nominal thickness of 

513 girder h and the modeling uncertainty factor of creep Ψ2. Thus, the Ψ1 should be paid special 

514 attention within the evaluation process.
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515  6.5.3 Flexural moment capacity

516 At each time step, based on Eqs. (28) - (31), flexural moment capacity of each girder is obtained 

517 using MCS with 10,000 samplings. The profiles of the flexural moment capacity of girder 6 

518 and 7 are shown in Fig.12. The Chi-square (χ2) goodness-of-fit test is utilized to search for the 

519 optimum distribution of flexural moment capacity. Using this test, for both cases that whether 

520 the effects of the shrinkage-and-creep-induced axial force are considered or not, it is best to 

521 describe the statistical distribution of flexural moment capacity using a lognormal distribution. 

522 The fitting results are shown in Fig.12(a) and (b). Table 3 lists the statistical parameters of 

523 these two cases. As shrinkage and creep can induce compressive and tensile axial force to 

524 girder 6 and 7 (see Fig.11(b)), the mean value of flexural moment capacity of these two girders 

525 increases and decreases by 27.7% and 21.6%, respectively. This change can be intuitively 

526 illustrated by the failure curve of reinforced concrete section under the combined effects of 

527 flexural moment M and axial force N [67]. In addition, for both girder 6 and 7, the coefficient 

528 of variation (COV) of flexural moment capacity increases significantly after including the 

529 effects of the axial force. This is mainly attributed to the variability of the axial force itself (see 

530 Fig.11(a)) and the increase of modeling uncertainty for flexural capacity calculation regarding 

531 different failure modes. The latter is reflected with the increase of COV for the modeling 

532 uncertainty factors used in Eq. (28) and Eq. (29) (i.e., 0.062 for kpM versus 0.1344 for kpMN, as 

533 listed in Table 1).
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534 Under the combined effects of the shrinkage-and-creep-induced axial force and corrosion 

535 of reinforcement steel, the expected value development of time-variant flexural moment 

536 capacity of girder 6 and 7 after widening can be divided into two stages, as shown in Fig.12(c) 

537 and Fig.12(d). Within 20 years after widening, the effects of axial force have a larger effect on 

538 the structural performance. The expected value of flexural moment capacity of girder 6 and 7 

539 increases and decreases with time, respectively, but both with a decreasing rate. Then, the 

540 corrosion of reinforcement steel dominates the structural capacity degradation.

541 6.5.4 Time-variant reliability of girder components

542 The reliability index of each girder is computed based on the performance function (Eq. (32)) 

543 at each time step. The results for girders 3, 6, 7 and 10 are shown in Fig.13. According to GB/T 

544 50283-1999 [55], the reliability index threshold βT is set as 4.2. From Fig.13(a) and Fig.13(b), 

545 it can be concluded that without widening, the reliability index of existing girders begins to 

546 decrease after about 25 years’ service when corrosion initiations, while the reliability index 

547 remains above the threshold value through the design service years (i.e., 100 years).

548 After widening, the reliability index of existing girders will increase due to the decrease 

549 of live-load distribution factor. For instance, at t = 20 years (widening time), the reliability 

550 index of girder 3 and 6 is increased by 0.2 and 3.4 after widening, respectively. However, if 

551 the effects of the shrinkage-and-creep-induced axial force is included, the reliability index of 

552 all girders will drop immediately with a value of 2 - 4 at the widening time under the increased 

553 COV of flexural moment capacity. After that, the reliability index mainly depends on the 
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554 quantity of the shrinkage-and-creep-induced axial force. For girder 6 that has the largest 

555 compressive axial force, the reliability index will decrease with time after widening, but with 

556 a decreasing rate. The decreasing rate of reliability index in the late stage is lower than that of 

557 the case without considering the effects of axial force, as shown in Fig.13(b). In contrast, the 

558 reliability index of girder 7 will decrease with time at a relatively high rate, as shown in 

559 Fig.13(c). The reliability index of girder 6 and 7 reaches the reliability index threshold at about 

560 15 and 50 years after widening, respectively. For girder 3 and 10, as they are less effected by 

561 concrete shrinkage and creep, i.e., the expected value of the shrinkage-and-creep-induced axial 

562 force is relatively small (see Fig.11(b)), their reliability index will remain above the threshold 

563 value through the service life, as shown in Fig.13(a) and (d).

564 6.5.5 Time-variant reliability of superstructure system

565 RELSYS is utilized to compute the reliability index of existing and widened bridge systems 

566 using a series-parallel model as shown in Fig.9. The correlations among the random variables 

567 are assumed herein. Specifically, two extreme scenarios are considered regarding capacity 

568 correlation among different girders: (a) independent (ρMui,Muj = 0); and (b) perfect correlation 

569 among different new or existing girders (ρMui,Muj = 1). The correlation between the new girders 

570 and existing girders is assumed to be zero. Given more detailed information (e.g., materials 

571 used, construction methods, deterioration scenarios), the correlation effects could be easily 

572 updated within the reliability analysis process. Within the computational process for system 

573 reliability in RELSYS, the determined correlation coefficients among the random parameters 
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574 (e.g., capacity of different girders) are used to compute the equivalent alpha vectors, which are 

575 then utilized to account for the correlations between the failure of different equivalent 

576 components [68]. The results of system reliability are presented in Fig.14.

577 As shown in Fig.14(a), the system reliability index of existing superstructure without 

578 considering correlation is higher than that of any girder, this indicates that the redundancy of 

579 bridge system will improve the safety of structure. When the correlation is included, the system 

580 reliability index reduces significantly, but is still much higher than reliability index threshold 

581 through the service life. When the correlation and effects of shrinkage and creep are considered 

582 simultaneously, the system reliability index of the widened bridge reaches the index threshold 

583 in about 70 years after widening, as shown in Fig.14(b).

584 7. Conclusions

585 This paper presents a computational probabilistic framework for time-variant reliability of 

586 individual girders as well as system of widened multi-girders concrete bridges. Additionally, 

587 the effects of live-load redistribution, concrete shrinkage and creep and the difference in 

588 reinforcement corrosion between new and existing girders are considered within the assessment 

589 process. The presented approach is applied to a widened prestressed concrete bridge. 

590 The following conclusions are drawn:

591 1. The live-load distribution factor (LLDF) of all existing girders is reduced after 

592 widening. As the existing external girders that are close to the splice joint turn into 

593 interior girders after widening, the reduction of LLDF associated with these girders is 
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594 more than 40%.

595 2. Normal distribution is an acceptable approximation to describe the probability 

596 distribution of axial force induced by concrete shrinkage and creep. As the shrinkage-

597 and-creep-induced axial force changes the failure mode of prestressed concrete 

598 sections (i.e., from flexural failure to compressive-flexural or tensile-flexural 

599 combined failure), the expected value of flexural moment capacity of girder 

600 component can increase and decrease when subjected to compressive and tensile axial 

601 force, respectively. Simultaneously, due to the considerable variability of the 

602 shrinkage-and-creep-induced axial force, as well as the significant increase of 

603 modeling uncertainty for flexural capacity calculation regarding different failure 

604 modes, the variation of flexural moment capacity of all girders will increase 

605 significantly when considering the shrinkage and creep effects.

606 3. Concrete shrinkage and creep have more significant effects on girder reliability than 

607 that of live-load redistribution and reinforcement corrosion, especially for the girders 

608 adjacent to splice joint, which are subjected to maximum shrinkage-and-creep-induced 

609 axial force. The reliability indices of the existing and new girders adjacent to splice 

610 joint reaches the threshold value at about 15 and 50 years after widening, respectively. 

611 Therefore, special emphasis, such as carefully assessment and conservative design, 

612 should be placed on the girders that adjacent to the splice joint when conducting bridge 

613 widening.
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614 4. In addition to the shrinkage and creep effects, capacity correlation among different 

615 girders has a considerable impact on the system reliability of widened bridges. When 

616 correlation and effects of concrete shrinkage and creep are simultaneously considered, 

617 the reliability index of the bridge system reaches the threshold value in about 70 years 

618 after widening. Therefore, the correlation among different girders should be carefully 

619 estimated.

620 5. The interaction effects between the new and existing parts within a widened bridge are 

621 emphasized in this paper. The thermal variation and prestress loss could also have 

622 some effects on the structural performance. Given more information, these effects can 

623 also be incorporated within the evaluation process.
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788 TABLES

789

790 Table 1. Description of random variables

Variable Properties Mean COV Distribution 
type Reference

b′f Effective width of flange 1.0013* 0.0081 Normal [55]
b Width of web 1.032* 0.1019 Normal [55]
h′f Height of flange 1.032* 0.1019 Normal [55]
h0 Effective height of section 1.0124* 0.0229 Normal [55]

a′s 

Distance from the top fiber 
to the centroid of the 

compressive reinforcement
1.0178* 0.0496 Normal [55]

h Nominal thickness of girder 1.032* 0.1019 Normal [55]
d Thickness of concrete cover 1.0178* 0.0496 Normal [55]

As, A′s, Ap

Initial area of
 tensile reinforcement, 

compressive reinforcement 
and prestressed tendon  

1.000* 0.0350 Normal [55]

fc,e (MPa) Compressive strength of 
concrete in existing bridge 34.1 0.16 Normal [55]

fc,n (MPa) Compressive strength of 
concrete in new bridge 39.9 0.15 Lognormal [60]

fs1,e (MPa)
Initial yield strength of 

reinforcement bar (grade Ι) 
in existing bridge

259 0.1211 Normal [55] 

fs2,e (MPa)
Initial yield strength of 

reinforcement bar (grade Ⅱ) 
in existing bridge

369 0.0719 Normal [55]

fs2,n (MPa)
Initial yield strength of 

reinforcement bar in new 
bridge

369 0.0719 Normal [55], [9]

fp,e (MPa)
Initial ultimate strength of 

prestressed tendon in 
existing bridge

1662 0.0142 Normal [61]

fp,n (MPa)
Ultimate strength of 

prestressed tendon in new 
bridge

1932 0.0142 Normal [61]

RH (%) Annual relative humidity of 
ambient environment 54.4 0.075 Normal [62]

Ψ1
Modeling uncertainty factor 

of concrete shrinkage 1.000 0.451 Normal [49]

Ψ2
Modeling uncertainty factor 

of concrete creep 1.000 0.339 Normal [49]

Dc 
(cm2/year) Diffusion coefficient 0.631 0.2 Lognormal [63]

C0 (kg/m3) Surface chloride content 15 0.2 Normal [63]

Ccr (kg/m3) Threshold chloride 
concentration 2.0 0.2 Normal [63]

icorr 
(μA/cm2) Corrosion current density 1.0 0.2 Normal [50]

R Penetration ratio 3.00 0.33 Normal [64]
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Variable Properties Mean COV Distribution 
type Reference

MDL,i Dead load moment 1.0148* 0.0431 Normal [55] 

MLL,i Live load moment 0.7995* 0.0862
Extreme 

value (type 
Ⅰ)

[55] 

ηDLA
Dynamic load amplification 

factor 1.1776 0.0428
Extreme 

value (type 
Ⅰ)

[55] 

kpM
Modeling uncertainty factor 
for flexural moment capacity 1.110 0.062 Normal [65]

kpMN

Modeling uncertainty factor 
for flexural moment capacity 

with axial force
1.1389 0.1344 Normal [65]

791 * indicates the normalized value divided by nominal value. 
792

793 Table 2. SRCCs between the input and out variables within the analysis for shrinkage and 

794 creep effects 

Input variable

Service time 
t (years)

Output 
variable 

fc,n 
(Compressive 

strength of 
concrete in 
new bridge)

RH (Annual 
relative 

humidity of 
ambient 

environment)

h (Nominal 
thickness of 

girder)

Ψ1 (Modeling 
uncertainty 

factor of 
shrinkage)

Ψ2 (Modeling 
uncertainty 

factor of 
creep)

Axial force 
in girder 6 0.078 0.092 0.280 -0.923 -0.196

30 Axial force 
in girder 7 0.003 -0.085 -0.276 0.967 0.060

Axial force 
in girder 6 0.053 0.101 0.207 -0.947 -0.103

100 Axial force 
in girder 7 0.013 -0.074 0.199 0.977 -0.035

795
796
797

798 Table 3. Statistical parameters of flexural moment capacity at t = 100 years

Without axial force effects With axial force effects
Girder 
number Mean

(kN·m)
Standard deviation

(kN·m) COV Mean
(kN·m)

Standard deviation
(kN·m) COV

6# 6014 544 0.090 7682 2126 0.277
7# 7686 662 0.086 6025 1230 0.204

799

800

801
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802
803 FIGURES 

804 Fig.1. Flowchart of reliability assessment of widened concrete bridges

805 Fig.2. Schematic diagram of grillage model for a widened multi-girders bridge (a) basic 

806 grillage model; (b) model of splice joint for widened T-girder bridges; and (c) model of splice 

807 joint for widened hollow-slab bridges

808 Fig.3. Flowchart of the proposed AAEM-based procedure

809 Fig.4. Bridge configuration (a) mid-span section after widening; (b) bottom view (two new 

810 girders and one existing girder are included only); (c) arrangement of reinforcement steel of 

811 existing girder (mid-span section); and (d) arrangement of reinforcement steel of new girder 

812 (mid-span section) (Units: cm)

813 Fig.5. FE grillage model of the investigated bridge implemented with ANSYS

814 Fig.6. Axle spacing and weight distribution of the semitrailer truck specified in JTG D60 2004 

815 (a) lateral view; and (b) plan view (Units: m) [56]

816 Fig.7. Transverse truck load cases and positions (Units: m)

817 Fig.8. Simplified stress-block model for flexural capacity calculation (a) case without axial 

818 force; (b) geometric parameters of simplified section; (c) case with compressive force; and (d) 

819 case with tensile force [9]

820 Fig.9. System reliability model of bridge superstructure

821 Fig.10. Comparison of live-load distribution factor before and after widening

822 Fig.11. Axial force of mid-span section caused by concrete shrinkage and creep (a) probability 

823 density function associated with girder 7 at t = 100 years; (b) expect value in different girder 
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824 at t = 100 years; (c) time-variant value of statistic parameters of girder 6; and (d) time-variant 

825 value of statistic parameters of girder 7

826 Fig.12. Flexural moment capacity profiles (a) probability density function associated with 

827 girder 6 at t = 100 years; (b) probability density function associated with girder 7 at t = 100 

828 years; (c) time-variant development of expected value of girder 6; and (d) time- variant 

829 development of expected value of girder 7

830 Fig.13. Time- variant reliability index of single girder (a) girder 3; (b) girder 6; (c) girder 7; 

831 and (d) girder 10

832 Fig.14. Time- variant reliability index of superstructure system (a) existing bridge; and (b) 

833 widened whole bridge

834
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