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26 Abstract: 

27 This paper examines the reliability of welded stud shear connectors for steel-concrete composite 

28 bridge girders. A finite element model of a simply-supported bridge was created featuring link 

29 connector elements representing the shear studs between beam and shell elements, representing a 

30 steel girder and concrete deck, respectively. The model is programmed using a program interface 

31 to build a model including studs with random strengths. Using this approach, many analyses can 

32 be run in succession, with connectors failing between each analysis. This study considers the 

33 probabilistic characteristics of the welded studs and truck loading and recognizes the interaction 

34 between ULS and FLS. The example bridge employed in this study was designed according to 

35 the CSA S6-2014 code provisions. Based on the presented reliability analysis, an increase in the 

36 CSA S6-2014 24 MPa endurance limit of at least 1.45 times is found to be acceptable. 

37 Key words:

38 composite girders; shear connectors; welded studs; fatigue; reliability

Page 2 of 42



3

40 Introduction 

41 The most common type of shear connector in use in steel-concrete composite bridge construction 

42 today is the welded shear stud, primarily due to its combination of strength, ductility, and ease of 

43 installation. However, the welded detail is fatigue critical when used in bridges. Figure 1 shows a 

44 typical composite girder with welded stud connectors.

45 Figure 1. Steel-cast in place (CIP) concrete beam with welded stud connectors.

46 The design procedure for welded shear studs in Canada is the same as other fatigue-sensitive 

47 details, e.g. in the 2014 Edition of the Canadian Highway Bridge Design Code, CSA S6-2014 

48 studs were classified as ‘Category D’ (CSA 2014a). Each stud is designed for a stress range 

49 calculated from elastic theory and compared to the stress range indicated by the design S-N curve 

50 (stress vs. number of cycles, plotted on a log-log scale). However, studs are fundamentally 

51 different than most other fatigue-sensitive details sharing the same design process. Each stud is 

52 uninspectable and part of a redundant set of many studs, which together resist force and slip 

53 along the shear interface. It follows that, because of their differences, shear studs should be 

54 treated differently in design to ensure a compatible level of reliability between them and other 

55 details. Evidence of the uniqueness of the stud detail can also be found in the process through 

56 which it was assigned a fatigue category in the first place. According to CSA S6.1-2014 (CSA 

57 2014b), fatigue-sensitive details are assigned a detail category from representative tests, which 

58 reveal a “characteristic” fatigue curve representing the 97.7% survival probability rate of the 

59 detail for conservatism. Shear studs, however, have been assigned a detail category based on the 

60 mean curve (50% survival probability rate) from tests called “push tests”, which are said to 

61 conservatively approximate the actual behaviour of studs in beams.
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62 The current study aims to quantify the reliability of a shear stud connection using CSA S6-2014 

63 (CSA 2014a) design procedures, as well as to propose recommendations in support of a 

64 movement towards a different design procedure for welded studs. This movement has already 

65 been initiated to some degree, with changes based on expert judgement and independent study by 

66 others appearing in the 2019 Edition of CSA S6 (CSA 2019).  To accomplish this task, an 

67 example bridge is employed. The example bridge illustrates that the fatigue limit state (FLS) can 

68 govern design by requiring almost three times as many connectors as required for ultimate limit 

69 state (ULS) design. With the close spacing of studs required under the CSA S6-2014 (CSA 

70 2014a) fatigue provisions, bridge constructors would have had difficulty fitting in transverse 

71 rebar, and material and labour costs for stud welding would be high. 

72 The example bridge is next modelled using the finite element (FE) analysis software SAP2000. 

73 The model is programmed using a Visual Basic application program interface so that individual 

74 shear studs can receive probabilistic properties and moving load analyses can be conducted to 

75 study the overall structural consequences of successive stud failures in a reliability analysis. 

76 After the reliability of the stud shear connection of the example bridge is determined, loads are 

77 increased in order to reduce the reliability of the system towards the code target value. To begin, 

78 a brief literature review of the reliability of fatigue components and an overview of the existing 

79 fatigue data for shear studs is presented, including test results obtained at the University of 

80 Waterloo (UW) as part of a recent beam testing program.

81 Reliability of Fatigue Components

82 For the design of new bridges, CSA S6-2014 (CSA 2014a) specified a lifetime target value of β 

83 of 3.5 (or a 1 in 4,300 probability of failure, according to CSA S6.1-2014) for the reliability 
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84 index for those components that will not fail suddenly or will retain post-failure capacity. Section 

85 14 of CSA S6-2014 (CSA 2014a) is for the evaluation of structures and offers some further 

86 insight concerning target reliability levels. It states that reliability should depending on element 

87 and system behaviour, as well as inspection level.  Components in a single load path structure, 

88 which fail in a sudden manner and are uninspectable, should have a reliability index of β = 4.0 

89 (Pf = 1 in 31,500) (Figure C14.1 in CSA S6.1-2014). However, as the consequence of the failure 

90 of a component becomes less severe, or the degree of inspectability is higher, a reduced 

91 reliability level is permitted, to as low as β = 2.5 (Pf = 1 in 160). Similarly, the corresponding 

92 Eurocode recommends that the target reliability index for fatigue should fall between β = 1.12 

93 and 3.73 depending on the inspectability, repairability, and damage tolerance, calculated for a 

94 75-year bridge design life (CEN 2002).

95 The history of how fatigue critical components came to be designed for two standard deviations 

96 removed from the mean, or 97.7% survival probability, is unclear. The 2.3% probability of 

97 failure points to a reliability index less than 2.5, without consideration of load as a random 

98 variable (which would further reduce reliability). There has likely been some influence of 

99 performance-based design in the historical development of provisions for fatigue design. In a 

100 1985 report entitled “Calibration of Bridge Fatigue Design Model”, Nyman and Moses point out 

101 that their recommended reliability levels were derived from the average performance of bridges 

102 in the USA and Ontario, with the presupposition that the average performance prior to that time 

103 was deemed acceptable and economical (1985). 

104 Nyman and Moses’ comprehensive guide for the consideration of the reliability of fatigue-

105 sensitive details incorporated uncertainties in vehicular loading, analysis methods, and fatigue 
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106 life, in order to make recommendations with the goal of having more uniform safety levels and 

107 fatigue lives for steel bridges (1985). Key variables included in their uncertainty model were the 

108 accuracy of the fatigue damage model (Miner’s rule was chosen and assigned a coefficient of 

109 variation, or COV, of 15%), the stress range (mean and COV values were obtained for design 

110 categories of redundant and nonredundant components, as they were separated at the time), the 

111 girder distribution factor (COV of 13%), the impact factor (commonly considered as the 

112 “Dynamic Load Allowance”, assigned a COV of 11%), and the truck volume (“Average Daily 

113 Truck Traffic”, or ADTT, assigned a COV = 10%). Other variables were also considered in their 

114 model, although statistical data was not available for all variables. Target safety index values 

115 were back-calculated by finding the safety index values from bridges deemed safe and 

116 economical at that time. Nyman and Moses found targets of β = 3.90 for redundant spans, and 

117 5.28 for nonredundant spans, although they acknowledged that further study could show these 

118 values as being too high (1985).

119 In a subsequent NCHRP report, Moses, Schilling, and Raju made recommendations for 

120 evaluation procedures (1987). They reported that Miner’s rule should be taken as accurate and 

121 justifiable as a means to convert a variable amplitude stress range into an equivalent constant 

122 amplitude range for design and evaluation, and they noted that some methods used an effective 

123 fatigue truck to represent typical traffic (something that is commonly done now). It was 

124 suggested that lower target reliability levels of 1.0 to 3.0 should be satisfactory for the fatigue 

125 evaluation of redundant and nonredundant members, respectively, since failure is less critical in 

126 fatigue than in ultimate loading considerations (Moses, Schilling, & Raju 1987). In referencing 

127 the use of a variable amplitude fatigue limit, they suggested conservatively ignoring the limit in 

128 reliability analysis (probabilistically, a guarantee cannot be made that any load value will not be 
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129 surpassed), and they suggested that a slope of m = 3 should be used for S-N curves rather than the 

130 dual slope model suggested by the European Convention for Constructional Steelwork (with m = 

131 3 and 5). By this time, it was generally accepted that a practical CAFL exists, but an NCHRP 

132 study on variable amplitude loading found that “if any of the stress cycles in a stress spectrum 

133 exceed the CAFL, the fatigue life could be predicted by Miner’s rule considering all cycles 

134 contributed to the damage” (Moses, Schilling, & Raju 1987). This is something that is still 

135 believed to hold true today, as discussed in a review by Baptista, Reis, and Nussbaumer (2017). 

136 It is necessary to know how many cycles a fatigue component will be subjected to when 

137 performing a reliability analysis. The ADTT was taken as 2,500 in most studies in the 1980s 

138 (Nyman & Moses 1985); (Moses, Schilling, & Raju 1987), and it was estimated that some 

139 bridges may see well over 100 million stress cycles, but that most bridges see well below this 

140 number (closer to about two million). CSA S6-2014 (CSA 2014a) specifies that new highway 

141 bridges be designed to Class A standards, which see an ADTT of 4,000, translating to about 100 

142 million cycles over a 75-year design life. However, the CSA S6-2014 Commentary presents a 

143 disclaimer that “forecasts for specific sites may show that actual truck traffic is considerably less 

144 than the design value” (CSA 2014b). For most cases, the passage of a truck may be taken as a 

145 single stress range cycle for a fatigue component such as a shear stud. However, short, 

146 continuous, and cantilevered spans contain regions where this rule does not hold true (as the 

147 individual axles cause significant fatigue cycles).

148 Fatigue Performance of Welded Shear Studs

149 The fatigue performance of welded shear studs has been the focus of many investigations in the 

150 past. From the first testing in 1966, push tests were used to approximate the shear interface 
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151 between the steel and concrete in a composite member (Slutter & Fisher 1966). These tests were 

152 thought to represent a conservative estimate because of some early testing, and speculation of the 

153 role of friction and its absence in the push tests compared to beam tests. Figure 2 shows a push 

154 test schematic (lower left), and results from several studies (Sjaarda, West, & Walbridge, 2018). 

155 Originally, the Canadian and American codes (CSA 2014a); (AASHTO 2017), both adopted a 

156 log-linear fatigue curve recommended by Slutter and Fisher in their original, seminal work on 

157 the fatigue of stud connectors (Slutter & Fisher 1966). 

158 The American AASHTO curve remains unchanged at the present time, however the CSA S6-

159 2014 curve was modified to follow the ‘Category D’ log-log curve (AASHTO 2017); (CSA 

160 2014a). Both of these are shown in Figure 2, where it can be noted that the CSA S6-2014 curve 

161 passes through the mean of the push test data, and is not shifted to give a 97.7% survival 

162 probability. The reasoning given for this in the CSA S6-2014 Commentary (CSA 2014b) is the 

163 aforementioned conservatism of push tests. However, there is no basis for assuming that the level 

164 of conservatism in push tests corresponds to the 97.7% survival probability. In fact, the 

165 assumption of conservatism seems dubious when comparing the small database of beam test 

166 results to the design criteria and associated push tests (see Figure 2).

167 Figure 2. Fatigue results from push and beam tests, showing CSA S6-2014 Category D.

168 Figure 3. University of Waterloo fatigue results from beam tests (Sjaarda et al. 2017).

169 A beam testing program at UW was conducted in 2016 to investigate shear connector failures 

170 and their consequences, and to support the current reliability analysis. Twelve beam tests were 

171 conducted with welded shear studs, and 63 stud failures were observed (Sjaarda et al. 2017). 
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172 These results are shown graphically in Figure 3. Since multiple stud failures were observed on 

173 each beam, stresses have been adjusted to account for stud force redistribution throughout the 

174 tests. Readers may refer to (Sjaarda et al. 2017) for an account of this procedure, as well as a 

175 detailed discussion of failure detection and failure definition. The design curves shown (bottom) 

176 were calculated using the procedure recommended by the International Institute of Welding 

177 (IIW), to give the 97.7% survival probability associated with a two-sided 75% confidence level 

178 of the mean. The CSA S6-2014 (CSA 2014a) design curve, with a slope of m = 3 and an 

179 endurance limit of 24 MPa, is shown as a dashed line in Figure 3, coinciding partially with the 

180 CSA S6-2019 (CSA 2019) design curve, which features a dual slope finite life region along with 

181 a new endurance limit of 35 MPa. In the lower plots of Figure 3, the mean (µ) and design (µ-2σ) 

182 curves are shown for the UW beam tests, with a slope of m = 3 (right) and 5 (left). Note that the 

183 mean beam test curve lies above the CSA S6-2014 (CSA 2014a) curve, but the design curve falls 

184 below. Since the CSA S6-2014 (CSA 2014a) curve has been constructed using the 50% survival 

185 probability of existing push test results (µpush), the UW beam test results reveal that push tests are 

186 indeed conservative relative to beam tests (µbeam  > µpush), but not as conservative as historically 

187 assumed (µ-2σbeam  < µpush).

188 The choice of slope for the stud S-N curve is important and is difficult to infer without long life 

189 tests (the UW beam tests did not appreciably add to the dearth of long life tests). Studs are most 

190 often designed in the high cycle range (50 to 100 million cycles), where the curve is known to 

191 flatten out, but tests are most often conducted to a lower numbers of cycles (0 to 5 million 

192 cycles). The practical difference between the slopes is that a slope of m = 5 is favourable for high 

193 cycle fatigue (leading to less studs necessary in design) and would be unfavourable to low cycle 

194 fatigue (which does not often occur on bridges). Although m = 3 could be called conservative 
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195 assumption, it would likely be overly conservative; the Eurocode (CEN 2004) uses a slope of m 

196 = 8 for the entirety of the design curve, and a comprehensive review of tests by Johnson has 

197 indicated a slope of m = 5.5 (2000). A log-log analysis of Slutter and Fisher’s original 

198 experiments gives a slope of m = 5.26 (1966). It seems that m = 3 has been used in North 

199 America to this point simply to match other steel fatigue-sensitive details.

200 Example Bridge Description and Design

201 The bridge used to assess the reliability of shear stud design procedures for the current study 

202 consists of a concrete deck on steel girders. This bridge type is very common in North American, 

203 particularly for medium-spans. The bridge is simply-supported with a span of 30 metres and has 

204 a 225 mm thick 30 MPa concrete deck atop 6 steel girders, which have a spacing of 2.5 metres 

205 on centre. There are four design lanes on the bridge supporting a Class A highway in Canada. 

206 The “code truck” used for the analysis was the CL-625-ONT Truck (see Clause A3.4.1 of CSA 

207 S6-2014). The geometry of an interior girder is shown in Figure 4, and features a constant cross-

208 section along the bridge length for simplicity. For the shear connection, 22.2 mm diameter (7/8 

209 inch) headed studs were used in rows of two. 

210 All new highway bridges in Canada are required to be designed as Class A unless otherwise 

211 approved (CSA 2014a). These bridges have an average daily truck traffic (ADTT) of 4000 

212 vehicles over a design life of 75 years, resulting in about 100 million trucks (Nc ≈ 100 · 106). For 

213 simply-supported bridges, each truck corresponds to one cycle of loading on each stud on the 

214 bridge. Each stud is designed as if it were located on a girder underneath the truck lane, but if 

215 multiple lanes are available for trucks, a reduction factor is applied. For the CSA S6-2014 (CSA 

216 2014a) design curve, a stud experiencing over 52 million cycles is designed at the endurance 
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217 limit. It follows that the importance of the stud fatigue design curve is concentrated in the 

218 endurance limit value, where most studs are actually designed.

219 The use of the 0.52 fatigue code truck factor is based on fatigue damage equivalence calculations 

220 done on the Canadian code truck model with a slope of m = 3. This factor is no longer valid 

221 when using a slope of m = 5, or a dual slope S-N curve, and should be adjusted to be slightly 

222 higher (Coughlin & Walbridge 2011). However, this issue is not addressed in this analysis for 

223 the sake of simplicity.

224 Figure 4. Interior girder cross-section.

225 Table 1: Reference table for example bridge design values

226 Ultimate Limit State (ULS)

227 The number of shear studs required at ULS can be determined considering the amount of 

228 horizontal shear that must be transferred into the slab of a girder to develop the full flexural 

229 capacity of the cross-section (considering steel to be “elastic perfectly-plastic” and using the 

230 equivalent stress block method for concrete). In Table 1 this value is given as 10,978 kN. The 

231 static strength of an individual stud, for the 22.2 mm stud diameter given, is calculated in 

232 Equation 1. It is taken as the lesser of the maximum force limited by the stud steel ultimate 

233 capacity, and the crushing of the deck concrete:

234 Equation 1  0.5 ' 136.5 MPar sc sc c c sc u scq A f E F A   

235 In Equation 2, the left side of the inequality represents concrete crushing and the right side 

236 represents the steel strength of the stud. The total number of studs required on the girder (two 
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237 shear spans) is:

238 Equation 2  
#  ( ) # 15410,978 kN2  studs136.5 kN

c

r

CStuds ULS ShearSpans q          

239 This is in accordance with Cl. 10.11.8 of CSA S6-2014 (CSA 2014a), which also states that 

240 shear connectors may be spaced uniformly, or according to the variation in the interface shear. 

241 The assumption is made that each connector has sufficient ductility to reach maximum strength 

242 at the same time, regardless of spacing. Although the total horizontal shear force necessary to 

243 develop the capacity of the cross section is required by code to be able to be transferred, a partial 

244 shear connection is sufficient to carry factored loads in most cases. In CSA S16-2014 “Design of 

245 steel structures”, the minimum partial shear connection permitted is 40% (CSA 2014c). Figure 5 

246 illustrates the loss of ultimate strength capacity with partial shear connection levels ranging from 

247 a full connection (154 studs) to the non-composite case (no studs). The sharp decline below a 

248 10% connection is due to the slenderness of the Class 3 web in the example bridge plate girder. 

249 Note that studs provided in excess of 154 cannot theoretically contribute to the strength of the 

250 composite girder; they may be required never-the-less for fatigue considerations, and their 

251 number indicates the reserve between the FLS design requirements and the ULS requirements.

252 Figure 5 also shows Mf, the factored design moment at ULS. The ratio of Mr with a 100% shear 

253 connection to Mf is of interest when considering the reliability of the shear connection in fatigue. 

254 The closer the ratio to a value of 1.0, the less tolerance the structure has for the degradation of 

255 the shear connection past Mr(100%). However, since the curve in Figure 5 is relatively flat on the 

256 right-hand side, even a ratio of 1.08, which is present in the current example, is enough to allow 

257 a shear connection degradation to the 50% level (approximately 78 studs), with the structure still 
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258 having sufficient ULS capacity, despite violating the code requirement of 100% shear 

259 connection. Fatigue design limits govern shear stud design for any bridge with a meaningful 

260 number of cycles expected, and the number or studs required will exceed the 100% shear 

261 connection amount often by more than a factor of two, allowing significant degradation before 

262 ULS concerns arise.

263 Figure 5. Ultimate capacity of the bridge girder with varying shear connection.

264 Fatigue Limit State (FLS)

265 The procedure to calculate number of studs required at the FLS under the CSA S6-2014 (CSA 

266 2014a) code provisions involves ensuring that the calculated stud stress range, τrs, is below the 

267 allowable stress range. While the allowable stress range is a constant value, the calculated stud 

268 stress range varies with the design longitudinal shear force range (Vsr) and the stud spacing as 

269 given in Equation 3. 

270 Equation 3  
sr

rs
sc t

V Q s
A I n

     

271 In Equation 3, n is the number of stud connectors per row on the girder top flange and s is the 

272 row spacing. Other variables in Equation 3 are given in Table 1. The design shear force can be 

273 determined for each stud location from the moving load envelope of shear from the passing of 

274 the design truck, including the dynamic load factor (DLF). Note that the design longitudinal 

275 shear force for fatigue is the fatigue code truck factor (Table 1) multiplied by the total range of 

276 shear force per girder as the design truck passes over the bridge, Vg. The latter can be computed 

277 based on the shear value per design lane, VT, using the transverse amplification factor (girder 

Page 13 of 42



14

278 spacing, S, of 2.5 m, divided by the truck load distribution width, F, of 3.7 m).

279 Equation 4  
0.52 0.52 0.351     

sr g T T
SV V V V
F

280 The design shear force range (Vsr) is directly proportional to the stud stress range provided the 

281 bridge cross section and stud row spacing remain constant. Multiple stud row spacings are 

282 normally chosen to obtain material and labour savings where the design shear forces are lower 

283 (spacing may follow variations in interface shear, see Cl. 10.11.8 of CSA S6-2014). In Figure 6, 

284 an economical spacing plan for the example bridge is shown with rows of 2 studs spaced at 125 

285 mm for approximately 10,000 mm on either end of the bridge, and 187.5 mm for the middle 

286 portion, for a total of 426 studs. The maximum allowable stress range of 24 MPa, the elastically 

287 calculated stress range commonly used in design (from  Equation 3), and the actual stud stress 

288 values from the FE model used in this study are also shown in Figure 6. 

289 Figure 6. Allowable and design stud shear stresses.

290 It can be seen that the actual stress ranges from the FE model used in this study are 15-30% 

291 lower than those expected by calculation. The reason for this is that the elastic stress calculation 

292 assumes 100% composite interaction. Studs, like any other mechanical shear connector, require 

293 deformation to resist shear force; this very fact results in less interfacial shear force transferred 

294 due to compatibility (Sjaarda, West, & Walbridge 2018). However, although this may seem to 

295 indicate that fatigue provisions are conservative due to the difference in actual stress and 

296 elastically calculated stress, this is not the case since the S-N results and design curves are 

297 already using the elastically calculated stress, and not the lower, real stud stress (see Figure 2 and 
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298 Figure 3). This statement doesn’t hold true for push test S-N results or design curves derived 

299 from them, however, since push tests do not feature the same compatibility requirements.

300 The allowable stress range is 24 MPa, which is the product of the endurance limit for a ‘Category 

301 D’ detail, and 0.52. The 0.52 “fatigue code truck factor” in Table 1, represents the proportional 

302 weight of an average truck compared to the 625-tonne code truck. Any bridge designed in 

303 Canada that will experience more than 52 million cycles over its design life requires studs to be 

304 designed at this 24 MPa endurance limit to ensure that the heaviest trucks do not exceed the 

305 limit. The example bridge is expected to experience 87.6 million cycles as a Class A bridge; if 

306 Class B were used, the number of design cycles would change to 21.9 million and the allowable 

307 stress would increase 33% to 32.1 MPa.

308 The two-spacing plan shown in Figure 6 of 125 mm and 187.5 mm uses 2 connectors per row (n 

309 = 2) and results in a total number of 426 shear connectors for the example bridge. This is almost 

310 three times as many connectors as required for code compliance of a 100% shear connection 

311 (154), and more than five times than that required for strength purposes (78). It is essential that a 

312 reliability analysis be conducted, to discover if the great number of studs required under the CSA 

313 S6-2014 (CSA 2014a) design rules are all necessary. The first objective of the investigation is 

314 therefore to estimate the reliability of shear connections designed under the CSA S6-2014 (CSA 

315 2014a) rules, and the secondary objective will be to propose modified design rules to bring that 

316 level of reliability into better agreement with code targets.

317 Shear Connection Reliability Definitions

318 In order to perform a fatigue reliability analysis, the fatigue resistance variable R can be taken as 
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319 the total number of load cycles a particular shear connection can withstand prior to failure, and 

320 the fatigue demand variable Q is the total number of load cycles applied to the connection for the 

321 lifetime of the bridge. The safety margin, g, represents the number of cycles in reserve for a 

322 given shear connection (g = R – Q).

323 Shear connection failure happens when the shear connection ceases to perform its function of 

324 allowing adequate composite action through the transfer of longitudinal shear forces. Shear 

325 connections are comprised of many studs; therefore, the connection may still perform adequately 

326 after the fatigue failure of one or more studs. It has just been shown that 64% of the studs in the 

327 example bridge may fail before ULS design rules are violated, and another 18% many fail before 

328 the strength is insufficient to carry factored loads. The total resistance of the connection, R, is 

329 therefore the sum of the number of cycles required to fail the first connector, and the number of 

330 cycles required to fail each subsequent connector until safety becomes a concern. For simplicity, 

331 failure in this study is defined as the point at which a 100% shear connection remains, or in other 

332 words, the point at which the reserve between the FLS design requirements and the ULS design 

333 requirements is removed due to stud failures.

334 The number of cycles a stud shear can resist, R, is affected by random variables (RVs), 

335 including:

336 - the fatigue resistance of each stud (stud fatigue curve intercept, or vertical shift),

337 - the weight of the trucks crossing the bridge (fatigue code truck weight),

338 - the dynamic load factor (taking into account the dynamic load allowance), and

339 - the girder distribution factor (or transverse amplification factor).

340 Normally, only the first variable in the list would be classified as a resistance variable, since the 
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341 latter three have more to do with the load effect. However, for the formulation of this fatigue 

342 reliability problem, it is convenient to group these together into the random variable R.

343 The Monte Carlo Simulation (MCS) method is necessary to determine the resistance, R, due to 

344 the great number of random variables involved in the stud shear connection problem and the 

345 geometrical complexity encountered in solving for connector stresses during the fatigue life of a 

346 bridge. Although it may appear that there are only four RVs in the current analysis, a closer 

347 inspection reveals that each stud on the bridge represents a random variable on its own (stud 

348 strengths are independent and identically distributed variables, or IIDs), because each stud on the 

349 bridge is in a unique location.

350 The fatigue endurance limit concept presents a challenge when conducting failure simulations. 

351 The CSA S6-2014 (CSA 2014a) fatigue provisions state that any shear stud experiencing a stress 

352 range of under 24 MPa with the passage of a fatigue code truck sustains no damage and will not 

353 fail regardless of the number of loading cycles. As discussed previously, almost all highway 

354 bridges designed in Canada, including the bridge under discussion, are required to have studs 

355 designed at this endurance limit due to the high number of loading cycles expected. In the 

356 current study, the endurance limit is conservatively ignored, and it is assumed that the S-N curve 

357 maintains a slope of m = 5 past the endurance limit. The degree of overdesign identified with this 

358 analysis is, however, ultimately used to recommend a vertical shift in the endurance limit, on the 

359 basis that the vertical position (i.e. stress range) at which the endurance limit is set is directly 

360 relatable to the vertical position of the sloping portion of the S-N curve in the finite life domain. 

361 The UW beam tests are used to define the S-N curve, so that the mean (µ) from Figure 3 is 

362 adopted directly.
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363 The fatigue demand variable, Q, is the total number of cycles (for most bridges, this is the total 

364 number of trucks that will cross the bridge) in its service life (Nc in CSA S6-2014). This is a 

365 random variable, but due to limited knowledge, the deterministic code design value will be used 

366 for the purposes of this investigation. This value only depends on the number of design lanes on 

367 the bridge, the design life of the bridge, and the expected average daily truck traffic (ADTT), as 

368 well as the assumed number of cycles per truck passage, Nd. Equation 5 shows that Q is equal to 

369 the product of Nd, p (a scaling factor equal to or less than 1 accounting for multiple design lanes), 

370 y (the design life of the bridge in years), and ADTT. The value of Q is 87.6 million cycles for a 

371 typical simple span composite bridge (Nd = 1) with three design lanes (p = 0.80), a typical 

372 service life of y = 75 years, and a design ADTT of 4,000.

373 Equation 5   365c dQ N N p ADTT y 

374 Since Q is assumed to be deterministic, the distribution of g takes the same form as R (g is 

375 simply shifted by Q). For the stud shear connection this distribution will be shown to be 

376 lognormal. 

377 FE Model Description

378 SAP2000 Model Description

379 A SAP2000 model was programmed using the CSi Application Program Interface (API). Figure 

380 7 depicts the model and a typical girder the model approximates, with the CL-625-ONT Truck 

381 Loading (CSA 2014a) . The concrete deck is represented by shell elements, and beam elements 

382 are used for the steel beam. The two are connected using linear link elements representing shear 
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383 connectors. The stiffness of the link elements is a key input to the model, because it determines 

384 how much force the studs will attract, and affects the resulting degree of composite interaction. 

385 For this model, an equation developed by Ollgaard, Slutter, and Fisher (1971) was used to 

386 estimate stud stiffness, and it was confirmed through analysis that the studs remained in the 

387 linear range of load-slip behaviour (consistent with expectations for the fatigue load level). The 

388 model contains simplifications, including elastic material behaviour for the steel and concrete, 

389 which allow it to be solved quickly. As a result, validation of the model was necessary to ensure 

390 the results were not impacted by these assumptions, as detailed in (Sjaarda et al. 2017). The 

391 effects of friction, which would serve to reduce the shear stress on connectors, are not included 

392 for conservatism (and since friction is implicitly included in S-N results from beam tests, as the 

393 flanges were not greased).

394 Figure 7. FE beam model showing element types.

395 Results from the FE model are shown in Figure 6, where a moving load analysis was used to 

396 generate shear stress envelopes for the studs. For all moving load simulations, the SAP2000 

397 influence-based moving load analysis function was used to establish an envelope of connector 

398 stresses. This is necessary because the design of shear connectors depends not on the highest 

399 stress produced from the passage of the fatigue code truck, but on the stress range. 

400 Monte Carlo Simulation Procedure

401 The FE model was used to determine the failure order and stress history of each stud on the 

402 bridge as stud fatigue failures occur. This was done for the deterministic case, and it was done 

403 probabilistically through Monte Carlo Simulation (MCS), where each variable was assigned a 
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404 random variate for every failure trial, and many trials were completed in order to estimate the 

405 distribution of the safety margin, g, and to fine the overall reliability of the connection, β. As 

406 discussed earlier, the passage of a truck over the example bridge causes a single load cycle for a 

407 shear connector. During the passage of a truck on a typical simple span composite bridge, the 

408 peak and minimum loads are of opposite sign. The magnitude of load during the load cycle is the 

409 algebraic difference between the maximum and minimum.

410 The random variables used in the model and their associated statistical parameters are given in 

411 Table 2. For the MCS procedure, a new bridge geometry is given at the start of every trial 

412 consisting of studs with random strengths according to the statistical strength distribution 

413 observed during the beam testing at UW (Sjaarda et al. 2017). A moving load analysis is 

414 performed for a fatigue code truck with a random weight (FC), fatigue dynamic load factor 

415 (DLF), and distribution factor (Fv). The number of cycles until failure of the most vulnerable 

416 stud (stud with the lowest number of cycles until failure based on the stud stress range and 

417 fatigue strength) is calculated, and then that stud connector is reprogrammed to simulate failure. 

418 Damage is calculated for each of the other studs for use in Miner’s sum calculations, which are 

419 repeated after every analysis for each stud that has not failed. A new analysis then begins with 

420 the modified bridge geometry (failed stud), and subsequent stud failures are determined based on 

421 cumulative damage calculations. Each trial continues in this way until full shear connection 

422 failure.

423 The stud fatigue curve intercept and COV of 16.76 and 4.7%, respectively, were taken from the 

424 UW beam tests (shown in Figure 3). These tests included 63 stud failures and are believed to be 

425 a good representation of stud behaviour in beams and girders (although the database is still 
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426 lacking in very long life results). The fatigue code truck weight is the CL-625-ONT truck scaled 

427 by a factor of 0.52 to reflect the average truck causing fatigue damage, and a COV of 5.3% is 

428 taken for this variable from the CSA S6-2014 Commentary (CSA 2014b). The fatigue dynamic 

429 load factor and COV (1.11 and 11%, respectively) are taken from a fatigue design calibration by 

430 Nyman and Moses (1985) and applied to each bridge, not to each truck. This factor has a 

431 minimum value of 1.0. Even though a factor of 1.11 for dynamic load consideration is not high, 

432 one of the primary variables, pavement quality, is likely to be repaired during the design life of a 

433 bridge, mitigating the effect of extreme values of this variable. The girder distribution factor is 

434 taken from CSA S6-2014 (CSA 2014a) and has a bias factor of 0.93 applied, as well as a COV of 

435 12%. 

436 Table 2: Probabilistic simulation variables.

437 A single trial for the simulation procedure includes the following steps:

438 1. All studs on the example bridge are assigned random strengths (based on experimental data), 

439 and the bridge is assigned a dynamic load allowance factor.

440 2. An effective truck load is sampled and applied to the bridge in a moving load analysis.

441 3. Stud stress ranges are recorded, and the number of cycles until failure is calculated for each 

442 stud, Ni.

443 4. The lowest calculated Ni value is saved as Nf, and damage is calculated for all studs using this 

444 Nf. As a result, the failed stud has a damage of 1.0, and all other studs sustain damage of 

445 Ni/Nf.
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446 5. The failed stud is reprogrammed as failed, and Steps 2 through 5 are repeated until the shear 

447 connection has failed.

448 Runtime and Sample Size

449 Since each trial consists of many stud failures, with every failure requiring an individual moving 

450 load analysis, a significant amount of computing time is needed to complete a statistically 

451 significant number of trials. However, it was observed that the failure order of the studs depends 

452 only on the random strengths of the studs, and not on the random properties of the load (truck 

453 weight, dynamic load factor, and girder distribution factor), because the load only serves to scale 

454 all stud stresses up or down in the same proportion for a given moving load analysis. As a result, 

455 a strategy was employed where a limited number of SAP2000 moving load trials were completed 

456 using probabilistic stud strengths but deterministic loads. Afterwards, the stud failure orders and 

457 stud stresses from those analyses were used to repeat the analysis in MATLAB with randomized 

458 load effect variables. Since the moving load analyses were already completed, a large number of 

459 trials could be simulated in MATLAB. In this way, the reliability analysis of the bridge was 

460 completed by sampling a small number of random bridges in terms of stud strengths along the 

461 span (100 for example), but then subjecting each random bridge to a large number of random 

462 loading trials (200 each, for example, for a total of 20,000 trials). 

463 Results

464 The distribution of the shear connection fatigue life was found to be lognormal, as shown by the 

465 square of the Pearson correlation coefficient (99.7%) in the probability paper plot in Figure 8. 

466 The reliability of the as-designed shear connection was found to be β = 5.13 (95% confidence 
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467 interval ± 0.07) for 100 random bridge geometries subjected to 20,000 complete failure 

468 simulations (200 for each bridge). This value goes up to 5.51 when considering only the scatter 

469 on the left-hand side of zero in the probability paper plot, to obtain ζ. These results indicate that 

470 the CSA S6-2014 (CSA 2014a) design procedure for welded studs is conservative when 

471 considering the shear connection as a whole, taking advantage of the high level of redundancy.

472 Figure 8. Probability paper plot for the shear connection as designed.

473 Since the load and load effect on the simply-supported example bridge are linearly related, the 

474 analysis can be extended by introducing a load multiplier, LM, which simulates a relaxed spacing 

475 of the studs (or a higher permissible endurance limit). In Figure 9, reliability is shown to 

476 decrease with increasing values of LM between the CSA S6-2014 (CSA 2014a) design allowable 

477 stress (LM = 1, stud allowable stress of 24 MPa), and twice this limit. It is shown that a 45% 

478 increase in the allowable stress (an endurance limit increase from 24 MPa to 35 MPa) will lower 

479 the lifetime reliability of the system to between 3.25 and 3.50. This is close to the CSA S6-2014 

480 lifetime target value of β = 3.5 (CSA 2014a), and at the higher end of the Eurocode 

481 recommended range (CEN 2004). This reliability value allows for no inspections for the lifetime 

482 of the bridge, which will become important as bridge decks are made to last longer over time. 

483 The relationship between β and LM is roughly linear. Since failures occur on the “left side” of 

484 the median simulation (zero on the probability paper plot in Figure 8), the β to LM curve 

485 considering only the left side scatter is more relevant. This curve is not negatively affected by 

486 simulations producing extremely long fatigue lives, and is taken as the “base analysis” going 

487 forward into the sensitivity investigation.

488 Figure 9. Reliability (β) as a function of the Load Multiplier (LM).
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489 Applicability, Conservatism and Sensitivity

490 The applicability of the presented results may be limited by the use of the example bridge, which 

491 may not represent all bridges with stud shear connections. In particular, the length of this bridge 

492 was 30 metres, which allowed one cycle to be taken per truck crossing. For shorter bridges, studs 

493 will experience more than one cycle per truck crossing; CSA S6-2014 (CSA 2014a) sets this 

494 length as 12 metres or less. Steel composite bridges of 12 metres or less are rare, so although this 

495 is an important issue, it only affects a small number of bridges. The same issue occurs for 

496 regions near interior supports of continuous girders, but shear connectors are not required in 

497 these areas. Thus, it is believed that the example bridge is largely representative of steel-concrete 

498 composite bridges, and results are applicable to a wide range of cases. 

499 The conservatism in the presented results lies in the decisions to: 1) count all cycles as producing 

500 fatigue damage (ignoring the endurance limit altogether), 2) give no consideration to multiple 

501 girder redundancy, and 3) assume no post-failure stiffness of the studs. In this analysis, studs 

502 were assumed to fail immediately; this was not observed in the UW beam test program. Rather, 

503 studs were found to retain significant long-term stiffness, with an average long-term stiffness 

504 loss of only 21% after fatigue failure, as can be seen in Figure 10 (Sjaarda et al. 2017). 

505 Computed reliability levels considering this phenomenon are vastly higher, as will be shown in 

506 the sensitivity investigation. The post-failure stiffness (PFS) observing in testing probably arose 

507 primarily due to mechanical interlock between the stud and the flange after failure, owing to the 

508 shape of the failure plane, which dug into the flange. For different flange thicknesses, the failure 

509 pattern may differ, so it may be prudent to ignore any potential gains from stud PFS in 

510 establishing design rules.
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511 Figure 10. PFS of studs in beam test program (Sjaarda, West, and Walbridge 2018).

512 The main analysis result presented in Figure 9 may be sensitive to a number of factors, including 

513 each of the input variables shown in Table 2 (both mean and COV values), the slope of the S-N 

514 curve used in the analysis, and the expected traffic volume over the life of the bridge, Q. In 

515 Figure 11 (top), reliability is shown as a function of LM for the base analysis (m = 5), as well as 

516 for the case of an S-N curve with m = 3, both with 50% stud post-failure stiffness and without. It 

517 is shown that the result is very sensitive to the slope of the S-N curve, as well as to the including 

518 of PFS in the model. Lower S-N slope values, such as m = 3, permit higher stresses at low-cycle 

519 fatigue, but lead to low fatigue lives for high-cycle fatigue, particularly when ignoring the 

520 endurance limit.

521 Although the stud connector detail in CSA S6-2014 (CSA 2014a) was given a slope of m = 3, 

522 CSA S6-2019 (CSA 2019) specifies a slope of m = 5 for high cycle fatigue. As discussed 

523 previously, this higher slope is more in line with the Eurocode (m = 8, CEN 2004), a 

524 comprehensive study by Johnson (m = 5.5, 2000), and Slutter and Fisher’s original work (m = 

525 5.26, 1966). The evidence from the UW beam tests in inconclusive in determining a slope, due to 

526 a lack of long life test results. Figure 11 shows that considering no PFS and taking a slope of m = 

527 3 (ignoring the endurance limit) would lead to a reliability level of β = 3.03. Applying these 

528 assumptions together would be highly conservative, and unnecessary, given what we know about 

529 stud behaviour from recent laboratory testing. Not only is some post failure stiffness a reality, 

530 but ignoring the endurance limit without assuming any change to a shallower slope in the high 

531 cycle region is quite unrealistic based on standard fatigue knowledge, and the frequent 

532 observance of runouts under low stress levels (Baptista, Reis, & Nussbaumer 2017). Thus, the 
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533 authors feel that the approach of taking m = 5 and no PFS is reasonable and defendable. Taking a 

534 slope of m = 5 and considering PFS may lead to further design economy. However, prior to 

535 adopting a more drastic endurance limit increase, additional study is advisable to quantify the 

536 true PFS more precisely.

537 The reliability level is also sensitive to increased loads, from both a traffic and weight 

538 perspective. For example, with a 20% increase in expected traffic volume over the lifetime of the 

539 bridge, the reliability of the system decreases from 3.42 to 3.23 at the 1.45 LM level. This is not a 

540 large drop, and is put into perspective when compared to the result of a similar increase in mean 

541 fatigue load (truck weight). A 20% increase in the effective fatigue truck weight would lower the 

542 reliability from 3.42 to 2.40.

543 Figure 11. Sensitivity of stud shear connection reliability to S-N curve slope & stud PFS (top) 

544 and traffic volume, mean fatigue load, & standard deviation of DLF (bottom).

545 Design Recommendations and Conclusions

546 At present, the design procedure for shear connections is essentially aimed at preventing failure 

547 of individual studs and treats the detail like other inspectable details. This manuscript aims to 

548 quantify the reliability of shear studs by considering them as a redundant system and asserts that 

549 the stud detail is quite different from others and should be treated as such. The reliability of stud 

550 shear connections designed according to CSA S6-2014 (CSA 2014a) results in overly 

551 conservative designs with reliability indices above β = 5.0. The redundancy of the shear stud 

552 connection allows for many stud fatigue failures to occur prior to ultimate limit state concerns 

553 arising. Although the S-N fatigue endurance limit was not considered explicitly in the presented 
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554 analysis, this analysis can be used to infer an increase in the endurance limit on the basis that the 

555 vertical positions of the S-N curve in the finite life domain and the endurance limit are 

556 proportional. On this basis, the presented analysis indicates that an increase in the CSA S6-2014 

557 (CSA 2014a) endurance limit of approximately 1.45 times, from 24 to 35 MPa, is justifiable. It is 

558 worth noting that a similar strength increase could also be applied to the sloping (finite life) 

559 portion of the design S-N curve. Whether or not this is done has limited practical relevance, 

560 however, given that most new bridges in Canada are currently designed as Class A highway 

561 bridges. A further increase may be justified in the future after additional study of the post-failure 

562 stiffness of the studs and if more high-cycle variable amplitude (20 – 100 million cycles) S-N 

563 data were to become available to shed further light on the slope and scatter of the S-N curve in 

564 the high cycle region. Future work may also include the investigation of other bridge geometries.
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606 Tables: 

607 Table 1: Reference table for example bridge design values

Variable Description Symbol Value Units
Stud ultimate strength FU 415 MPa

Concrete modulus of elasticity EC 25,588 MPa

Compressive force in slab at midspan 

(ULS)*

CC + CR 10,978 kN

Design life cycles NC 87.6 · 106 cycles

Fatigue code truck factor - 0.52 -

First moment of area of the transformed 
slab about the elastic neutral axis of the 

transformed section

Q 21.244 · 106 mm3

Transformed moment of inertia IT 30.340 · 109 mm4

Resistance factor for concrete/steel/shear 

connectors

Φc/Φs/Φsc 0.75/0.95/0.85 -

608 *The plastic neutral axis was calculated to be in the steel top flange at the ultimate limit state

609 Table 2: Probabilistic simulation variables.

Variable Description Symbol Mean Value COV 
(%) Source

Stud Fatigue Curve 
Intercept LOG(C) 16.76 4.7%

UW Beam Tests, m = 5

(Sjaarda et al., 2017)

Fatigue Code Truck 
Weight FC

0.52·[CL-625-
ONT] 5.3%

(CSA 2014a)

 (CSA 2014b)

Fatigue Dynamic Load 
Factor DLF 1.11 11% Nyman & Moses (1985)

Girder Distribution 
Factor Fv 0.676·0.93 12% CSA S6.1-2014 Clause C14.11 

(CSA 2014b)

610
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612 Figure Captions:

613 Figure 1. Cast in place (CIP) welded stud connectors.

614 Figure 2. Fatigue results from push and beam tests, showing CSA S6-2014 Category D.

615 Figure 3. University of Waterloo fatigue results from beam tests (Sjaarda et al. 2017).

616 Figure 4. Interior girder cross-section.

617 Figure 5. Ultimate capacity of the bridge girder with varying shear connection.

618 Figure 6. Allowable and design stud shear stresses.

619 Figure 7. FE beam model showing element types.

620 Figure 8. Probability paper plot for the shear connection as designed.

621 Figure 9. Reliability (β) as a function of the Load Multiplier (LM).

622 Figure 10. PFS of studs in beam test program (Sjaarda, West, and Walbridge 2018).

623 Figure 11. Sensitivity of stud shear connection reliability to S-N curve slope & stud PFS (top) 

624 and traffic volume, mean fatigue load, & standard deviation of DLF (bottom).
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Figure 1. Cast in place (CIP) welded stud connectors. 
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Figure 2. Fatigue results from push and beam tests, showing CSA S6-2014 Category D. 
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Figure 3. University of Waterloo fatigue results from beam tests (Sjaarda et al. 2017). 
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Figure 4. Interior girder cross-section. 

Page 35 of 42



 

Figure 5. Ultimate capacity of the bridge girder with varying shear connection. 
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Figure 6. Allowable and design stud shear stresses. 
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Figure 7. FE beam model showing element types. 
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Figure 8. Probability paper plot for the shear connection as designed. 
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Figure 9. Reliability (β) as a function of the Load Multiplier (LM). 
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Figure 10. PFS of studs in beam test program (Sjaarda, West, and Walbridge 2018). 

Page 41 of 42



 

Figure 11. Sensitivity of stud shear connection reliability to S-N curve slope & stud PFS (top) and traffic 
volume, mean fatigue load, & standard deviation of DLF (bottom). 
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