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APPENDIX A  1 

SHEAR STUD MODELING STUDY AND 2 

RECOMMENDATIONS   3 

In composite steel bridges, shear studs provide additional load paths that allow transfer of load from the 4 
intact and failed members to the slab, while non-composite steel bridges only rely on frictional forces and 5 
bond at the interface between the slab and the steel.  In composite bridges, the load transfer between the 6 
concrete slab and the steel members is affected by the behavior of the shear studs, which can be divided 7 
into major components:  tensile behavior, and shear behavior.  Neuman (2009) [1] showed the superior 8 
ability of composite bridges to transfer load when shear studs are adequately embedded in the slab.  Neuman 9 
conducted full-scale experiments on a simple span twin tub girder bridge that underwent failure of the 10 
bottom flange and web of one of the tub girders, but did not initially result in structural collapse (the 11 
structure was subsequently loaded to failure).  Although in the experiments conducted by Neuman it was 12 
shown that shear studs contribute to the redundant load transfer mechanisms, the failure of a primary steel 13 
tension member can lead to failure of several shear studs if excessive load transfer demands exist (i.e., the 14 
studs fail or pullout).  These failures may compromise the ability of the faulted structure to develop alternate 15 
load paths and could result in collapse of the entire bridge; hence, shear studs have vital importance in the 16 
evaluation on redundancy for composite steel bridges with members designated as fracture critical members 17 
(FCMs) or system redundant members (SRMs).  It is important to include proper shear stud properties 18 
which cover the shear, tensile, and combined shear and tensile behavior.  The methodology developed in 19 
this study to obtain the stiffness, strength, and ductility of transversely grouped shear studs is explained 20 
hereafter.  The suggested methodology is valid for up to three transversely grouped shear studs.   21 

A.1 Shear Behavior of Transversely Grouped Shear Studs   22 

Based on the research conducted for NCHRP Project 12-87a, the model by Ollgaard et al. (1971) [2] is 23 
recommended to be utilized for the definition of shear force-displacement relations.  The Ollgaard model 24 
provides all the parameters to determine nominal shear strength, non-linear force-slip behavior, and 25 
maximum cumulative shear displacement at failure.  The shear strength of transversely grouped shear studs 26 
is based on the nominal shear resistance for a single stud embedded in concrete, 𝑄𝑄𝑛𝑛, which is calculated per 27 
the AASHTO LRFD Bridge Design Specifications [3] (AASHTO LRFD BDS) “Section - 6.10.10.4.3”.  28 
The nominal shear resistance for transversely grouped shear studs, 𝑄𝑄𝑔𝑔,𝑛𝑛, is calculated as follows:   29 

𝑄𝑄𝑔𝑔,𝑛𝑛 = 𝑁𝑁𝑠𝑠𝑄𝑄𝑛𝑛 30 
where 𝑁𝑁𝑠𝑠 is the number of transversely grouped shear studs, and 𝑄𝑄𝑛𝑛 is the nominal shear shear resistance 31 
for a single shear stud.   32 

The shear load-displacement relation, 𝑄𝑄𝑔𝑔(𝛿𝛿𝑄𝑄), is defined according to Ollgaard et al. (1971) [2] as 33 
follows:   34 

𝑄𝑄𝑔𝑔�𝛿𝛿𝑄𝑄� = 𝑄𝑄𝑔𝑔,𝑛𝑛�1− 𝑒𝑒−18𝛿𝛿𝑄𝑄�
2
5    (𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘) 35 
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where 𝛿𝛿𝑄𝑄  is the shear displacement (inches).  Ollgard et al. (1971) [2] showed that the maximum shear 36 
displacement is approximately 0.2 inches, when 90% of the shear capacity has been reached.  Hence, it is 37 
recommended that failure of the shear is introduce at a shear displacement equal to 0.2 inches.   38 

A.2 Tensile Behavior of Transversely Grouped Shear Studs Modeling   39 

When evaluating the redundancy of a composite bridge it is necessary to include the tensile behavior of 40 
shear studs.  Shear studs under high tensile load may fail due to three different mechanisms:  shear stud 41 
steel rupture, pullout from the concrete slab and/or haunch, or break-out of a section of the concrete slab 42 
and/or haunch.  These different failure modes affect the initial stiffness, strength, and ductility of 43 
transversely grouped studs which need to be properly captured in order to define accurate tensile force-44 
displacement relations to be input into finite element models of composite steel bridges.   45 

Additionally, it has been shown that in transverse shear stud groups, the amount of load is not distributed 46 
to each shear stud equally.  For example, in three transversely shear stud groups, the shear stud in the middle 47 
of the group carries more load than the exterior studs.  This imbalance results in a reduction of the shear 48 
stud rupture strength and/or concrete pullout strength.  49 

It is also know that in general, the concrete breakout strength is much lower than the pullout strength, or 50 
the stud rupture strength, and, therefore, typically controls the behavior.  The concrete capacity design 51 
(CCD) approach in ACI 318-14 [4] provides the best approximation to calculate concrete breakout strength; 52 
however, this formulation does not to consider the effects of the haunch.  Mouras et al. (2008) [5] developed 53 
a new modification factor for the CCD approach to consider the slab haunch effect.  The existing 54 
methodology to account for the effect of the haunch is presented in the AASHTO LRFD BDS [3] “Section 55 
6.16.4.3—Shear Connectors”.  However, Mouras et al. (2008) [5] performed very limited number of 56 
experiments that may not be enough to develop an accurate modification factor.  Moreover, the small scale 57 
experiment methodology developed by Mouras et al. (2008) [5] does not capture the concrete break-out 58 
failure geometry observed by Neuman (2009) [1] in the full-scale twin tub girder experiment (Compare the 59 
behavior shown in Figure A-1 and Figure A-2).  Both experiments used three transversely grouped 5 inch 60 
shear studs, embedded in a 12 inch wide and 3 inch thick haunch, and longitudinally spaced at 61 
approximately 2 feet.  Whereas in Figure A-1 the concrete breakout failure cone occurred during the fracture 62 
in the full-scale twin-tub girder experiment, in Figure A-2 flexural cracking at the corner of haunch, 63 
horizontal haunch separation and center haunch splitting were observed.  These differences in the observed 64 
failure mechanism represent different behaviors for which the stiffness, strength, and ductility are not 65 
equivalent.   66 
 67 
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 68 
Figure A-1.  Neuman (2009) [1] concrete break-out failure geometry after second full-scale twin-tub 69 

girder experiment performed.   70 

 71 
 72 

 73 
Figure A-2.  Mouras et al. (2008) [5] small-scale experiment failure geometry.   74 
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During the research conducted for NCHRP Project 12-87a, and after study the works of Mouras et al. 75 
(2008) [5] and Neuman (2009) [1], it was concluded that the small-scale experiments in Mouras et al. (2008) 76 
[5], though very useful for benchmarking, were not adequate to reliably define comprehensive damage 77 
behavior of the concrete breakout failure in full-scale conditions.  As a result, their proposed methodology 78 
does not result in an accurate nor consistently conservative estimate of the strength or behavior of 79 
transversely grouped shear studs.  Neither ACI 318-14 [4] nor AASHTO LRFD BDS [3] include any 80 
information about shear stud tensile load-displacement behavior.  Hence, a finite element analysis (FEA) 81 
methodology was developed for NCHRP Project 12-87a to estimate the effect of several parameters on the 82 
concrete tensile breakout strength, stiffness, and ductility of several shear stud configurations.  The results 83 
were used to modify the existing approaches in the AASHTO LRFD BDS [3] and develop new ones to 84 
more accurately estimate the strength, stiffness and ductility of concrete breakout failure for a range of 85 
typical shear stud/slab/flange configurations.   86 

A.2.1 Benchmarking of Finite Element Models for Concrete Breakout Failure   87 

Three-dimensional non-linear finite element models utilizing solid elements were developed to 88 
benchmark the FEA approach.  The results were compared with strength values calculated per the CCD 89 
approach by Fuchs et al. (1995) [6], and experimental results by Mouras et al. (2008) [5].  Abaqus 2016 90 
was used to perform explicit quasi-static finite element analyses.  The concrete damage plasticity (CDP) 91 
model was used to capture cracking and confinement for the concrete under the head of the shear stud [7], 92 
[8].  The CEB-FIP 2010 concrete tensile strength–displacement approach [9] and Popovics’ (1973) [10] 93 
approach were used for the concrete tensile and compressive inelastic behavior, respectively.  The approach 94 
to model the material behavior of concrete is mesh independent, but an overly coarse mesh can result in 95 
artificially higher estimated strengths as they increase the width of crack path.  Therefore, a mesh refinement 96 
study was performed until a sufficiently fine mesh was found which gave a negligible difference in the 97 
predicted strength.  Incompatible mode elements were used to reduce the artificial effects of distortion and 98 
hourglassing.  The interactions between the concrete and shear studs were modeled through the 99 
specification of a frictional contact interaction.   100 

Firstly, the CCD approach developed by Fuchs et al. (1995) [6] was compared with the experimental 101 
results published in ACI 355 database [11].  More than 150 experimental results obtained from the ACI 102 
355 database [11] for shear studs utilized in the US were used in the comparison with the CCD approach.  103 
It was found that the CCD approach provided estimated strength values that agreed well with the 104 
experimental data.  The mean values of the strengths calculated per the CCD approach were then used to 105 
calibrate the FEA methodology for US type headed studs. The material parameters input in the concrete 106 
damaged plasticity material model utilized in the FEA were determined by benchmarking the model to the 107 
mean strength values calculated by the CCD approach.   108 

The calibration of the FEA methodology is based on the empirically developed mean strength equations 109 
of the CCD approach.  The mean concrete break-out strength of a single headed shear stud, 𝑁𝑁𝑛𝑛𝑠𝑠, according 110 
to the CCD approach is as follows:   111 

𝑁𝑁𝑛𝑛𝑠𝑠 = 40�𝑓𝑓𝑐𝑐′�ℎ𝑒𝑒𝑒𝑒�
1.5    (𝑙𝑙𝑙𝑙𝑓𝑓)  112 

and the mean concrete break-out strength of a shear stud group, 𝑁𝑁𝑛𝑛𝑔𝑔, is as follows: 113 

𝑁𝑁𝑛𝑛𝑔𝑔 =
𝐴𝐴𝑁𝑁
𝐴𝐴𝑁𝑁𝑁𝑁

𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁𝑁𝑁𝑛𝑛𝑠𝑠    (𝑙𝑙𝑙𝑙𝑓𝑓) 114 

where 𝑓𝑓𝑐𝑐′ is the nominal compressive strength of concrete (psi), ℎ𝑒𝑒𝑒𝑒 is the effective height of the shear stud, 115 
𝐴𝐴𝑁𝑁 is the combined projected area of the failure surface for a group of headed shear studs (in2), 𝐴𝐴𝑁𝑁𝑁𝑁 is the 116 
projected area of the failure surface for a single headed shear stud (in2), and 𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁 is the edge effect 117 
modification factor.   118 

The specimen section details were determined according to the experimental procedures defined by 119 
Eligehausen et al. (1992) [12] which geometries are shown in Figure A-3.  Based on the experimental results 120 
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and the test specimen geometry, the edge effect modification factor, 𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁, is taken as 1.0, and the projected 121 
area of the failure surface for a single headed shear stud, 𝐴𝐴𝑁𝑁𝑁𝑁, is as follows:   122 

𝐴𝐴𝑁𝑁𝑁𝑁 = 9�ℎ𝑒𝑒𝑒𝑒�
2 123 

 124 

 125 
Figure A-3.  The experiment plan and section view of Eligehausen et al. (1992) [12].   126 

Different shear stud heights, either single or in groups of four (two by two) spaced at a distance equal to 127 
ℎ𝑒𝑒𝑒𝑒 were modeled.  The comparison between the CCD and FEA results are shown in  128 

Table A-1.  The finite element models were benchmarked by comparing the ratio between the concrete 129 
breakout strength calculated by FEA and the strength values computed by the CCD approach.  As shown 130 
in the table, the ratio varied between 0.93 and 1.08 which implies that all results were within 10%, with 131 
most being within 5%.   132 

Table A-1.  Concrete breakout strength comparison between FEA and CCD approach.   133 

Stud 
Height 
(inch) 

Stud  
Combination 

Concrete 
Strength 

(psi) 

Strength  
(lb x 103) FEA/CCD 

CCD FEA 

5 

Single 
5100 28.41 28.64 1.01 
5900 30.56 30.55 1.00 
7500 34.46 34.02 0.99 

Group 
5100 50.51 47.03 0.93 
5900 54.33 53.17 0.98 
7500 61.26 57.26 0.93 

7 Single 5900 52.39 52.87 1.01 
Group 93.14 96.32 1.03 

9 Single 5900 77.83 77.32 0.99 
Group 138.36 149.44 1.08 

 134 
Furthermore, it is also critical that the FE model accurately captures the stud failure cone angle reported 135 

in Fuchs et al (1995) [6].  For example, the single stud failure cone angle obtained from the FE model is 136 
equal to 33 degrees (Figure A-4) which is close to experimental average 35 degree reported by Fuch et al. 137 
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(1995) [6].  The group failure is illustrated in Figure A-5 which shows that the observed failure modes 138 
reported in the experimental database are captured by the FEA methodology.   139 

 140 

 141 
Figure A-4.  Concrete break-out cone for a single shear.  Cracking angle is 33 degrees.   142 

 143 
 144 

 145 
Figure A-5.  Concrete break-out cone for a shear stud group.   146 

A second benchmarking effort was carried out using the experimental data reported by Mouras et al. 147 
(2008) [5].  Using the FEA methodology previously defined, this additional benchmarking was performed 148 
to validate the ability of the model to accurately predict the load-displacement behavior.  Such load-149 
displacement data were not reported in the ACI 355 database [11], nor the CCD approach [6], but were 150 
reported by Mouras et al. (2008) [5].  It was also shown that when flexural loads are present, in addition to 151 
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the formation of a failure cone originating at the head of the stud, flexural cracks form at the edge of the 152 
haunch.  The interaction between these two cracks for 5 inch shear studs is illustrated in Figure A-6 153 
alongside the results of the finite element model which accurately captured the failure mode shown by 154 
Mouras et al. (2008) [5].  155 

 156 

 157 
Figure A-6.  Concrete breakout failure mechanism under stud pulling and flexure (5-inch stud).   158 

Additionally, Mouras et al. (2008) [5] reported that when longer shear studs (longer than 5 inches) were 159 
used in the experiments, horizontal cracks form below the top layer of reinforcement.  This was captured 160 
by the finite element models, as shown in Figure A-7 where a nine inch stud is used.   161 
 162 
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 163 
Figure A-7.  Concrete break-out failure mechanism under stud pulling and flexure (9 inch stud).   164 

In the tests conducted by Mouras et al. (2008) [5], concrete slab segments 24 inches wide, 78 inches long 165 
and 8 inches thick were subjected to three point bending flexural tests by pulling on the shear studs.  The 166 
shear studs were either 5 inches, 7 inches or 9 inches high, embedded in a 12 inch wide and 3 inch thick 167 
haunch (see Figure A-8).  Several shear stud configurations were tested, all of them longitudinally spaced 168 
at 24 inches, and transversely uniformly spaced within the 12 inch wide haunch.  The concrete compressive 169 
strength was 5.1 ksi for tests using 7 inch and 9 inch studs, and 5.9 ksi for tests using 5 inch transversely 170 
grouped shear studs.   171 

 172 
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 173 
Figure A-8.  Dimensions of specimens tested by Mouras et al. (2008) [5].   174 

A comparison among the experimental results from Mouras et al. (2008) [5], and the results from FEA 175 
is presented in Table A-2.  The concrete breakout strength computed by FEA is between 0.95 and 1.20 176 
times the experimental values, which implied that all results are within 20%, with the majority of them 177 
within 10%.   178 

Table A-2.  Comparison of experimental (Exp.) concrete breakout strength with results from FEA.   179 

Shear Stud Group Properties Strength 
FEA/Exp. Height 

(in) Number Spacing Exp. 
(ksi) 

FEA 
(ksi) 

5 
1 - 22.3 22.3 1.00 
2 Transverse (6 in) 19.2 21.4 1.11 
3 Transverse (4 in) 17.3 20.7 1.20 

7 

1 - 26.2 24.9 0.95 
2 Transverse (6 in) 25.1 24.9 0.99 
3 Transverse (4 in) 20.3 24.4 1.20 
2 Longitudinal (12 in) 27.2 30.0 1.10 
3 Longitudinal (8 in) 28.3 30.2 1.07 

9 

1 - 28.4 28.6 1.01 
2 Transverse (6 in) 27.7 29.2 1.05 
3 Transverse (4 in) 31.4 30.0 0.96 
2 Longitudinal (12 in) 29.5 30.5 1.03 
3 Longitudinal (8 in) 30.0 30.6 1.02 

 180 
As stated, the load-displacement behavior from the experiments was compared to that predicted by the 181 

FEA and found to be in very good agreement.  For example, as shown in Figure A-9 and Figure A-10, the 182 
analytical and experimental load-displacement behavior of the transversely grouped 7 inch shear studs and 183 
single 9 inch shear stud are compared.  In both figures, the FEA results in a very good approximation of the 184 
corresponding experimentally obtained load-displacement curve.   185 
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 186 

 187 
Figure A-9.  Experimental and FEA load-displacement relations for two transversely grouped 7-188 

inch shear studs.   189 

 190 
Figure A-10.  Experimental and FEA load-displacement relations for two transversely grouped 9-191 

inch shear studs.   192 
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Based on the results of the extensive benchmarking efforts, the following conclusions were reached:   193 
• The CCD methodology [6] provides a reliable method to estimate the concrete break-out 194 

strength, based on a comparison with the experimental results reported in the ACI 355 database 195 
[11].   196 

• The FEA methodology results in estimations of the concrete break-out strength of shear stud 197 
assemblies that are close to the mean concrete break-out strength values calculated per the CCD 198 
approach, and failure mechanisms coincident with those described by Fuch et al. (1995).   199 

• The FEA methodology replicates the behavior observed in the experiments conducted by Mouras 200 
et al. (2008) [5].  In this comparison, not only the strength values computed by the FEA were 201 
successfully benchmarked, but the load-displacement relations, and failure mechanisms were 202 
reproduced as well.   203 

Therefore, the FEA methodology developed for NCHRP Project 12-87a can be reliable utilized to 204 
perform a parametric study to quantify how the tensile stiffness, strength, and ductility of transversely 205 
grouped shear studs is affected by various configurations typically used in composite steel bridges.  The 206 
result of the parametric study can then be used to improve existing methodologies for the calculation of 207 
tensile strength of transversely grouped shear studs, as well as developing new methods to calculate the 208 
initial stiffness and ductility (i.e., tensile displacement at failure) that can be implemented in a guide 209 
specification for redundancy evaluation of steel bridges.   210 

A.2.2 Comparison of Full-scale Test Results to Benchmarked FE predictions   211 

As previously stated, the test performed by Mouras et al. (2008) [5] did not capture the failure modes 212 
that were observed by Neuman (2009) [1] in full-scale tests.  Recall that in Figure A-1, which illustrates 213 
the shear stud failure mechanism observed by Neuman (2009) [1] in a full-scale twin-tub girder experiment, 214 
the failure cone characteristic of concrete breakout failure can be observed.  On the other hand, Figure A-2 215 
illustrates the sub-assembly test specimen of Mouras et al. (2008) [5] which show flexural cracking at the 216 
corner of haunch, horizontal haunch separation, and center haunch splitting.  In other words, the sub-217 
assembly tests performed by Mouras et al. (2008) [5] predicted flexural failure combined with concrete 218 
breakout while in the full test failure was only due to concrete breakout.  Clearly, the behavior and therefore 219 
the observed strength, load-displacement, and ductility that would be estimated from the small-scale tests 220 
alone will not be in agreement with what would be expected in a real structure.  To account for this error 221 
additional analysis was required.   222 

During earlier benchmarking studies performed as a part of NCHRP Project 12-87a on the full-scale 223 
twin-tub girder test, FEA results showed that two-way bending in the slab occurs in the faulted state, 224 
primarily in the immediate region of the fracture, which is the critical location for stud pull out.  In addition, 225 
the effects of continuity in both the longitudinal and transverse directions are significant.  Since the testing 226 
performed by Mouras et al. (2008) [5], could not capture all of these effects, the reported behavior did not 227 
match that observed in the full-scale test conducted by Neuman (2009) [1] as stated.   228 

As different configurations were investigated in the benchmarking process, it was found that by 229 
modifying the span length of the small-scale specimens modeled, the predicted failure mode varied.  Since 230 
the FEA methodology was fully benchmarked, the analytical procedures previously described in section 231 
A.2.1 were utilized to develop a test geometry that represents the conditions in the large-scale test performed 232 
by Neuman (2009) [1].  This ensures that the stiffness, strength, and ductility of the shear stud assembly 233 
that would take place in a real bridge are adequately estimated with a sub-assembly FE model.   234 

As illustrated in Figure A-1, the flexural cracking next to the edge of the haunch and the horizontal 235 
haunch separation reported by Mouras et al. (2008) [5] did not take place after the exterior tub girder 236 
fracture in the full-scale experiment conducted by Neuman (2009) [1].  Therefore, as the failure mode in 237 
the full-scale experiment was concrete break-out without any observable interaction with other cracking 238 
due to flexure of the slab, it was concluded that the moments that are developed at the edges of the haunch 239 
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were not significant enough to affect the concrete-break strength of the shear studs in the full-scale 240 
experiment.  This observation was verified after a finite element of the twin tub girder bridge used in the 241 
full-scale experiment was constructed.  The FEA showed that the load from the failed girder was transferred 242 
in the longitudinally and transversely in the slab, resulting in a much lower moment at the edge of the 243 
haunch than if the load was transferred in the transverse direction only.   244 

Therefore, the moment that takes place at the edge of the haunch in the sub-assembly test is artificially 245 
increased since the span length selected by Mouras et al. (2008) [5] could have been based on the apparent 246 
assumption that the load was redistributed through transverse bending only.  To establish adequate 247 
dimensions for the sub-assembly FE model that accurately captures the behavior observed in the large-scale 248 
test, the span length was varied from six feet to two feet to identify a span length at which no flexural 249 
cracking was identified at the edge of the haunch edge.  While span lengths less than two feet were 250 
investigated, there was little influence on the mean break-out strength below two feet.  The results obtained 251 
by these models for the different span lengths are shown in Table A-3 in which can be noted that while the 252 
initial stiffness is not affected, the span length inversely affects the mean strength.  More importantly, it 253 
was found that at a span of two feet, the mode of failure was consistent with that observed in the full-scale 254 
test.   255 

Table A-3.  Shear-stud sub-modeling results with different span lengths.   256 

Span Length 
(ft.) 

Mean Strength 
(kips) 

Initial Stiffness 
(kips/in) Failure Mode 

6’ 21.6 2200 Flexural 
cracking w/ 

concrete break-
out cone 

4’ 24.0 2200 
3’ 26.2 2200 
2’ 31.2 2200 Concrete  

break-out cone <2’ 32.0 2200 
 257 

In the model shown in Figure A-11, in which the span was set at two feet, the concrete break-out failure 258 
cone geometry was similar to the failure in the full-scale experiment shown in Figure A-1.  In this sub-259 
assembly model, the strength and initial stiffness were 31.2 kips and 2200 kips/in.  Based on the above, the 260 
span length was set to 2ft and force-displacement curve was obtained for each of the small-scale FE models.   261 
 262 
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 263 
Figure A-11.  Concrete break-out failure geometry for a span length of 2 feet.   264 

After the shear stud sub-assembly modeling study was completed for the geometry used in the large-265 
scale test, it was decided to model the second full-scale experiment of Neuman (2009) [1], but include the 266 
load-displacement curve obtained from the sub-assembly finite element model.  This was performed in the 267 
following steps:   268 

1. Obtain load-displacement relations from the sub-assembly finite element model based on the 269 
configuration in the large-scale test;   270 

2. Apply the obtained load-displacement relations to mesh independent connector element.  271 
(Details regarding the application procedure are discussed in Section A.4); 272 

3. Analyze the full-scale model and compare the results to those reported by Neuman (2009) [1], 273 
including experimentally recorded stud failure observations, overall deflections, and other 274 
reported data.   275 

Though all of the comparisons are not reported in detail herein, the agreement between the large-scale 276 
FE model and the experimental results was excellent, as shown by the following observations reported by 277 
Neuman (2009) [1]  that were replicated in the FEA of the full-scale test and shown in Figure A-12:   278 

• A considerable amount of concrete break-out damage on the interior top flange of the fractured 279 
girder was observed.   280 

• As much as 3.5 in. of separation was observed between the slab and the interior top flange of the 281 
failed girder.   282 

• While there is no plot for the experimental crack separation on the exterior top flange of the 283 
fractured girder, Neuman (2009) [1]  noted there were some concrete cracks over the exterior top 284 
flange.   285 

• The damage zone extended up to thirty feet away for the mid span in each direction.   286 
• The number and location of failed shear studs were reported by Neuman (2009) [1] and were 287 

closely matched by the finite element model.   288 
It is worth noting that in Figure A-12, there is a modest difference in the number of shear studs which 289 

fail on the left hand side of the plot.  This is attributed to the fact that, in the full-scale test, the boundary 290 
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conditions were symmetric and consisted of bearing pads, which can provide some restraint.  In the FE 291 
model, the left side was modeled as an ideal “roller” while the right side was an ideal “pin”.  The roller 292 
support in the FE model provided no restraint to thrust and hence provided no restraint to the girder.  As a 293 
result, the model over-predicts the shear stud damage towards the left (roller) support.   294 

In summary the FEA methodology to model concrete break-out behavior in sub-assembly finite element 295 
models accurately predicts the stiffness, strength, and ductility of shear stud groups.  Additionally, the 296 
tensile force-displacement relations obtained in sub-assembly finite element models can be reliably applied 297 
to full-scale models of composite steel bridges as supported by the benchmarking against the experimental 298 
observations by Neuman (2009) [1].   299 
 300 

       301 
 302 

 303 
Figure A-12.  Experimental and analytical shear stud separation curves.   304 

A.2.3 Effect of Dynamic Strain Rate   305 

It is well known that at very high strain rates, increases in material strengths can be observed.  This 306 
strength increase is common in very high strain rate conditions, such as blast and is often utilized in such 307 
applications.  Mouras et al. (2008) [5] performed a limited number of shear stud concrete break-out 308 
experiments at loading rates that ranged from 8.7∙10-3 to 7.0∙10-2 in/in/sec.  It was observed that dynamic 309 
resistance of the concrete breakout was 15% to 43% higher than their corresponding quasi-static 310 
experiments.  However, in the actual large-scale experiment (second test) conducted by Neuman (2009) [1]  311 
the maximum strain rate was only about 4∙10-3 to 5∙10-3 in/in/sec.  Therefore, the strain rates due to sudden 312 
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member fracture in a real bridge are lower than in the sub-assembly test, thus, the data obtained by Mouras 313 
et al. (2008) [5] are not directly applicable to sudden failure of a primary steel tension member based on 314 
the large-scale experimental observations.   315 

The authors investigated other sources where the effects of strain rate on strength were reported to 316 
establish if any increases were justified.  According to TM 5-1300 [13] (Figure A-13), at strain rates of 317 
4∙10-3 to 5∙10-3 in/in/sec, the expected strength increase is less than 10%.  It is also worth noting that different 318 
materials (steel or concrete) demonstrate different strength increases to a given strain rate.  Further, different 319 
grades of steel respond differently as well.  It is also well document that the effects are different under 320 
tensile strains as opposed to compressive strains.  Incorporating such criteria into a specification would be 321 
very cumbersome and difficult to implement.  Considering the variability associated with the data and the 322 
low strain rates, it was concluded that it would be reasonable and conservative to neglect any potential 323 
dynamic strength increases in the shear stud tensile and shear resistances.   324 
 325 

 326 
Figure A-13.  Effect of Strain Rate on Dynamic Material Strength (from TM 5-1300) [13].   327 

A.2.4 Shear Stud Configurations and Geometries Considered in the Parametric Study for 328 
Concrete Break-out Failure   329 

While there are an infinite number of configurations that could be considered, only the most common 330 
configurations were considered in this study.  Future research may be needed to address other 331 
configurations.  Also, while many parameters were considered, some were quickly found to have little to 332 
no impact on the overall performance, and others were limited to control the scope of the study.  These are 333 
included in the list below:   334 

• The thickness of the slab as the concrete break-out cone failure geometry is not dependent on the 335 
thickness of slab when flexural effects are not significant;   336 

• Since it is the relative proportions of the haunch thickness as compared to the height of the stud 337 
that affects the behavior, the haunch thickness itself was not explicitly varied;   338 

• The reinforcement were conservatively sized and positioned to ensure the ductility was not 339 
overestimated.  In general, the presence of reinforcement below the head of the stud has the 340 
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potential for increasing the ductility during break-out failure.  However, it was not possible to 341 
include a number of reinforcement configurations significant enough so that their effects can be 342 
accounted for in the develop recommendation due to the constraints of the project.   343 

In total, eighty detailed non-linear finite element models were developed using the benchmarked FEA 344 
methodology to assess the effect of several parameters affecting the strength, stiffness and ductility of 345 
concrete break-out failure in shear stud assembly.  The parameters included in the parametric study are 346 
shown in Figure A-14.  Specifically, the parameters and ranges were as follows: 347 

A. Concrete compressive strength:  4 ksi to 7 ksi.   348 
B. Shear stud height:  5 inches to 7 inches.  Note that the effective stud height is equal to the shear 349 

stud height minus the height of the head (3/8 inch).   350 
C. Longitudinal spacing of shear studs:  10 inches to 18 inches.   351 
D. Top flange thickness:  1 inches to 3 inches.   352 
E. Haunch width:  12 inches to 20 inches:   353 

• For a 12 inch wide flange/haunch, the span was 24 inches.   354 
• For a 20 inch wide flange/haunch, the span was 32 inches.   355 

F. Number of transversely spaced shear studs:  1, 2, 3.   356 
• For single shear stud, stud edge distance was half of the haunch width.   357 
• For two transversely grouped shear studs, stud edge distance was quarter of the haunch 358 

width.   359 
• For three transversely grouped shear studs, stud edge distance was 2 inches.   360 

In the parametric study, all of the sub-assembly finite element models had a 8-inch thick slab with a 3-361 
inch thick haunch.  (Note, in this study this dimension is the distance between the top of the top flange and 362 
the bottom of the slab, as shown in Figure A-14.)   363 

 364 

 365 
Figure A-14.  Geometrical parameters studied with FEA methodology.   366 

As stated, the main objective of the parametric study is to estimate the stiffness, strength, and ductility 367 
of different stud configurations.  Additionally, the strength, stiffness, and ductility values computed by FEA 368 
are compared with the outcomes of suggested simplified methodology discussed in Section A.2.5. These 369 
result comparisons are shown in the tables in Section A.2.6.   370 
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A.2.5 Proposed Methodology to Estimate the Tensile Behavior of Transversely Grouped 371 
Shear Studs 372 

A.2.5.1  Initial Tensile Stiffness of Transversely Grouped Shear Studs   373 

The methodology presented in this section is reported in full detail in Korkmaz (2018) [14].  The axial 374 
stiffness of a shear stud group depends on the combined effect of the stiffness of the shear stud shaft, the 375 
stiffness of the concrete section under the shear stud head, and the local bending stiffness of the top flange.  376 
Although the stiffness is reduced as load increases and cracking develops around the shear stud assembly, 377 
the provisions in this section are used to calculate a representative initial stiffness used in load-displacement 378 
relations that are applied to connector elements (further details regarding the application procedures are in 379 
section A.4).   380 

The axial stiffness of a shear stud group, 𝐾𝐾𝑔𝑔 (kip/in) can be calculated as follows:   381 
𝐾𝐾𝑔𝑔 = 𝐾𝐾1𝑅𝑅𝑐𝑐 382 

where 𝐾𝐾1 is the stiffness of a single shear stud neglecting flange flexibility effects (kip/in), and 𝑅𝑅𝑐𝑐 is a 383 
stiffness coefficient.  𝐾𝐾1 can be calculated as a series sum of the single shear stud concrete stiffness, 𝐾𝐾𝑐𝑐1 384 
(kip/in), and the single stud steel stiffness, 𝐾𝐾𝑠𝑠1 (kip/in), as follows:   385 

𝐾𝐾1 =
1

1
𝐾𝐾𝑐𝑐1

+ 1
𝐾𝐾𝑠𝑠1

 386 

The stiffness coefficient, 𝑅𝑅𝑐𝑐, is as follows: 387 
• For a single shear stud:   388 

𝑅𝑅𝑐𝑐 = 1 389 
• For two transversely grouped shear studs:   390 

𝑅𝑅𝑐𝑐 =
2(𝐾𝐾𝐾𝐾1 +  𝐾𝐾𝑘𝑘1) 𝐾𝐾𝑝𝑝1

𝐾𝐾𝐾𝐾1𝐾𝐾𝑝𝑝1 + 𝐾𝐾𝑘𝑘1𝐾𝐾𝑝𝑝1 +  𝐾𝐾𝑠𝑠1 𝐾𝐾𝐾𝐾1
 391 

• For three transversely grouped shear studs:   392 

𝑅𝑅𝑐𝑐 =
𝑅𝑅 + 2
𝑅𝑅

 393 
The single stud steel stiffness, 𝐾𝐾𝑠𝑠1 (kips/in), is based on axial stiffness due to elongation of the stud shaft, 394 

as follows:   395 

𝐾𝐾s1 =
π𝐸𝐸𝑠𝑠𝑑𝑑𝑠𝑠

2

4ℎ𝑒𝑒𝑒𝑒
 396 

where 𝐸𝐸𝑠𝑠 is the steel elastic modulus (ksi), 𝑑𝑑𝑠𝑠 is shear stud shaft diameter (in), and ℎ𝑒𝑒𝑒𝑒 is shear stud effective 397 
height (in) (equal to height of the shear stud minus the height of the shear stud head).   398 

Single stud concrete stiffness, 𝐾𝐾𝑐𝑐1 (kips/in) is calculated according to concrete compressive behavior 399 
under the head of the shear stud and also concrete crack initiation and propagation next to the stud head. 400 
The confinement under the head, i.e., hydrostatic pressure, is significantly high under the head of the shear 401 
stud, resulting in compressive stress than may be greater than 15 times the concrete compressive strength.  402 
𝐾𝐾𝑐𝑐1 is calculated as follows:   403 

𝐾𝐾𝑐𝑐1 =
π𝐸𝐸𝑐𝑐  (𝑑𝑑ℎ

2 − 𝑑𝑑𝑠𝑠
2)

5
 404 

where 𝐸𝐸𝑐𝑐 is the concrete elastic modulus (ksi), 𝑑𝑑ℎ is the shear stud head diameter (in), and 𝑑𝑑𝑠𝑠 is the shear 405 
stud shaft diameter (in).   406 

The flange bending stiffness, 𝐾𝐾𝑝𝑝1 (kips/in.) stiffness is only affects the stiffness of two or more 407 
transversely spaced shear studs.  The calculation is based on the flexural stiffness of a plate, as follows:   408 

𝐾𝐾𝑝𝑝1 =
𝐸𝐸𝑠𝑠𝑙𝑙𝑠𝑠𝑡𝑡𝑒𝑒3

4𝑘𝑘𝑁𝑁3
≤

3𝐸𝐸𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒3

4𝑘𝑘𝑁𝑁3
 409 
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where 𝐸𝐸𝑠𝑠 is the steel elastic modulus (ksi), 𝑙𝑙𝑠𝑠 is longitudinal stud spacing (in), ℎ𝑒𝑒𝑒𝑒 is shear stud effective 410 
height (in) (equal to height of the shear stud minus the height of the shear stud head), 𝑡𝑡𝑒𝑒 is top flange 411 
thickness (in), and 𝑘𝑘𝑁𝑁 is the distance from the center of the flange to the outermost stud (in).   412 

For three transversely grouped shear studs, the amount of load is not distributed to each shear stud 413 
equally, and the distribution is dependent on the thickness of the flange.  Outermost studs carry lower loads 414 
than the stud at the center of the flange due to local flange bending.  The cumulative stiffness depends on 415 
the load distribution ratio (𝑅𝑅), which accounts for the flexibility of the flange.  The load distribution ratio, 416 
𝑅𝑅 for three transversely grouped shear studs can be calculated as:   417 

𝑅𝑅 =
𝐾𝐾1 +  𝐾𝐾𝑝𝑝1
𝐾𝐾𝑝𝑝1

 418 

where 𝐾𝐾𝑝𝑝1 is the flange bending stiffness, 𝐾𝐾𝑝𝑝1 (kips/in) calculated as previously shown.   419 

A.2.5.2 Tensile Strength of Transversely Grouped Shear Studs   420 

The methodology presented in this section is reported in full detail in Korkmaz (2018) [14].  Shear studs 421 
under high tensile load may fail due to shear stud steel rupture, concrete pullout, or concrete break-out.  For 422 
composite bridges, the nominal tensile resistance, 𝑁𝑁𝑔𝑔,𝑛𝑛 (kip), of a shear stud group embedded in concrete 423 
shall be calculated as the minimum of the ultimate strength of the shear stud steel rupture failure, 𝑁𝑁𝑠𝑠𝑠𝑠 (kip), 424 
concrete pullout failure, 𝑁𝑁𝑝𝑝𝑛𝑛 (kip), or concrete break-out failure, 𝑁𝑁𝑐𝑐𝑐𝑐 (kip), as follows:   425 

𝑁𝑁𝑔𝑔,𝑛𝑛 = min�𝑁𝑁𝑠𝑠𝑠𝑠 ,𝑁𝑁𝑝𝑝𝑛𝑛,𝑁𝑁𝑐𝑐𝑐𝑐� 426 
Generally, in three transversely shear stud groups, the shear stud in the middle of the group concentrates 427 

more load than the outermost studs.  This results in a reduction of the shear stud steel rupture strength of 428 
transversely grouped shear studs.  Hence, the formulation noted in Section 17.4.1.2 of the ACI 318-14 [4] 429 
was modified in this study.  The tensile rupture strength of transversely grouped shear studs, 𝑁𝑁𝑠𝑠𝑠𝑠 (kips) is 430 
calculated as follows: 431 

𝑁𝑁𝑠𝑠𝑠𝑠 = 𝑁𝑁𝑠𝑠 𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁𝑓𝑓𝑦𝑦𝑠𝑠 + 𝑆𝑆𝑁𝑁(𝑓𝑓𝑢𝑢𝑢𝑢𝑠𝑠 − 𝑓𝑓𝑦𝑦𝑠𝑠)𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁 432 
Where 𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁 is the effective cross-sectional area of the shear stud shaft (in2), 𝑓𝑓𝑢𝑢𝑢𝑢𝑠𝑠 is the ultimate tensile 433 

strength of the stud (ksi), 𝑓𝑓𝑦𝑦𝑠𝑠  is the yield tensile strength of the stud (ksi), 𝑁𝑁𝑠𝑠 is the number of transversely 434 
grouped shear studs, and 𝑆𝑆𝑁𝑁 is a load distribution factor that is as follows:   435 

• For a single shear stud:   436 
𝑆𝑆𝑁𝑁 = 1 437 

• For two transversely grouped shear studs:   438 
𝑆𝑆𝑁𝑁 = 2 439 

• For three transversely grouped shear studs:   440 

𝑆𝑆𝑁𝑁 =
𝑅𝑅 + 2
𝑅𝑅

 441 
The pullout strength and concrete break-out equations are based on the 5% fractile calculations for the 442 

available.  The load distribution ratio reduces the pullout strength of transversely grouped shear studs; 443 
hence, the formulation noted in Section 17.4.3.4 of the ACI 318-14 [4] was modified in this study.  The 444 
pullout strength of cast-in place shear studs in tension, 𝑁𝑁𝑝𝑝𝑛𝑛(kip) is calculated as follows:   445 

𝑁𝑁𝑝𝑝𝑛𝑛 = 𝑆𝑆𝑁𝑁𝜓𝜓𝑐𝑐,𝑃𝑃(8𝐴𝐴𝑐𝑐𝑏𝑏𝑔𝑔𝑓𝑓𝑐𝑐′) 446 
where 𝑆𝑆𝑁𝑁 is the load distribution factor as previously defined, 𝐴𝐴𝑐𝑐𝑏𝑏𝑔𝑔 is the under-head cross-sectional net 447 
area for single stud (in2), 𝑓𝑓𝑐𝑐′ is the specified concrete compressive strength (ksi), and 𝜓𝜓𝑐𝑐,𝑃𝑃 is the cracking 448 
modification factor for pullout strength.  When cracking is not expected at service levels, 𝜓𝜓𝑐𝑐,𝑃𝑃 is equal to 449 
1.4, otherwise it is equal to be 1.0, in agreement with the procedures in ACI 318-14 [4].  The Engineer may 450 
wish to conservatively take 𝜓𝜓𝑐𝑐,𝑃𝑃 as 1.0 regardless of the presence of cracking at service levels.   451 

 452 
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It is noted that when single stud pullout strength is higher than single stud steel tensile strength, there is 453 
no need to check pull-out strength.  I. e., stud pullout is not the governing failure mode when the 454 
following relation is true:   455 

𝜓𝜓𝑐𝑐,𝑃𝑃�8𝐴𝐴𝑐𝑐𝑏𝑏𝑔𝑔𝑓𝑓𝑐𝑐′� >  𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁𝑓𝑓𝑢𝑢𝑢𝑢𝑠𝑠 456 
where 𝜓𝜓𝑐𝑐,𝑃𝑃 is the cracking modification factor for pullout strength, 𝐴𝐴𝑐𝑐𝑏𝑏𝑔𝑔 is the under-head cross-sectional 457 
net area for single stud (in2), 𝑓𝑓𝑐𝑐′ is the specified concrete compressive strength (ksi), 𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁 is the effective 458 
cross-sectional area of the shear stud shaft (in2), and 𝑓𝑓𝑢𝑢𝑢𝑢𝑠𝑠 is the ultimate tensile strength of the stud (ksi).   459 

As previously discussed, the concrete capacity design (CCD) approach in section 17.4.2 of the ACI 318-460 
14 [4] provides the best approximation to calculate concrete breakout strength, however, this formulation 461 
does not consider the effects of the haunch.  The CCD methodology was improved in the course of the 462 
research with the modifications developed in this report.  Specifically, an improved method to calculate the 463 
edge distance, 𝐾𝐾1, was developed as shown below, to account for the behavior and cracking path which 464 
results when a haunch is present.  The development of this is discussed in more detail in Korkmaz 2018 465 
[14].  As a result, the modified approach shown below is recommended to be used for of cast-in place stud 466 
concrete breakout capacity calculation under tensile loading in the presence of a haunch.   467 

For this case, the concrete break-out strength of transversely grouped shear studs, 𝑁𝑁𝑐𝑐𝑐𝑐 (kips), can be 468 
calculated as follows:   469 

𝑁𝑁𝑐𝑐𝑐𝑐 =
𝐴𝐴𝑁𝑁
𝐴𝐴𝑁𝑁𝑁𝑁

𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁𝜓𝜓𝑐𝑐,𝑁𝑁𝑁𝑁𝑐𝑐 470 

where 𝐴𝐴𝑁𝑁𝑁𝑁 (in2) is the projected area of the failure surface for a single headed shear stud (in2), 𝐴𝐴𝑁𝑁 is the 471 
combined projected area of the failure surface for a group of headed shear studs (in2), 𝜓𝜓𝑐𝑐,𝑁𝑁 is the cracking 472 
modification factor for concrete break-out strength, 𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁 is the edge modification factor, and 𝑁𝑁𝑐𝑐 is the 473 
single shear stud concrete break-out capacity (kips).   474 

When cracking is not expected at service levels, 𝜓𝜓𝑐𝑐,𝑁𝑁 is equal to 1.25, otherwise it is equal to be 1.0, in 475 
agreement with the procedures in ACI 318-14 [4].  The Engineer may wish to conservatively take 𝜓𝜓𝑐𝑐,𝑁𝑁 as 476 
1.0 regardless of the presence of cracking at service levels.   477 
𝐴𝐴𝑁𝑁𝑁𝑁, 𝐴𝐴𝑁𝑁, 𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁, and 𝑁𝑁𝑐𝑐 are calculated as follows:   478 

𝐴𝐴𝑁𝑁𝑁𝑁 = 9ℎ𝑒𝑒𝑒𝑒
2 479 

𝐴𝐴𝑁𝑁 = 2𝑙𝑙𝑠𝑠(𝐾𝐾1 + 𝑘𝑘0) ≤ 6ℎ𝑒𝑒𝑒𝑒(𝐾𝐾1 + 𝑘𝑘0) 480 

𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁 = 0.7 + 0.3
𝐾𝐾1

1.5ℎ𝑒𝑒𝑒𝑒
 ≤ 1.0 481 

𝑁𝑁𝑐𝑐 =
𝑘𝑘

1000
(1000𝑓𝑓𝑐𝑐′)0.5ℎ𝑒𝑒𝑒𝑒

1.5 482 
where ℎ𝑒𝑒𝑒𝑒 is the shear stud effective height (in) (equal to height of the shear stud minus the height of the 483 
shear stud head), 𝑙𝑙𝑠𝑠 is the longitudinal stud spacing (in), 𝐾𝐾1 is the edge distance (in), 𝑓𝑓𝑐𝑐′ is the specified 484 
concrete compressive strength (ksi), and 𝑘𝑘 is a constant which is taken as 24 representing a 5% fractile 485 
strength calculation, and 𝑘𝑘𝑁𝑁 is the distance from the center of the flange to the outermost stud (in), which 486 
should be taken as zero for a single shear stud.  The edge distance, 𝐾𝐾1, is calculated as follows:   487 

𝐾𝐾1 =  max�1.5�ℎ𝑒𝑒𝑒𝑒 − 𝑡𝑡ℎ� , 0.5𝑤𝑤ℎ −  𝑘𝑘𝑁𝑁 � ≤  1.5ℎ𝑒𝑒𝑒𝑒 488 
in which ℎ𝑒𝑒𝑒𝑒 is the shear stud effective height (in), 𝑡𝑡ℎ is the thickness of the haunch (in), 𝑤𝑤ℎ is the width of 489 
the haunch (in), and 𝑘𝑘𝑁𝑁 is the distance from the center of the flange to the outermost stud (in), which should 490 
be taken as zero for a single shear stud.   491 

A.2.5.3 Load-Displacement Relationships of Transversely Grouped Shear Studs in Tension   492 

The methodology presented in this section is reported in full detail in Korkmaz (2018) [14].  In order to 493 
properly define the tensile behavior of transversely grouped shear studs embedded in concrete is necessary 494 
to construct tensile load-displacement relations that are dependent upon the governing failure mode.  495 
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Therefore, prior to developing the appropriate load-displacement relation it necessary to know the axial 496 
stiffness of a shear stud group, 𝐾𝐾𝑔𝑔, and the nominal tensile strength, 𝑁𝑁𝑔𝑔,𝑛𝑛, as defined in section A.2.5.1 and 497 
section A.2.5.2, respectively.   498 

If the governing failure mode is tensile rupture, i.e., 𝑁𝑁𝑔𝑔,𝑛𝑛 = 𝑁𝑁𝑠𝑠𝑠𝑠, the tension force as a function of axial 499 
displacement for transversely grouped shear studs, 𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁), is initially linear elastic with stiffness equal to 500 
𝐾𝐾𝑔𝑔.  Once the tensile yield strength of transversely grouped shear studs, 𝑁𝑁𝑦𝑦𝑠𝑠, is reached the relation is 501 
plastic with linear hardening until the nominal tensile strength, 𝑁𝑁𝑔𝑔,𝑛𝑛, is reached at a displacement equal to 502 
5% of the effective height of the shear stud, at which point failure of the shear stud group is conservatively 503 
assumed to take place.   504 

Therefore, the tensile load-displacement relation when the governing failure mode is tensile rupture is as 505 
follows:   506 

𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁) =

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝐾𝐾𝑔𝑔 𝛿𝛿𝑁𝑁 𝑓𝑓𝑓𝑓𝑓𝑓   𝛿𝛿𝑁𝑁 ≤  

𝑁𝑁𝑦𝑦𝑠𝑠
𝐾𝐾𝑔𝑔

 

𝑁𝑁𝑦𝑦𝑠𝑠 + 
�𝛿𝛿𝑁𝑁 −

𝑁𝑁𝑦𝑦𝑠𝑠
𝐾𝐾𝑔𝑔

� �𝑁𝑁𝑔𝑔,𝑛𝑛 − 𝑁𝑁𝑦𝑦𝑠𝑠� 

0.05ℎ𝑒𝑒𝑒𝑒 −  
𝑁𝑁𝑦𝑦𝑠𝑠
𝐾𝐾𝑔𝑔

𝑓𝑓𝑓𝑓𝑓𝑓  
𝑁𝑁𝑦𝑦𝑠𝑠
𝐾𝐾𝑔𝑔

< 𝛿𝛿𝑁𝑁 ≤ 0.05ℎ𝑒𝑒𝑒𝑒 
 507 

where the yield strength of transversely grouped shear studs, 𝑁𝑁𝑦𝑦𝑠𝑠, is calculated as follows:   508 
𝑁𝑁𝑦𝑦𝑠𝑠 = 𝑁𝑁𝑠𝑠𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁  𝑓𝑓𝑦𝑦𝑠𝑠 509 

in which 𝑁𝑁𝑠𝑠 is the number of transversely grouped shear studs, 𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁 is the effective cross-sectional area of 510 
single shear stud (in2), and 𝑓𝑓𝑦𝑦𝑠𝑠 is the nominal yield strength of the studs (ksi).   511 

Once the tensile displacement reaches 5% of the effective height of the shear stud, i.e., 𝛿𝛿𝑁𝑁 = 0.05ℎ𝑒𝑒𝑒𝑒, 512 
failure of the transversely grouped shear studs shall be introduced.  The suggested load-displacement 513 
behavior is shown in Figure A-15.   514 
 515 

 516 
 517 

Figure A-15.  Steel rupture behavior of stud group.   518 
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If the governing failure mode is concrete break-out or pullout, i.e., 𝑁𝑁𝑔𝑔,𝑛𝑛 = 𝑁𝑁𝑐𝑐𝑐𝑐, or 𝑁𝑁𝑔𝑔,𝑛𝑛 = 𝑁𝑁𝑝𝑝𝑛𝑛, the 519 
tension force as a function of axial displacement for transversely grouped shear studs, 𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁), is initially 520 
linear elastic with stiffness equal to 𝐾𝐾𝑔𝑔.  Once the concrete break-out strength, 𝑁𝑁𝑐𝑐𝑐𝑐, or the pullout strength, 521 
𝑁𝑁𝑝𝑝𝑛𝑛, is reached the relation is characterized by linear softening until the tensile displacement of a shear stud 522 
group at failure, 𝛿𝛿𝑁𝑁,𝑒𝑒, is reached, at which point the shear stud group has exhausted any tensile resistance.   523 

Therefore, the tensile load-displacement relation when the governing failure mode is tensile rupture is as 524 
follows:   525 

𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁) =

⎩
⎪
⎨

⎪
⎧ 𝐾𝐾𝑔𝑔 𝛿𝛿𝑁𝑁 𝑓𝑓𝑓𝑓𝑓𝑓   𝛿𝛿𝑁𝑁 ≤  

𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
 

𝐾𝐾𝑔𝑔 𝑁𝑁𝑔𝑔,𝑛𝑛
𝛿𝛿𝑁𝑁,𝑒𝑒 − 𝛿𝛿𝑁𝑁

𝐾𝐾𝑔𝑔𝛿𝛿𝑁𝑁,𝑒𝑒 − 𝑁𝑁𝑔𝑔,𝑛𝑛
𝑓𝑓𝑓𝑓𝑓𝑓  

𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
< 𝛿𝛿𝑁𝑁 ≤ 𝛿𝛿𝑁𝑁,𝑒𝑒 

 526 

where the tensile displacement of a shear stud group at failure for shear stud pullout or concrete break-out 527 
failure modes, 𝛿𝛿𝑁𝑁,𝑒𝑒, is as follows:   528 

• For a single shear stud:   529 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 20.0
𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
 530 

• For two transversely grouped shear studs:   531 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 7.5
𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
 532 

• For three transversely grouped shear studs:   533 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 6.4
𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
 534 

The values used to determine the tensile displacement at failure for shear stud pullout or concrete break-535 
out were conservatively calculated according to the results of the FEA parametric study.  The suggested 536 
load-displacement behavior is shown in Figure A-16.   537 

 538 
Figure A-16.  Concrete break-out and pullout failure behavior of stud group.   539 
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A.2.6 Results of FEA Parametric Study and Proposed Method to Estimate Strength, 540 
Stiffness, and Ductility   541 

A comprehensive FEA parametric study was conducted in order to improve existing provisions used to 542 
calculate the tensile stiffness, strength, and ductility of transversely grouped shear studs.  The study is 543 
limited to the concrete break-out failure mode since it was found that it will be the governing failure mode 544 
in most shear stud assembly configurations employed in composite steel bridges.  The results of the 545 
parametric used were used to develop modification to the CCD methodology Fuchs et al. (1995) [6], which 546 
are included in section A.2.5.  The scope of the study is limited to single shear studs (section A.2.6.1), two 547 
transversely grouped shear studs (section A.2.6.2), and three transversely grouped shear studs (section 548 
A.2.6.3).  Although it is possible to encounter configurations with more than three transversely grouped 549 
shear studs, the configurations considered in the current study cover a large portion of the composite bridge 550 
inventory.  It should be noted that the results and conclusion of the current parametric study may not be 551 
directly applicable to other shear stud assembly configurations.   552 

A.2.6.1 Single Shear Stud Configuration   553 

The first part of the parametric study was performed to obtain strength and ductility data for a single 554 
shear stud.  From here on, rather than focusing on the nominal concrete break-out strength, 𝑁𝑁𝑐𝑐𝑐𝑐, which is 555 
based on 5% fractile of the used test data, the focus will be paid on the average concrete break-out strength, 556 
𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.  From section A.2.5.2, it can be recalled that, in the calculation of the single shear stud concrete 557 
break-out capacity, a constant 𝑘𝑘 was utilized.  According to Fuchs et al. (1995) [6], the value of that constant 558 
is 24 for a 5% fractile strength calculation, and 40 for an average strength calculation.  Since the FEA 559 
methodology was developed with the objective of capturing the behavior observed in experiments, the 560 
results from FEA are compared against average strength calculated values.   561 

The average concrete break-out strength, initial stiffness and displacement at failure calculated by the 562 
FEA are shown in  Table A-4.  These are compared against initial stiffness calculated per section A.2.5.1, 563 
and concrete break-out strength calculated per section A.2.5.2 with 𝑘𝑘 equal to 40.  The mean and standard 564 
deviation of the difference in stiffness are -2.19% and 3.06%, respectively, the mean and standard deviation 565 
of the difference in strength are -2.50% and 8.27%, respectively.  Given the very good correlation between 566 
the FEA stiffness and strength results with the simplified calculations, the following equation for the 567 
displacement at failure, 𝛿𝛿𝑁𝑁,𝑒𝑒, was developed:   568 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 16.0
𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.

𝐾𝐾𝑔𝑔
 569 

which resulted in a mean and standard deviation of the difference in displacement at failure of -14.22% and 570 
11.84%, respectively.  Note, in the equation above, a constant of 16.0 was used rather than 20.0 as in section 571 
A.2.5.3 since the mean value (𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.) is being considered rather than 5% fracture strength and to ensure 572 
the target total displacement is the same regardless of what fractile is used in the strength calculation.   573 
 574 
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Table A-4.  Single Shear Stud FEA vs Simplified Methodology Results.   575 

 𝒇𝒇𝒄𝒄′  
(ksi) 

𝒉𝒉𝒆𝒆𝒇𝒇 
(in) 

𝒍𝒍𝒔𝒔 
(in) 

𝒘𝒘𝒉𝒉 
(in) 

FEA Results Simplified Method Difference 
𝑲𝑲𝒈𝒈 

(kip/in) 
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 

(kip) 
𝜹𝜹𝑵𝑵,𝒇𝒇

 

(in) 
𝑲𝑲𝒈𝒈 

(kip/in) 
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 

(kip) 
𝜹𝜹𝑵𝑵,𝒇𝒇

 

(in) 
𝑲𝑲𝒈𝒈 
(%) 

𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 
(%) 

𝜹𝜹𝑵𝑵,𝒇𝒇
 

(%) 
4 5 10 9 1562 10.86 0.12 1521 10.52 0.11 -2.62 -3.13 -7.78 
7 5 10 9 1804 15.44 0.12 1780 13.92 0.13 -1.33 -9.84 4.27 
4 7 10 9 1343 12.21 0.16 1295 10.26 0.13 -3.57 -15.97 -20.77 
7 7 10 9 1518 15.26 0.16 1478 13.58 0.15 -2.64 -11.01 -8.12 
4 5 18 9 1494 15.06 0.2 1521 14.6 0.15 1.81 -3.05 -23.21 
7 5 18 9 1817 20.59 0.2 1780 19.32 0.17 -2.04 -6.17 -13.17 
4 7 18 9 1354 17.89 0.28 1295 18.47 0.23 -4.36 3.24 -18.5 
7 7 18 9 1505 24.84 0.28 1478 24.44 0.26 -1.79 -1.61 -5.51 
4 5 10 12 1606 13.54 0.2 1521 15.05 0.16 -5.29 11.15 -20.84 
7 5 10 12 1842 18.6 0.2 1780 19.91 0.18 -3.37 7.04 -10.52 
4 7 10 12 1379 12.6 0.24 1295 11.55 0.14 -6.09 -8.33 -40.54 
7 7 10 12 1517 17.47 0.24 1478 15.28 0.17 -2.57 -12.54 -31.08 
4 5 18 12 1439 19.13 0.24 1521 20.88 0.22 5.7 9.15 -8.48 
7 5 18 12 1750 25.59 0.24 1780 27.62 0.25 1.71 7.93 3.45 
4 7 18 12 1374 22.08 0.32 1295 20.78 0.26 -5.75 -5.89 -19.77 
7 7 18 12 1520 27.79 0.32 1478 27.5 0.3 -2.76 -1.04 -6.97 

Notes:   
 𝑓𝑓𝑐𝑐′ = Concrete compressive strength.   
ℎ𝑒𝑒𝑒𝑒 = Effective stud height.   
𝑙𝑙𝑠𝑠 = Longitudinal stud spacing.   
𝑤𝑤ℎ = Haunch width.   
𝐾𝐾𝑔𝑔 = Initial stiffness.   
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 = Average concrete break-out strength.    
𝜹𝜹𝑵𝑵,𝒇𝒇= Displacement at failure.   

 576 
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A.2.6.2 Two Shear Stud Configuration   577 

The second part of the parametric study was performed to obtain strength and ductility data for two 578 
transversely grouped shear studs.  From here on, rather than focusing on the nominal concrete break-out 579 
strength, 𝑁𝑁𝑐𝑐𝑐𝑐, which is based on 5% fractile of the used test data, the focus will be paid on the average 580 
concrete break-out strength, 𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.  From section A.2.5.2, it can be recalled that, in the calculation of the 581 
single shear stud concrete break-out capacity, a constant 𝑘𝑘 was utilized.  According to Fuchs et al. (1995) 582 
[6], the value of that constant is 24 for a 5% fractile strength calculation, and 40 for an average strength 583 
calculation.  Since the FEA methodology was developed with the objective of capturing the behavior 584 
observed in experiments, the results from FEA are compared against average strength calculated values.   585 

The average concrete break-out strength, initial stiffness and displacement at failure calculated by the 586 
FEA are shown in Table A-5.  These are compared against initial stiffness calculated per section A.2.5.1, 587 
and concrete break-out strength calculated per section A.2.5.2 with 𝑘𝑘 equal to 40.  The mean and standard 588 
deviation of the difference in stiffness are -1.25% and 9.17%, respectively, the mean and standard deviation 589 
of the difference in strength are 1.73% and 10.78%, respectively.  Given the very good correlation between 590 
the FEA stiffness and strength results with the simplified calculations, the following equation for the 591 
displacement at failure, 𝛿𝛿𝑁𝑁,𝑒𝑒, was developed:   592 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 6.0
𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.

𝐾𝐾𝑔𝑔
 593 

which resulted in a mean and standard deviation of the difference in displacement at failure of -1.70% and 594 
32.95%, respectively.  Note, in the equation above, a constant of 6.0 was used rather than 7.5 as in section 595 
A.2.5.3 since the mean value (𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.) is being considered rather than 5% fracture strength and to ensure 596 
the target total displacement is the same regardless of what fractile is used in the strength calculation.   597 

 598 



NCHRP Project 12-87a 
 

A-25 
 

Table A-5.  Two Transversely Grouped Shear Stud FAE vs Simplified Methodology Results.   599 

 𝒇𝒇𝒄𝒄′  
(ksi) 

𝒉𝒉𝒆𝒆𝒇𝒇 
(in) 

𝒍𝒍𝒔𝒔 
(in) 

𝒕𝒕𝒇𝒇 
(in) 

𝒘𝒘𝒉𝒉 
(in) 

FEA Results Simplified Method Difference 
𝑲𝑲𝒈𝒈 

(kip/in) 
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 

(kip) 
𝜹𝜹𝑵𝑵,𝒇𝒇 
(in) 

𝑲𝑲𝒈𝒈 
(kip/in) 

𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 
(kip) 

𝜹𝜹𝑵𝑵,𝒇𝒇 
(in) 

𝑲𝑲𝒈𝒈 
(%) 

𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 
(%) 

𝜹𝜹𝑵𝑵,𝒇𝒇 
(%) 

4 5 10 1 12 1931 14.74 0.04 1942 13.01 0.04 0.55 -11.74 0.49 

7 5 10 1 12 2129 19.91 0.06 2141 17.22 0.05 0.55 -13.51 -19.57 

4 7 10 1 12 1795 17.37 0.04 1747 15.93 0.05 -2.67 -8.29 36.78 

7 7 10 1 12 1960 22.86 0.06 1907 21.07 0.07 -2.72 -7.83 10.49 

4 5 18 1 12 2116 21.67 0.06 2313 18.06 0.05 9.33 -16.66 -21.92 

7 5 18 1 12 2351 29.39 0.07 2602 23.89 0.06 10.66 -18.71 -21.3 

4 7 18 1 12 1822 28.7 0.06 2042 28.67 0.08 12.1 -0.1 40.4 

7 7 18 1 12 2025 36.86 0.07 2264 37.92 0.1 11.79 2.88 43.56 

4 5 10 3 12 2857 15.4 0.03 2979 13.01 0.03 4.26 -15.52 -12.66 

7 5 10 3 12 3314 21.13 0.03 3474 17.22 0.03 4.84 -18.5 -0.86 

4 7 10 3 12 2513 17.63 0.04 2544 15.93 0.04 1.24 -9.64 -6.07 

7 7 10 3 12 2805 22.82 0.06 2897 21.07 0.04 3.28 -7.67 -27.27 

4 5 18 3 12 3017 20.79 0.04 3006 18.06 0.04 -0.36 -13.13 -9.88 

7 5 18 3 12 3566 26.99 0.04 3512 23.89 0.04 -1.52 -11.49 2.04 

4 7 18 3 12 2360 29.63 0.06 2564 28.67 0.07 8.65 -3.24 11.82 

7 7 18 3 12 2672 38.54 0.07 2923 37.92 0.08 9.39 -1.61 11.2 

4 5 10 1 20 1047 20.08 0.11 840 23.95 0.17 -19.8 19.27 55.52 

7 5 10 1 20 1093 27.21 0.14 875 31.68 0.22 -19.96 16.43 55.17 

4 7 10 1 20 1011 20.32 0.13 801 19.7 0.15 -20.76 -3.05 13.51 

7 7 10 1 20 1054 25.91 0.15 833 26.06 0.19 -20.96 0.58 25.14 

4 5 18 1 20 1210 32.07 0.13 1238 33.23 0.16 2.31 3.62 23.88 

7 5 18 1 20 1307 41.68 0.15 1316 43.96 0.2 0.69 5.47 33.62 

4 7 18 1 20 1127 34.44 0.15 1156 35.46 0.18 2.57 2.96 22.7 

7 7 18 1 20 1256 44.28 0.18 1224 46.91 0.23 -2.57 5.94 27.75 

4 5 10 3 20 3073 20.23 0.11 2772 23.95 0.05 -9.8 18.39 -52.87 

7 5 10 3 20 3376 26.49 0.14 3196 31.68 0.06 -5.32 19.59 -57.52 

4 7 10 3 20 2587 20.6 0.1 2392 19.7 0.05 -7.55 -4.37 -50.59 

7 7 10 3 20 2864 26.51 0.13 2701 26.06 0.06 -5.69 -1.7 -55.47 

4 5 18 3 20 3017 32.61 0.1 2885 33.23 0.07 -4.36 1.9 -30.89 

7 5 18 3 20 3341 41.42 0.13 3348 43.96 0.08 0.21 6.13 -39.4 

4 7 18 3 20 2378 34.4 0.13 2476 35.46 0.09 4.11 3.08 -33.9 

7 7 18 3 20 2885 44.54 0.14 2809 46.91 0.1 -2.64 5.32 -28.43 

Notes:   
 𝑓𝑓𝑐𝑐′ = Concrete compressive strength.   
ℎ𝑒𝑒𝑒𝑒 = Effective stud height.   
𝑙𝑙𝑠𝑠 = Longitudinal stud spacing.   
𝑡𝑡𝑒𝑒 = Flange thickness.   
𝑤𝑤ℎ = Haunch width.   

 
𝐾𝐾𝑔𝑔 = Initial stiffness.   
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 = Average concrete break-out strength.    
𝜹𝜹𝑵𝑵,𝒇𝒇= Displacement at failure.   

600 
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A.2.6.3 Three Transversely Grouped Shear Stud FAE vs Simplified Methodology   601 

 602 
The final part of the parametric study was performed to obtain strength and ductility data for three 603 

transversely grouped shear studs.  From here on, rather than focusing on the nominal concrete break-out 604 
strength, 𝑁𝑁𝑐𝑐𝑐𝑐, which is based on 5% fractile of the used test data, the focus will be paid on the average 605 
concrete break-out strength, 𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.  From section A.2.5.2, it can be recalled that, in the calculation of the 606 
single shear stud concrete break-out capacity, a constant 𝑘𝑘 was utilized.  According to Fuchs et al. (1995) 607 
[6], the value of that constant is 24 for a 5% fractile strength calculation, and 40 for an average strength 608 
calculation.  Since the FEA methodology was developed with the objective of capturing the behavior 609 
observed in experiments, the results from FEA are compared against average strength calculated values.   610 

The average concrete break-out strength, initial stiffness and displacement at failure calculated by the 611 
FEA are shown in Table A-6.  These are compared against initial stiffness calculated per section A.2.5.1, 612 
and concrete break-out strength calculated per section A.2.5.2 with 𝑘𝑘 equal to 40.  The mean and standard 613 
deviation of the difference in stiffness are -0.59% and 5.36%, respectively, the mean and standard deviation 614 
of the difference in strength are 3.25% and 10.07%., respectively.  Given the very good correlation between 615 
the FEA stiffness and strength results with the simplified calculations, the following equation for the 616 
displacement at failure, 𝛿𝛿𝑁𝑁,𝑒𝑒, was developed:   617 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 5.1
𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.

𝐾𝐾𝑔𝑔
 618 

which resulted in a mean and standard deviation of the difference in displacement at failure of -8.70% and 619 
40.73%, respectively.  Note, in the equation above, a constant of 5.1 was used rather than 6.4 as in section 620 
A.2.5.3 since the mean value (𝑁𝑁𝑐𝑐𝑐𝑐,𝑠𝑠𝑎𝑎𝑔𝑔.) is being considered rather than 5% fracture strength and to ensure 621 
the target total displacement is the same regardless of what fractile is used in the strength calculation.   622 

 623 
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Table A-6.  Three Transversely Grouped Shear Stud FAE vs Simplified Methodology Results.   624 

 𝒇𝒇𝒄𝒄′  
(ksi) 

𝒉𝒉𝒆𝒆𝒇𝒇 
(in) 

𝒍𝒍𝒔𝒔 
(in) 

𝒕𝒕𝒇𝒇 
(in) 

𝒘𝒘𝒉𝒉 
(in) 

FEA Results Simplified Method Difference 
𝑲𝑲𝒈𝒈 

(kip/in) 
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 

(kip) 
𝜹𝜹𝑵𝑵,𝒇𝒇 
(in) 

𝑲𝑲𝒈𝒈 
(kip/in) 

𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 
(kip) 

𝜹𝜹𝑵𝑵,𝒇𝒇 
(in) 

𝑲𝑲𝒈𝒈 
(%) 

𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 
(%) 

𝜹𝜹𝑵𝑵,𝒇𝒇 
(%) 

4 5 10 1 12 2932 15.09 0.02 2819 13.55 0.02 -3.86 -10.21 19.32 

7 5 10 1 12 3243 19.84 0.02 3164 17.93 0.03 -2.43 -9.63 29.81 

4 7 10 1 12 2739 17.48 0.03 2503 17.81 0.04 -8.61 1.89 16.12 

7 7 10 1 12 2914 22.37 0.03 2761 23.56 0.04 -5.26 5.32 28.45 

4 5 18 1 12 3143 22.15 0.03 3263 18.81 0.03 3.81 -15.08 6.73 

7 5 18 1 12 3518 29.99 0.03 3680 24.88 0.04 4.62 -17.04 19.32 

4 7 18 1 12 2746 28.81 0.04 2879 32.06 0.06 4.83 11.28 34.81 

7 7 18 1 12 3042 37.77 0.05 3192 42.42 0.07 4.93 12.31 30.62 

4 5 10 3 12 4293 15.36 0.02 4418 13.55 0.02 2.9 -11.78 -18.6 

7 5 10 3 12 4842 21.01 0.02 5144 17.93 0.02 6.23 -14.66 -6.04 

4 7 10 3 12 3834 17.54 0.02 3779 17.81 0.03 -1.43 1.54 20.12 

7 7 10 3 12 4236 22.69 0.03 4298 23.56 0.03 1.46 3.83 -5.24 

4 5 18 3 12 4576 21.2 0.03 4480 18.81 0.02 -2.1 -11.27 -35.61 

7 5 18 3 12 5215 27.45 0.03 5228 24.88 0.02 0.25 -9.36 -20 

4 7 18 3 12 3827 28.07 0.03 3825 32.06 0.04 -0.06 14.21 33.05 

7 7 18 3 12 4203 36.66 0.04 4357 42.42 0.05 3.66 15.71 22.98 

4 5 10 1 20 1913 20.74 0.06 1780 21.98 0.06 -6.97 5.98 -1.99 

7 5 10 1 20 2196 28 0.07 2042 29.07 0.07 -7.01 3.82 -2.54 

4 7 10 1 20 1760 23.55 0.07 1550 25.36 0.08 -11.93 7.69 10.8 

7 7 10 1 20 1926 30.85 0.09 1737 33.55 0.09 -9.84 8.75 2.89 

4 5 18 1 20 1870 28.86 0.07 1957 30.49 0.08 4.66 5.65 8.07 

7 5 18 1 20 2250 36.39 0.09 2226 40.34 0.09 -1.08 10.85 -0.46 

4 7 18 1 20 1830 40.24 0.09 1721 45.65 0.13 -5.97 13.44 31.41 

7 7 18 1 20 2018 53.52 0.1 1913 60.39 0.16 -5.21 12.84 35.9 

4 5 10 3 20 3673 20.17 0.06 3696 21.98 0.03 0.64 8.97 -85.73 

7 5 10 3 20 4261 27.43 0.07 4209 29.07 0.04 -1.23 5.98 -95.33 

4 7 10 3 20 3352 22.64 0.07 3229 25.36 0.04 -3.66 12.01 -70.9 

7 7 10 3 20 3773 29.89 0.09 3610 33.55 0.05 -4.32 12.24 -93.44 

4 5 18 3 20 3702 30.47 0.07 4011 30.49 0.04 8.36 0.07 -60.95 

7 5 18 3 20 4260 39 0.09 4608 40.34 0.05 8.17 3.44 -85.99 

4 7 18 3 20 3305 40.16 0.09 3474 45.65 0.07 5.12 13.67 -24.2 

7 7 18 3 20 3819 54.22 0.1 3912 60.39 0.08 2.42 11.38 -21.82 

Notes:   
 𝑓𝑓𝑐𝑐′ = Concrete compressive strength.   
ℎ𝑒𝑒𝑒𝑒 = Effective stud height.   
𝑙𝑙𝑠𝑠 = Longitudinal stud spacing.   
𝑡𝑡𝑒𝑒 = Flange thickness.   
𝑤𝑤ℎ = Haunch width.   

 
𝐾𝐾𝑔𝑔 = Initial stiffness.   
𝑵𝑵𝒄𝒄𝒄𝒄,𝒂𝒂𝒂𝒂𝒈𝒈 = Average concrete break-out strength.    
𝜹𝜹𝑵𝑵,𝒇𝒇= Displacement at failure.   

625 
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A.3 Combined Shear and Tension Behavior   626 

The interaction of tensile and shear coupled behavior can be estimated according to the approach by Bode 627 
and Roik (1987) [15].  This interaction approach is also recommended in ACI 318-14 (2014) [4] “Section 628 
17.6” [2] and in LRFD Design Equation 6.16.4.3-1 (AASHTO LRFD BDS [3]). In this study, the load-629 
displacement methodology was studied to provide guidance on how to address coupled behavior in system 630 
analysis.  The resistance of shear studs subjected to combined shear and axial tension shall be evaluated 631 
according to the following tension-shear interaction equation, adapted from section 6.16.4.3 in the 632 
AASHTO LRFD BDS [3]:   633 

�
𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁)
𝑁𝑁𝑔𝑔,𝑛𝑛

�
5 3⁄

+ �
𝑄𝑄𝑔𝑔�𝛿𝛿𝑄𝑄�
𝑄𝑄𝑔𝑔,𝑛𝑛

�
5 3⁄

≤ 1.0 634 

It shall be noted that the above equation is only valid within the ascending branch of the tensile load-635 
displacement relation.  I.e., in the case where the governing failure mode is stud rupture 𝛿𝛿𝑁𝑁 ≤ 0.05ℎ𝑒𝑒𝑒𝑒, and 636 
in the case where the governing failure mode is concrete break-out or pullout   𝛿𝛿𝑁𝑁 ≤  𝑁𝑁𝑔𝑔,𝑛𝑛 𝐾𝐾𝑔𝑔⁄ .   637 

While the equation above is well established, because it is a coupled non-linear load-displacement 638 
relationship, it is not easily implementable in the formulation of a connector element.  Therefore, a 639 
simplified alternative procedure is desired.  Unfortunately, no such approach has been developed or fully 640 
validated that is reported in the literature.  As a result, a simplified approach which is intended to 641 
approximate the equation above was developed and presented below.  It must be pointed out, that while the 642 
methodology below is recommended by the authors, it has not been fully validated or benchmarked with 643 
experimental data.   644 

A.3.1 Proposed Simplified Approach to Address Combined Shear/Tensile Interaction   645 

According to ACI 318 (2014) [4] if 𝑄𝑄𝑔𝑔(𝛿𝛿𝑄𝑄)/𝑄𝑄𝑔𝑔,𝑛𝑛 ≤ 0.2 or 𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁)/𝑁𝑁𝑔𝑔,𝑛𝑛 ≤ 0.2, the interaction effects 646 
between shear and tension in transversely grouped shear studs are negligible, and therefore, need not be 647 
considered, and the shear and tensile behavior of the studs can be evaluated separately.  When interaction 648 
must be considered, the tension force is a function of both axial displacement and the shear displacement 649 
for a shear stud group embedded in concrete:  𝑁𝑁𝑐𝑐𝑔𝑔(𝛿𝛿𝑁𝑁  , 𝛿𝛿𝑄𝑄)).  Similarly, the combined shear is a function 650 
of both axial and shear displacement:  𝑄𝑄𝑐𝑐𝑔𝑔(𝛿𝛿𝑁𝑁  ,𝛿𝛿𝑄𝑄).  These two relations may be as follows:   651 

𝑁𝑁𝑐𝑐𝑔𝑔�𝛿𝛿𝑁𝑁 ,𝛿𝛿𝑄𝑄� = [min(𝑅𝑅𝑁𝑁1,𝑅𝑅𝑁𝑁2)] 3/5  𝑁𝑁𝑔𝑔,𝑛𝑛 652 

𝑄𝑄𝑐𝑐𝑔𝑔�𝛿𝛿𝑁𝑁 ,𝛿𝛿𝑄𝑄� = [min�𝑅𝑅𝑄𝑄1,𝑅𝑅𝑄𝑄2�]3/5  𝑄𝑄𝑔𝑔,𝑛𝑛 653 
where:   654 

𝑅𝑅𝑁𝑁1 =  (𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁) / 𝑁𝑁𝑔𝑔,𝑛𝑛)5/3 655 
𝑅𝑅𝑁𝑁2 =  𝑅𝑅𝑁𝑁1/(𝑅𝑅𝑁𝑁1 + 𝑅𝑅𝑄𝑄1 656 
𝑅𝑅𝑄𝑄1 =  (𝑄𝑄𝑔𝑔�𝛿𝛿𝑄𝑄� / 𝑄𝑄𝑔𝑔,𝑛𝑛)5/3 657 
𝑅𝑅𝑄𝑄2 =  𝑅𝑅𝑄𝑄1/(𝑅𝑅𝑁𝑁1 + 𝑅𝑅𝑄𝑄1) 658 

These above relations can be employed to construct tabular data that defines the combined actions of 659 
tension and shear on shear stud groups.   660 

A.4 Application to System Analysis   661 

A simplified modeling approach was developed in this study in order to save significant amount of 662 
computational time.  Connector elements were used to define the axial and interfacial shear interaction 663 
between the shear studs and concrete slab.  Connector elements are special purpose elements used to model 664 
discrete physical connections between deformable or rigid bodies, and are able to model linear or nonlinear 665 
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force-displacement behavior in their unconstrained relative motion components.  In general, the Engineer 666 
needs to construct tabular data in which the tensile force, shear force, tensile displacement, and shear 667 
displacement are included, calculated in accordance with Section A.1, Section A.2.5, and Section A.3.  668 
When introducing the appropriate constraint between the connector element and the concrete slab and/or 669 
the steel flange, the Engineer shall check that the forces are distributed so that additional unrealistic forces 670 
are not developed in the connector element, the concrete slab, or the steel flange.   671 

A.5 Application Example   672 

Modeling Parameters Example   673 
An example has been developed to illustrate how to utilize the aforementioned modeling 674 

recommendations is presented next.  In this case, the shear stud assembly has the following characteristics:   675 
• Ultimate tensile strength of the stud, 𝑓𝑓𝑢𝑢𝑢𝑢𝑠𝑠 : 60 ksi. 676 
• Yield tensile strength of the stud, 𝑓𝑓𝑦𝑦𝑠𝑠:  50 ksi.   677 
• Concrete compressive strength,  𝑓𝑓𝑐𝑐′:  4 ksi.   678 
• Shear stud height:  6 inches.   679 
• Shear stud effective height, ℎ𝑒𝑒𝑒𝑒:  5.625 inches. 680 
• Shear stud diameter, 𝑑𝑑𝑠𝑠:  7/8 inch. 681 
• Shear stud head diameter, 𝑑𝑑ℎ:  1-3/8 inch. 682 
• Number of transversely spaced shear studs, 𝑁𝑁𝑠𝑠:  3 (𝑘𝑘𝑁𝑁, spaced at 6 inches).   683 
• Longitudinal spacing of shear studs, 𝑙𝑙𝑠𝑠:  12 inches.   684 
• Haunch width, 𝑤𝑤ℎ:  16 inches.   685 
• Net haunch thickness, 𝑡𝑡ℎ:  3 inches (measured from top of top flange to underside of slab).   686 
• Top flange thickness, 𝑡𝑡𝑒𝑒:  1.5 inches.   687 
• Assume cracking is expected at service levels.   688 

A.5.1 Shear Behavior (From Section A.1)   689 

To calculate the shear capacity of the shear stud assembly, the calculations in AASHTO LRFD BDS [3] 690 
“Section - 6.10.10.4.3” and in Ollgaard et al. (1971) [2] needs to be followed.  This results in the nominal 691 
shear resistance of one shear stud,  𝑄𝑄𝑛𝑛, of 36.08 kips, nominal shear resistance of the group of shear studs, 692 
𝑄𝑄𝑔𝑔,𝑛𝑛, of 108.24 kips.  The shear load-slip relation is per the following equation:   693 

𝑄𝑄𝑔𝑔�𝛿𝛿𝑄𝑄� = 108.24�1− 𝑒𝑒−18𝛿𝛿𝑄𝑄�
2
5 𝑓𝑓𝑓𝑓𝑓𝑓 𝛿𝛿𝑄𝑄  ≤ 0.2 𝑘𝑘𝑖𝑖 694 

Failure of the shear stud shall be introduce at a shear displacement, 𝛿𝛿𝑄𝑄, equal to 0.2 inches.   695 

A.5.2 Tensile Behavior (From Section A.2.5) 696 

To calculate the initial tensile stiffness, the nominal tensile, the tensile displacement at failure, and the 697 
governing failure mode of the shear stud assembly, the calculations in the Section A.2.5 need to be followed. 698 

A.5.2.1 Initial Tensile Stiffness (From Section A.2.5.1)   699 

Single stud steel stiffness, 𝐾𝐾𝑠𝑠1:   700 

𝐾𝐾𝑠𝑠1 =
𝜋𝜋𝐸𝐸𝑠𝑠𝑑𝑑𝑠𝑠

2

4ℎ𝑒𝑒𝑒𝑒
=  
𝜋𝜋 29000 (0.875)2

4 (5.625)
=  3100 𝑘𝑘𝑘𝑘𝑘𝑘/𝑘𝑘𝑖𝑖 701 

Single stud concrete stiffness, 𝐾𝐾𝑐𝑐1:   702 
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𝐾𝐾𝑐𝑐1 =
π𝐸𝐸𝑐𝑐  (𝑑𝑑ℎ

2 − 𝑑𝑑𝑠𝑠
2)

5
=  
π 3605 (1.3752 − 0.8752)

5
= 2548 𝑘𝑘𝑘𝑘𝑘𝑘/𝑘𝑘𝑖𝑖 703 

Flange bending stiffness, 𝐾𝐾𝑝𝑝1:   704 

𝐾𝐾𝑝𝑝1 =
𝐸𝐸𝑠𝑠 𝑙𝑙𝑠𝑠𝑡𝑡𝑒𝑒3

4𝑘𝑘𝑁𝑁3
=  

29000 (12) (1.5)3

4 (6)3
= 1359 𝑘𝑘𝑘𝑘𝑘𝑘/𝑘𝑘𝑖𝑖 705 

Single stud cumulative stiffness neglecting effect of flange flexibility, 𝐾𝐾1:   706 

𝐾𝐾1 =  
1

1
𝐾𝐾𝑐𝑐1

+ 1
𝐾𝐾𝑠𝑠1

=  
1

1
2548 + 1

3100
= 1399 𝑘𝑘𝑘𝑘𝑘𝑘/𝑘𝑘𝑖𝑖 707 

Load distribution ratio, 𝑅𝑅:   708 

𝑅𝑅 =
𝐾𝐾1 +  𝐾𝐾𝑝𝑝1
𝐾𝐾𝑝𝑝1

=  
1399 +  1359

1359
= 2.03 709 

Shear stud group stiffness coefficient, 𝑅𝑅𝑐𝑐:   710 

𝑅𝑅𝑐𝑐 =
𝑅𝑅 + 2
𝑅𝑅

=
2.03 + 2

2.03
= 1.99 711 

The axial stiffness of the shear stud group, 𝑲𝑲𝒈𝒈:   712 
𝑲𝑲𝒈𝒈 = 𝑲𝑲𝟏𝟏𝑹𝑹𝒄𝒄 =  𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 (𝟏𝟏.𝟏𝟏𝟏𝟏) = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝒌𝒌𝒌𝒌𝒌𝒌/𝒌𝒌𝒊𝒊 713 

A.5.2.2 Tensile Strength (From Section A.2.5.2)   714 

Tensile rupture strength of transversely grouped shear stud, 𝑁𝑁𝑠𝑠𝑠𝑠:   715 

𝑁𝑁𝑠𝑠𝑠𝑠 = 𝑁𝑁𝑠𝑠 𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁𝑓𝑓𝑦𝑦𝑠𝑠 + 𝑆𝑆𝑁𝑁�𝑓𝑓𝑢𝑢𝑢𝑢𝑠𝑠 − 𝑓𝑓𝑦𝑦𝑠𝑠�𝐴𝐴𝑠𝑠𝑒𝑒,𝑁𝑁 = 3
𝜋𝜋 0.8752

4
 50 + 1.99(60− 50)

𝜋𝜋 0.8752

4
= 102.2 𝑘𝑘𝑘𝑘𝑘𝑘 716 

Pullout strength of transversely grouped shear studs, 𝑁𝑁𝑝𝑝𝑛𝑛:   717 

𝑁𝑁𝑝𝑝𝑛𝑛 =  𝑆𝑆𝑁𝑁𝜓𝜓𝑐𝑐,𝑃𝑃�8𝐴𝐴𝑐𝑐𝑏𝑏𝑔𝑔𝑓𝑓𝑐𝑐′� = (1.99)1.0� 
8𝜋𝜋(1.3752 − 0.8752)4

4 � = 56.27 𝑘𝑘𝑘𝑘𝑘𝑘 718 

To calculate the concrete break-out strength of transversely grouped shear studs, 𝑁𝑁𝑐𝑐𝑐𝑐, the following are 719 
needed:   720 

• Effective edge distance, 𝐾𝐾1:   721 
𝐾𝐾1 = 𝑚𝑚𝑚𝑚𝑚𝑚�1.5�ℎ𝑒𝑒𝑒𝑒 − 𝑡𝑡ℎ� , 0.5𝑤𝑤ℎ −  𝑘𝑘𝑁𝑁 � = 𝑚𝑚𝑚𝑚𝑚𝑚(3.94 , 2.00) = 3.94 𝑘𝑘𝑖𝑖𝐾𝐾ℎ𝑒𝑒𝑘𝑘 ≤ 1.5ℎ𝑒𝑒𝑒𝑒 722 

• Cracking modification factor for calculation of break-out strength, 𝜓𝜓𝑐𝑐,𝑁𝑁:   723 
𝜓𝜓𝑐𝑐,𝑁𝑁 = 1 724 

• Edge modification factor for calculation of concrete break-out strength, 𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁:   725 

𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁 = 0.7 + 0.3
𝐾𝐾1

1.5ℎ𝑒𝑒𝑒𝑒
= 0.84 726 

• Non-modified concrete break-out strength of a single shear stud, 𝑁𝑁𝑐𝑐:   727 

𝑁𝑁𝑐𝑐 =
𝑘𝑘

1000
(1000𝑓𝑓𝑐𝑐′)0.5ℎ𝑒𝑒𝑒𝑒

1.5 = 0.024 (4000)0.5 5.6251.5 = 20.25 𝑘𝑘𝑘𝑘𝑘𝑘 728 

• Projected area of the failure surface for a single shear stud, 𝐴𝐴𝑁𝑁𝑁𝑁:   729 
𝐴𝐴𝑁𝑁𝑁𝑁 = 9ℎ𝑒𝑒𝑒𝑒

2 = 9(5.625)2 = 284.8 𝑘𝑘𝑖𝑖2 730 
• Combined projected area of the failure surface for a group of shear studs, 𝐴𝐴𝑁𝑁:   731 

𝐴𝐴𝑁𝑁 = �2𝑙𝑙𝑠𝑠(𝐾𝐾1 + 𝑘𝑘0) ≤ 6ℎ𝑒𝑒𝑒𝑒(𝐾𝐾1 + 𝑘𝑘0)� = [2(12)(3.94 + 6) ≤ 6(5.625)(3.94 + 6)] = 238.6 𝑘𝑘𝑖𝑖2 732 
Using the previous quantities, concrete break-out strength of transversely grouped shear studs, 𝑁𝑁𝑐𝑐𝑐𝑐:   733 

𝑁𝑁𝑐𝑐𝑐𝑐 =
𝐴𝐴𝑁𝑁
𝐴𝐴𝑁𝑁𝑁𝑁

𝜓𝜓𝑒𝑒𝑒𝑒,𝑁𝑁𝜓𝜓𝑐𝑐,𝑁𝑁𝑁𝑁𝑐𝑐 =
238.6
284.8

(0.84)(1)(20.25) = 14.25 𝑘𝑘𝑘𝑘𝑘𝑘 734 

The nominal tensile strength of the shear stud group, 𝑵𝑵𝒈𝒈,𝒊𝒊: 735 
𝑵𝑵𝒈𝒈,𝒊𝒊 = 𝐦𝐦𝐦𝐦𝐦𝐦�𝑵𝑵𝒔𝒔𝒂𝒂,𝑵𝑵𝒌𝒌𝒊𝒊,𝑵𝑵𝒄𝒄𝒄𝒄� = 𝟏𝟏𝟐𝟐.𝟐𝟐𝟐𝟐 𝒌𝒌𝒌𝒌𝒌𝒌 736 
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The governing failure mode is concrete break-out failure.   737 

A.5.2.3 Load-Displacement Relationships (From Section A.2.5.3) 738 

To calculate the load-displacement relation for concrete break-out failure mode the following are used:   739 
• Axial stiffness of the shear stud group, 𝐾𝐾𝑔𝑔:   740 

𝐾𝐾𝑔𝑔 = 2784 𝑘𝑘𝑘𝑘𝑘𝑘/𝑘𝑘𝑖𝑖 741 
• Nominal tensile strength of the shear stud group, 𝑁𝑁𝑔𝑔,𝑛𝑛: 742 

𝑁𝑁𝑔𝑔,𝑛𝑛 = 14.25 𝑘𝑘𝑘𝑘𝑘𝑘 743 
• Tensile displacement of a shear stud group at failure, 𝛿𝛿𝑁𝑁,𝑒𝑒:   744 

𝛿𝛿𝑁𝑁,𝑒𝑒 = 6.4
𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
= 0.033 𝑘𝑘𝑖𝑖𝐾𝐾ℎ𝑒𝑒𝑘𝑘 745 

The tensile load-displacement relation is as follows:   746 

𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁) =

⎩
⎪
⎨

⎪
⎧ 𝐾𝐾𝑔𝑔 𝛿𝛿𝑁𝑁 𝑓𝑓𝑓𝑓𝑓𝑓   𝛿𝛿𝑁𝑁 ≤  

𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
 

𝐾𝐾𝑔𝑔 𝑁𝑁𝑔𝑔,𝑛𝑛
𝛿𝛿𝑁𝑁,𝑒𝑒 − 𝛿𝛿𝑁𝑁

𝐾𝐾𝑔𝑔𝛿𝛿𝑁𝑁,𝑒𝑒 − 𝑁𝑁𝑔𝑔,𝑛𝑛
𝑓𝑓𝑓𝑓𝑓𝑓  

𝑁𝑁𝑔𝑔,𝑛𝑛

𝐾𝐾𝑔𝑔
< 𝛿𝛿𝑁𝑁 ≤ 𝛿𝛿𝑁𝑁,𝑒𝑒 

 747 

𝑵𝑵𝒈𝒈(𝜹𝜹𝑵𝑵) = �
𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 𝜹𝜹𝑵𝑵 𝒇𝒇𝒇𝒇𝒇𝒇   𝜹𝜹𝑵𝑵 ≤  𝟎𝟎.𝟎𝟎𝟎𝟎𝟐𝟐𝟏𝟏 𝒌𝒌𝒊𝒊 

𝟐𝟐𝟏𝟏𝟏𝟏(𝟎𝟎.𝟎𝟎𝟏𝟏𝟏𝟏 − 𝜹𝜹𝑵𝑵) 𝒇𝒇𝒇𝒇𝒇𝒇  𝟎𝟎.𝟎𝟎𝟎𝟎𝟐𝟐𝟏𝟏 𝒌𝒌𝒊𝒊 < 𝜹𝜹𝑵𝑵 ≤ 𝟎𝟎.𝟎𝟎𝟏𝟏𝟏𝟏 𝒌𝒌𝒊𝒊 
 748 

The load-displacement relation is shown in Figure A-17. 749 
 750 

 751 
Figure A-17 Concrete failure behavior of stud group   752 

A.5.3 Combined Shear/Tensile Interaction (From Section A.3.1) 753 

To assign both axial displacement and the shear force-displacement for a shear stud group embedded in 754 
concrete (𝑁𝑁𝑐𝑐𝑔𝑔(𝛿𝛿𝑁𝑁  , 𝛿𝛿𝑄𝑄)) and the shear force-displacement relation of the shear stud assembly, the 755 
calculations in the Section A.3.1 need to be followed:   756 

𝑁𝑁𝑐𝑐𝑔𝑔�𝛿𝛿𝑁𝑁 ,𝛿𝛿𝑄𝑄� = [min(𝑅𝑅𝑁𝑁1,𝑅𝑅𝑁𝑁2)] 3/5  14.25 757 

𝑁𝑁
𝑔𝑔

(𝛿𝛿
𝑁𝑁

), 
(k

ip
s)

𝛿𝛿𝑁𝑁, (in)
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𝑄𝑄𝑐𝑐𝑔𝑔�𝛿𝛿𝑁𝑁 , 𝛿𝛿𝑄𝑄� = [min�𝑅𝑅𝑄𝑄1,𝑅𝑅𝑄𝑄2�]3/5  108.24 758 
where: 759 

𝑅𝑅𝑁𝑁1 =  (𝑁𝑁𝑔𝑔(𝛿𝛿𝑁𝑁) / 14.25)5/3 760 
𝑅𝑅𝑁𝑁2 =  𝑅𝑅𝑁𝑁1/(𝑅𝑅𝑁𝑁1 + 𝑅𝑅𝑄𝑄1) 761 

𝑅𝑅𝑄𝑄1 =  (𝑄𝑄𝑔𝑔�𝛿𝛿𝑄𝑄� / 108.24)5/3 762 
𝑅𝑅𝑄𝑄2 =  𝑅𝑅𝑄𝑄1/(𝑅𝑅𝑁𝑁1 + 𝑅𝑅𝑄𝑄1) 763 

An illustration of the application in three dimensions is shown in Table A-7.  764 

Table A-7 Three dimensional examples for combined shear/tensile interaction 765 

𝜹𝜹𝑵𝑵 
(in) 

(X-Axis) 

𝜹𝜹𝑸𝑸𝑸𝑸  

 (in) 
(Y-Axis) 

𝜹𝜹𝑸𝑸𝑸𝑸  

 (in) 
(Z-Axis) 

𝜹𝜹𝑸𝑸 
(in) 

(on the YZ Plane) 

𝒎𝒎𝒌𝒌𝒊𝒊 
(𝑹𝑹𝑵𝑵𝟏𝟏,𝑹𝑹𝑵𝑵𝟐𝟐) 

𝒎𝒎𝒌𝒌𝒊𝒊 
(𝑹𝑹𝑸𝑸𝟏𝟏,𝑹𝑹𝑸𝑸𝟐𝟐) 𝑵𝑵𝒄𝒄𝒈𝒈�𝜹𝜹𝑵𝑵,𝜹𝜹𝑸𝑸� 𝑸𝑸𝒄𝒄𝒈𝒈�𝜹𝜹𝑵𝑵,𝜹𝜹𝑸𝑸� 

0.0000 0.003 0.004 0.005 0.000 0.195 0.00 40.58 
0.0010 0.003 0.004 0.005 0.066 0.195 2.78 40.58 
0.0020 0.003 0.004 0.005 0.209 0.195 5.57 40.58 
0.0030 0.003 0.004 0.005 0.410 0.195 8.35 40.58 
0.0040 0.003 0.004 0.005 0.663 0.195 11.14 40.58 
0.0050 0.003 0.004 0.005 0.831 0.169 12.76 37.19 
0.0051 0.003 0.004 0.005 0.837 0.163 12.81 36.46 
0.0000 0.030 0.040 0.050 0.000 0.706 0.00 87.85 
0.0010 0.030 0.040 0.050 0.066 0.706 2.78 87.85 
0.0020 0.030 0.040 0.050 0.209 0.706 5.57 87.85 
0.0030 0.030 0.040 0.050 0.368 0.632 7.82 82.22 
0.0040 0.030 0.040 0.050 0.484 0.516 9.22 72.75 
0.0050 0.030 0.040 0.050 0.577 0.423 10.24 64.63 
0.0051 0.030 0.040 0.050 0.586 0.414 10.34 63.75 

Notes:   
𝛿𝛿𝑄𝑄𝑄𝑄 = shear displacement in transverse direction (in).   
𝛿𝛿𝑄𝑄𝑄𝑄 = shear displacement in longitudinal direction (in).   

 766 
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