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Abstract 6 

The use of full-depth precast concrete deck systems in bridge construction has been 7 

increasing in recent years due to their high production quality, reduced construction duration and 8 

its impact on the traveling public, possible weight reduction, and lower life-cycle cost. Precast 9 

concrete deck systems can be either composite or non-composite with the supporting steel/concrete 10 

girders. Composite systems are more common due to their superior structural performance and 11 

reduced overall superstructure depth and cost. Most of the composite systems require the use of 12 

clustered shear connectors to reduce the number of field-cast connections and simplify panel 13 

production and erection. The current prediction models of interface shear resistance in most bridge 14 

design codes were developed for continuous shear connectors in cast-in-place bridge deck systems. 15 

There is a need to evaluate the accuracy of these models when applied to predict the interface shear 16 

resistance of clustered shear connectors. In this study, the results of 162 push-off experiments 17 

conducted in North America, Europe, and South Korea were used to compare the interface shear 18 

resistance prediction models provided by AASHTO LRFD, fib MC, Eurocode-2, and CSA-S6 19 

bridge design codes. Comparisons indicated that all design codes provide conservative estimates 20 

for interface shear resistance of clustered shear connections when compared to the measured data. 21 
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Parameters affecting the interface shear resistance of clustered shear connectors were also 22 

identified.    23 

*Corresponding Author 24 

 25 

Introduction 26 

Interface shear transfer between concrete bridge decks and steel/concrete bridge girders in 27 

composite systems  has been heavily investigated in the last 50 years (Anderson, 1960; Hanson, 28 

1960; Birkeland and Birkeland, 1966; Hoefbeck et al., 1969; Mattock and Hawkins, 1972; Paulay 29 

et al., 1974; Mattock et al., 1976; Walraven et al., 1987; Loov and Patnaik, 1994; Mattock, 2001; 30 

Khan and Mitchell, 2002; and Khan and Slapkus, 2004). Current design code provisions are based 31 

on the outcomes of these investigations, which were conducted using continuous shear connectors 32 

(i.e. studs or bars) along the interface between the cast-in-place concrete deck and steel/concrete 33 

girders. However, little-to-no research was done to evaluate the applicability of these code 34 

provisions to clustered shear connectors commonly used in precast concrete deck systems. 35 

Therefore, the objective of this paper is to evaluate the applicability of existing interface shear 36 

code provisions to predict the capacity of clustered shear connectors. A database of 162 push-off 37 

test results is used to examine the predictability of interface shear resistance of clustered shear 38 

connectors using four international code provisions: AASHTO LRFD (2014); fib MC 2010; 39 

Eurocode-2 (2004); and CSA-S6-06. Also, the effect of key parameters, such as concrete 40 

compressive strength, reinforcement ratio, and yield strength, on the interface shear resistance are 41 

studied. 42 
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Background of Interface Shear 43 

Birkeland and Birkeland (1966) were the first to propose a linear expression to evaluate the 44 

ultimate interface shear stress of concrete interfaces. Figure 1 shows the shear friction model 45 

proposed by Birkeland and Birkeland (1966), which can be presented by following expression: 46 

𝑣𝑣𝑢𝑢 = 𝜌𝜌𝑓𝑓𝑦𝑦 tan𝜑𝜑 = 𝜌𝜌𝑓𝑓𝑦𝑦𝜇𝜇     (1) 47 

where, vu is the interface shear resistance; ρ is the reinforcement ratio; fy is the yield strength 48 

of the reinforcement; and φ is the internal friction angle. The tangent of the internal friction angle 49 

is also known as coefficient of friction, and the term ρfy is known as clamping stresses. This 50 

expression was proposed for smooth concrete surfaces, artificially roughened concrete surfaces, 51 

and concrete-to-steel interfaces. The coefficient of friction was empirically determined from 52 

experimental testing results, varying with the surface preparation, and it was defined for several 53 

situations, namely: (a) μ =1.7, for monolithic concrete; (b) μ =1.4, for artificially roughened 54 

construction joints; and (c) μ =0.8–1.0, for ordinary construction joints and for concrete to steel 55 

interfaces.  56 

 57 

Figure 1: Shear friction model (Birkeland and Birkeland, 1966)  58 

 59 
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This expression, when first proposed by Birkeland, was limited to the following conditions: 60 

𝑓𝑓𝑦𝑦 ≤ 60 𝑘𝑘𝑘𝑘𝑘𝑘, 𝜌𝜌 ≤ 1.5%,  𝑣𝑣𝑢𝑢 ≤ 800  𝑎𝑎𝑎𝑎𝑎𝑎  𝑓𝑓𝑐𝑐 ≥ 4000  (𝑝𝑝𝑘𝑘𝑘𝑘). In Figure 1, as the slip progresses, a 61 

normal displacement (δ) occurs and this displacement can be large enough to cause yielding of the 62 

shear connector in tension. Different design codes have adopted this equation with minor 63 

modifications to the shear friction coefficients along with considering concrete cohesion 64 

contribution to the interface shear resistance.  65 

 66 

Randi (1997) developed the extended shear friction model, which is considered a 67 

significant contribution to the accuracy of interface shear design expressions (fib MC 2010). This 68 

design expression accounts for contribution of concrete cohesion/aggregate interlock, shear 69 

friction, and dowel action of the shear reinforcement. fib MC 2010 for concrete structures adopted 70 

this method for calculating the interface shear resistance of two concretes cast at different times. 71 

Figure 2 shows a schematic representation of the interface shear resisting mechanisms.  72 

 73 

Figure 2: Interface shear resistance mechanism (Randi, 1997)  74 

 75 

The proposed design expression is as follows: 76 
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𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑐𝑐𝑟𝑟𝑓𝑓𝑐𝑐𝑐𝑐
1/3 + 𝜇𝜇𝜎𝜎𝑛𝑛 + 𝑘𝑘1𝜌𝜌𝑓𝑓𝑦𝑦𝑅𝑅(𝜇𝜇 sin𝛼𝛼 + cos𝛼𝛼) + 𝑘𝑘2𝜌𝜌�𝑓𝑓𝑦𝑦𝑅𝑅𝑓𝑓𝑐𝑐𝑐𝑐 ≤ 𝛽𝛽𝑐𝑐𝑣𝑣𝑓𝑓𝑐𝑐𝑐𝑐   (2) 77 

𝑣𝑣 = 0.55( 30
𝑓𝑓𝑐𝑐𝑐𝑐

)1/3 < 0.55  78 

where, 79 

𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅 is the ultimate shear stress at the interface  80 

𝜌𝜌 is ratio of reinforcement crossing the interface (ρ = As/Ac);  81 

𝛽𝛽𝑐𝑐  is a coefficient for the strength of the compression strut (see also Table 2);  82 

v is the effectiveness factor for the concrete; 83 

cr is the coefficient for aggregate interlock effects at rough interfaces (see also Table 2);  84 

k1 is the interaction coefficient for tensile force activated in the reinforcement or the 85 

dowels (see also Table 2);  86 

k2 is the interaction coefficient for flexural resistance (see also Table 2);  87 

µ is the friction coefficient (see also Table 2);  88 

α is the inclination of the reinforcement crossing the interface 89 

σn is the (lowest expected) compressive stress resulting from an eventual normal force 90 

acting on the interface. 91 

fcc cylinder compressive strength of concrete under uniaxial stress, however, fcd should be 92 

used in design (design value of f’c), N/mm2
; 93 

fck characteristic value of compressive strength of concrete; 94 

fyd is the design yield strength of reinforcing steel in tension. 95 



6 
 

Table 1: Definition of surface roughness (fib MC 2010 Table 6.3-1) 96 

Category *Rt, mm (in.) 
Very smooth 
(e.g., cast against steel formwork) 

not 
measureable  

Smooth 
(e.g., untreated, slightly roughened)  

 
< 1.5 (1/16) 

Rough  
(e.g., sand blasted, high pressure water blasted etc.)  ≥ 1.5 (1/16) 
Very rough 
(e.g., high pressure water jetting, indented)  ≥ 3 (1/8) 

*Rt is the “peak-to-mean” surface roughness 97 

Table 2: Coefficients for different categories of surface roughness (fib MC 2010 Table 7.3-2) 98 

Surface 
Roughness 
Category 

cr k1 k2 βc 
µ 

fck ≥ 20 Mpa 
(2.9 ksi) 

fck ≥ 35 Mpa 
(5 ksi) 

Very rough 0.2 0.5 0.9 0.5 0.8 1 

Rough                 0.1 0.5 0.9 0.5 0.7 

Smooth 0 0.5 1.1 0.4 0.6 

Very smooth 0 0 1.5 0.3 0.5 
 99 

The first term, cohesion, is related to the contribution of interlocking between aggregates. 100 

The second and third terms, friction, is related to the contribution of the horizontal relative slippage 101 

between concrete parts and is influenced by the surface roughness and the normal stress due to 102 

axial elongation of shear reinforcement at the shear interface. The forth term, dowel action, is 103 

related to the contribution of flexural resistance of the shear reinforcement crossing the interface 104 

due to bending and horizontal deformations of the reinforcement. 105 
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Code Provisions 106 

Four international bridge design codes are considered for evaluating the interface shear 107 

resistance of clustered shear connections. These codes are AASHTO LRFD (2014); fib MC 2010; 108 

Eurocode 4; and CSA-S6-06. The equations used in each code as well as a short description of the 109 

governing parameters are presented in the following sections. It is worth noting that AASHTO 110 

LRFD (2014), Eurocode 4, and CSA-S6-06 code provisions are based on the shear friction model 111 

developed by Birkeland and Birkeland (1966), while fib MC 2010 code provisions are based on 112 

the extended shear friction theory developed by Randi (1997). 113 

AASHTO LRFD (2014) 114 

AASHTO LRFD bridge design specifications (Article 5.8.4) provide equations to calculate 115 

the nominal shear resistance across a given plane at: an existing or potential crack; an interface 116 

between dissimilar materials; an interface between two concretes cast at different times; or the 117 

interface between different elements of the cross-section. AASHTO LRFD uses a modified shear-118 

friction model accounting for the contribution of cohesion and/or aggregate interlock, given by the 119 

first term of the equation. The nominal shear resistance of the interface plane shall be taken as:  120 

𝑉𝑉𝑛𝑛𝑅𝑅 = 𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐 + 𝜇𝜇(𝐴𝐴𝑐𝑐𝑓𝑓𝑓𝑓𝑦𝑦 + 𝑃𝑃𝑐𝑐)      (3) 121 

The nominal shear resistance, Vni, shall not be greater than the lesser of:  122 

𝐾𝐾1𝑓𝑓𝑐𝑐′𝐴𝐴𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝐾𝐾2𝐴𝐴𝑐𝑐𝑐𝑐  123 

where,  124 

Vni = nominal shear resistance, lb  125 

c = cohesion factor (see Table 3) 126 



8 
 

Acv = area of concrete considered to be engaged in interface shear transfer (bvi.Lvi), in.2 127 

𝜇𝜇 = friction factor (see Table 3) 128 

Av = area of reinforcement crossing the shear plane within the area Acv, in2 129 

fy = yield stress of transverse reinforcement, psi 130 

Pc = permanent net compressive force normal to the shear plane, lb  131 

bvi = interface width considered to be engaged in shear transfer, in.  132 

Lvi = interface length considered to be engaged in shear transfer, in. 133 

K1 = fraction of concrete strength available to resist interface shear, (see Table 3) 134 

K2 = limiting interface shear resistance specified in Table 3 135 

Table 3: Coefficients for different interface types  (AASHTO LRFD, 2014) 136 

Interface type    c (ksi) 𝝁𝝁 K1 K2 (ksi) 
Monolithic concrete  0.40 1.4 0.25 1.5 
CIP concrete slab on clean intentionally 
roughened concrete girder surfaces, R = 0.25 in. 0.28 1.0 0.3 1.8 

Concrete placed against clean concrete surfaces, 
R = 0.25 in. 0.24 1.0 0.25 1.5 

Concrete placed against clean concrete surfaces, 
R = 0.0 in. 0.075 0.6 0.2 0.8 

Concrete placed against as-rolled structural 
steel and free of paint, anchored by headed 
studs or reinforcement bars. 

0.025 0.7 0.2 0.8 

CIP = cast-in-place; R = roughness amplitude. 137 

 138 

fib Model Code 2010 139 

fib model code for concrete structures 2010 (fib MC 2010) provides basic concrete-to-140 

concrete load transfer across interfaces in Section 6.3 with the corresponding design rules and 141 

parameters in Section 7.3.3.6. Different potential failure mechanisms contributing to the interface 142 
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shear resistance were considered such as adhesive bond, aggregate interlock, friction, and dowel 143 

action. It is worth noting that this code is considered the first to include the dowel action 144 

contribution to the interface shear resistance. Refer to the background of interface shear Section 145 

of this paper for fib MC 2010 interface shear equation and parameters (Figure 2 and Equation 2). 146 

 147 

Eurocode 2 (EN 1992-1-1:2004) 148 

When a combination of precast elements and in-situ concrete is used, the resistance to 149 

longitudinal shear should also be determined in accordance with EN 1992-1-1: 2004, section 6.2.5 150 

to check the shear strength at the interface between concrete cast at different times, which is given 151 

by the following equation: 152 

𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐𝑅𝑅 + 𝜇𝜇𝜎𝜎𝑛𝑛 + 𝜌𝜌𝑓𝑓𝑦𝑦𝑅𝑅(𝜇𝜇 sin𝛼𝛼 cos𝛼𝛼) ≤ 0.5𝑣𝑣𝑓𝑓𝑐𝑐𝑅𝑅   (5) 153 

𝑣𝑣 = 0.6 �1 − 𝑓𝑓𝑐𝑐𝑐𝑐
250
�  (𝑓𝑓𝑐𝑐𝑐𝑐 𝑘𝑘𝑎𝑎 𝑀𝑀𝑃𝑃𝑎𝑎) 𝑂𝑂𝑜𝑜 = 0.6 �1 − 𝑓𝑓𝑐𝑐𝑐𝑐

36.26
� (𝑓𝑓𝑐𝑐𝑐𝑐 𝑘𝑘𝑎𝑎 𝑘𝑘𝑘𝑘𝑘𝑘)       (6) 154 

where, 155 

VRdi is the design shear resistance at the interface  156 

c and µ are factors which depend on the roughness of the interface (see Table 4) 157 

fctd is the design tensile strength 158 

fck is the characteristic compressive cylinder strength of concrete at 28 days 159 

fyd is the design yield strength of reinforcement 160 

fcd is the design value of concrete compressive strength 161 

𝜌𝜌 = As/Ai 162 



10 
 

As is the area of reinforcement crossing the interface, including ordinary shear 163 

reinforcement (if any), with adequate anchorage at both sides of the interface. 164 

Ai is the area of the joint (area of concrete across the interface) 165 

α is the angle of interface shear reinforcement measured from the horizontal interface 166 

shear plane 167 

σn is the stress per unit area caused by the minimum external normal force across the 168 

interface that can act simultaneously with the shear force, positive for compression, such 169 

that σn < 0.6 fcd, and negative for tension. When σn is tensile, fctd should be taken as 0. 170 

 171 

Section 6.6.6.1 (EN 1994-2:2005) specifies that longitudinal shear failure and splitting of 172 

the concrete slab due to concentrated forces applied by the connectors shall be prevented in order 173 

to achieve the interface shear resistance predicted by the previous equation. 174 

Table 4: Coefficients for different surface roughness (EC-4) 175 

Surface Roughness    c 𝝁𝝁 
Very smooth* 0.025 to 0.10 0.5 
Smooth** 0.20 0.6 
Rough*** 0.40 0.7 

*a surface cast against steel, plastic or specially prepared wooden molds 176 

**a slip formed or extruded surface, or a free surface left without further treatment after 177 
vibration 178 

*** a surface with at least 3 mm (1/8 in.) roughness at about 40 mm (1.6 in.) spacing, achieved 179 
by raking, exposing of aggregate or other methods giving an equivalent behavior 180 



11 
 

 181 

CSA-S6-06 182 

CSA-S6-06 (Canadian Highway Bridge Design Code) clause 8.9.5.1 specifies that a crack 183 

shall be assumed to occur along the shear plane and the relative displacement shall be considered 184 

to be resisted by cohesion and friction maintained by the shear-friction reinforcement crossing the 185 

crack. The shear resistance of a plane, v, may be calculated as: 186 

v =φc (c + µσ) ≤ 0.25φc𝑓𝑓𝑐𝑐′ or 6.5 MPa (940 psi)    (7) 187 

where, 188 

φc is the resistance factor for concrete 189 

σ is the compressive stress across a shear-friction plane, MPa 190 

µ is the friction coefficient (see Table 5) 191 

c is the cohesion strength, MPa (see Table 5) 192 

The value of σ in Clause 8.9.5.1 shall be calculated as follows: 193 

σ =  ρv fy + N
Acv

         (8) 194 

where, 195 

𝜌𝜌𝑐𝑐  is the ratio Avf/Acv  196 

Acv is the area of concrete resisting shear transfer 197 

Avf is the area of shear-friction reinforcement 198 

fy is the specified yield strength of interface shear reinforcement 199 
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N is the unfactored permanent load normal to the interface area (taken as positive for 200 

compression and negative for tension) 201 

Table 5: Coefficients for different interface type (CSA-S6-06) 202 

Interface type C, MPa 
(psi) 𝝁𝝁 

Concrete placed against hardened concrete with clean surface, 
but not intentionally roughened 

0.25 
(36) 0.6 

Concrete placed against hardened concrete with clean surface 
and intentionally roughened to a full amplitude of about 5 mm 
(13/64 in.) and a spacing of about 15 mm (5/8 in.) 

0.50 
(72) 1.0 

Concrete placed monolithically 1.00 
(145) 1.4 

Effect of design parameters on interface shear resistance 203 

Interface shear resistance prediction models usually include the following parameters: 204 

specified concrete compressive strength (f’c), tensile yield strength of interface shear reinforcement 205 

(fy), and ratio of interface reinforcement (ρ). The effect of these three parameters on the interface 206 

shear resistance was studied using a database of 162 push-off tests conducted by the authors 207 

(Tawadrous, 2017) and others obtained from the literature. In all these tests, the girder component 208 

of the specimen was fixed, while the deck component was pushed off parallel to the interface 209 

between the two components. It should be noted that the effect of interface type/surface preparation 210 

was not considered in this study as the location of critical interface shear section was taken as 211 

shown in Figure 3, which is always a monolithic concrete interface. The critical section location 212 

was determined based on authors’ observations and reports by others in the literature regarding the 213 

most common failure plane in push-off tests of pocketed connections.    214 
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 215 

Figure 3: Location of the critical interface shear section in pocketed connections 216 

 217 

In order to study the effect of concrete compressive strength (fc) on the interface shear 218 

resistance of clustered shear connectors, the 162 data points were plotted in Figure 4, where shear 219 

stress (v) is on y-axis and (fc) is on x-axis. The data are widely scattered and the general trend 220 

shows that concrete compressive strength no correlation with the interface shear resistance. This 221 

justifies the absence of concrete compressive strength from the interface shear resistance equations 222 

in most design codes. Concrete compressive strength is usually considered in defining the upper 223 

limit on the interface shear resistance. To further investigate the effect of concrete compressive 224 

strength, the same data were plotted in Figure 5 but for three categories of ρ: I) less than 2%; II) 225 

between 2 and 4%; and III) higher than 4%. Figure 5 shows that concrete compressive strength 226 

has no correlation with the interface shear resistance for categories I and II. However, concrete 227 

compressive strength has slightly higher correlation (R2 = 0.22) with the interface shear resistance 228 

when reinforcement ratio exceeds 4%. This could be attributed to the high tri-axial compressive 229 

stresses exerted by large shear connector on the concrete through bearing, which are dependent on 230 

the concrete compressive strength. 231 
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 232 

Figure 4: Interface shear stress versus concrete compressive strength (fc is concrete compressive 233 
strength at testing time) 234 

 235 

Figure 5: Interface shear stress versus concrete compressive strength for different reinforcement 236 
(RFT) ratios (fc is concrete compressive strength at testing time) 237 
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 The same set of data was plotted to study the effect of reinforcement ratio on the interface 238 

shear resistance as shown in Figure 6. Interface shear stress was plotted on the y-axis and the 239 

percentage of interface shear reinforcement area over the interface area at the critical section was 240 

plotted on the x-axis. The data was grouped by the characteristic yield strength of the shear 241 

connectors. This figure shows that interface shear stress increases as the interface shear 242 

reinforcement ratio increases. However, the yield strength of the shear connectors does not seem 243 

to have a significant effect on the interface shear resistance, which agrees with other researchers 244 

(Harries et al., 2012) and design codes. For example, AASHTO LRFD limits the maximum tensile 245 

yield strength of the shear connectors to 60 ksi. In addition, other codes such as the European and 246 

Canadian codes limit stress on concrete interface, which minimizes the advantage of using shear 247 

connectors with high yield strength.   248 

 249 
Figure 6: Interface shear stress versus reinforcement ratio 250 
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Code Comparisons 251 

Four international bridge design codes were compared with respect to their prediction of 252 

interface shear resistance for clustered shear connectors. The database of 162 push-off tests was 253 

used to compare predicted interface shear resistance using four design codes versus the measured 254 

shear resistance as shown in Figure 7. The database includes test data obtained from 11 different 255 

data sources that cover variations of design parameters, such as shear pocket shape, interface shear 256 

areas, concrete compressive strength, reinforcement ratio, clamping stress, connector type, and 257 

yield strength. The values/ranges of these parameters were: 258 

1. Pocket shapes include rectangular, circular, and beveled. 259 

2. Interface shear area ranges from 4 to 178.25 in.2; 260 

3. Average concrete compressive strength ranges from 2.5 to 11 ksi; 261 

4. Reinforcement ratio (ρ) ranges from 0 to 11%; 262 

5. Clamping stress (ρ.fy) ranges from 0 to 5.9 ksi; 263 

6. Shear connectors include reinforcing steel bars, studs, and threaded rods;  264 

7. Yield strength of shear connectors ranges from 49 to 130 ksi.  265 

The predicted shear resistance values in Figure 7 were calculated assuming the following: 266 

• Strength reduction factor of 1.0; 267 

• Measured not specified values of concrete compressive strength; 268 

• Corresponding code provisions are used for calculating different parameters, such as 269 

material limits, and shear friction coefficient; 270 

• Location of critical section is at shear pocket-haunch interface (see Figure 3) 271 

For more detailed information about the dataset, refer to Tawadrous (2017). 272 
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 275 

 276 

Figure 7: Measured versus predicted interface shear resistance using different design codes 277 
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Table 6 lists the mean, STD, and COV values of Vtest/Vpred as well as the percentage of data 279 

points with Vtest/Vpred ≥ 1.0 for each design code to evaluate their relative accuracy.  280 

Table 6: Summary of the accuracy and consistency of different code predictions 281 

 Vtest/Vpred  

 

fib 
MC 
2010 

AASHTO 
LRFD 
2014 

EC2-
2004 

CSA-
S6-

2006 
Mean 1.49 1.45 1.54 2.07 
STD 0.58 0.76 0.56 1.05 
COV 0.39 0.52 0.36 0.50 

UEV (%) 86 70 88 93 
STD = standard deviation; COV = coefficient of variation; UEV (%) = percentage of underestimated values 282 
(Vtest/Vpred ≥ 1.0).  283 

 284 

Discussion 285 

Comparing the plots presented in Figure 7 a) to d) indicated that all code provisions 286 

conservatively underestimate the interface shear resistance of clustered shear connections. 287 

Although AASHTO LRFD 2014, EC-2, and CSA-S6 are based on the same shear friction model 288 

that was first developed by Birkeland and Birkeland (1966), these three codes provided different 289 

predictions as the slope of the trend-line was 1.27, 1.29, and 1.92, respectively. This is mainly due 290 

to differences in material strength limits specified in each of the code provisions. AASHTO LRFD, 291 

fib MC 2010, and EC-2 provided close prediction results with a difference (in terms of the mean) 292 

of less than 6.5% between all three of them. AASHTO provided the closest results to the measured 293 

interface shear resistance value with trend-line slope of 1.27. However, the European code and fib 294 

MC provided the most consistent results when compared to other codes as they have the least 295 

standard deviation (STD) and coefficient of variation (COV), and the highest R2 values.  296 
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 On the other hand, the Canadian code (CSA-S6) provided the most conservative 297 

predictions to interface shear resistance where the predicted interface shear resistance values were 298 

almost double the measured values. This may be attributed to ignoring the concrete contribution 299 

for monolithically cast concrete with compressive strength greater than 4 ksi. However, other 300 

codes such as EC-2 and fib MC use upper interface shear resistance limit that is a function of the 301 

concrete compressive strength (fc), instead of an absolute limit. When the percentage of data points 302 

of the 162 push-off tests with Vtest/Vpred ≥ 1.0 was checked, it was found that the Canadian code 303 

(CSA-S6) provided the highest percentage (93%) among the other codes, which means that 93% 304 

of the predicted values were lower than the test values. The EC-2 and fib MC 2010 provided close 305 

percentages of 88 and 86%, respectively. AASHTO LRFD provided the smallest percentage where 306 

only 70% of the predicted values were lower than the test values. 307 

Conclusions 308 

Based on the analytical evaluation presented in this paper on the interface shear 309 

resistance of clustered shear connectors, the following conclusions can be made: 310 

• Concrete compressive strength (fc) has no significant effect on interface shear resistance 311 

when reinforcement ratio across the interface is less than 4%. However, concrete 312 

compressive strength has slight correlation with interface shear resistance (R2 = 0.22) 313 

when reinforcement ratio exceeds 4%; 314 

• Interface shear resistance of clustered shear connectors increases as the reinforcement 315 

ratio across the interface increases, however, the tensile yield strength of shear connectors 316 

does not have a significant effect on interface shear resistance. 317 
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• AASHTO LRFD, fib MC 2010, and EC-2 provisions provide close predictions for 318 

interface shear resistance of clustered shear connectors (mean Vtest/Vpred of 1.45, 1.49, 319 

and 1.54, respectively) while, CSA-S6 provides the most conservative predictions (mean 320 

of Vtest/Vpred = 2.07); 321 

• EC-2 and fib MC code provide the most consistent predictions as they resulted in the 322 

least COV value for Vtest/Vpred are 36 and 39 %, respectively. On the other hand, 323 

AASHTO LRFD and CSA-S6 provide the most scattered predictions as their COV for 324 

Vtest/Vpred are 52% and 50%, respectively.  325 

• Interface shear provisions of EC-2 and fib MC 2010 codes are recommended for 326 

predicting interface shear resistance of clustered shear connectors, as more than 85% of 327 

the database was well predicted by these two codes.  328 

References 329 
 330 

American Association of State Highway and Transportation Officials (AASHTO). LRFD Bridge 331 

Design Specifications. 7th ed. Washington, DC, 2014. 332 

Anderson, A. R. “Composite Designs in Precast and Cast-in-Place Concrete.” Progressive 333 

Architecture, V. 41, No. 9, September 1960, pp. 172-179. 334 

Badie, S.S., and Tadros, M.K. “Full-Depth, Precast-Concrete Bridge Deck Panel Systems.” 335 

National Cooperative Highway Research Program, NCHRP 12-65, Report 584, Transportation 336 

Research Board, Washington, D.C., 2008. 337 

Ben Huh, Clifford Lam, Bala Tharmabala "Effect of shear stud clusters in composite girder bridge 338 

design." Canadian Journal of Civil Engineering, 2015, 259-272. 339 

Birkeland, P. W., and Birkeland, H. W. “Connections in Precast Concrete Construction.” ACI 340 

Journal, Proceedings V. 63, No. 3, Mar. 1966, pp. 345-368. 341 



22 
 

CSA. 2000. Canadian Highway Bridge Design Code. CAN/CSA-S6-00, Canadian Standards 342 

Association, Rexdale, Ontario, Canada. 343 

Eurocode 2 (EC 2): Design of concrete structures – Part 1-1: General rules and rules for buildings, 344 

CEN, EN 1992-1-1, Brussels, 2004. 345 

Federation International du Béton (fib): Model Code 2010, final draft. fib Bulletin Nos. 65/66,   346 

Hanson, N. W. “Precast-Prestressed Concrete Bridges 2. Horizontal Shear Connections." Journal 347 

PCA Research and Development Laboratories, V. 2, No.2, 1960, pp. 38-58; also, PCA 348 

Development Department Bulletin D35, 1960, 21 pp. 349 

Harries K. A., Zeno G., and Shahrooz B. “Toward an Improved Understanding of Shear-Friction 350 

Behavior.” ACI Structural Journal, V.109 (6), 2012, P 835-844. 351 

Hatami A. “Design of Shear Connectors for Precast Concrete Decks in Concrete Girder Bridges.” 352 

Dissertation, University of Nebraska-Lincoln, 2014. 353 

Henely, D. M. “SHEAR CONNECTIONS FOR THE DEVELOPMENT OF A FULL-DEPTH 354 

PRECAST CONCRETE DECK SYSTEM. Master Thesis, University of Texas A&M, 2009.  355 

Hofbeck, J. A.; Ibrahim, I. O.; and Mattock, A. H. “Shear Transfer in Reinforced Concrete.” ACI 356 

Journal, Proceedings V. 66, No. 2, Feb. 1969, pp. 119-128. 357 

Issa, M. A., T. A. Patton, H. A. Abdalla, A. A. Youssif, and M. A. Issa. “Composite Behavior of 358 

Shear Connections in Full-Depth Precast Concrete Bridge Deck Panels on Steel Stringers.” 359 

PCI Journal, Vol. 48, No. 5, Sept.-Oct. 2003, pp. 76–89. 360 

Issa, M. J. et al. “Composite Behavior of Precast Concrete Full-Depth Panels and Prestressed 361 

Girders.” PCI Journal, 2006, P. 132-145. 362 

Kahn L.F., Mitchell A.D. “Shear friction tests with high-strength concrete.” ACI Journal 2002; 363 

99(1):98–103. 364 

Kahn, L. F. and Slapkus, A. “Interface Shear in High Strength Composite T-Beams.” PCI, 2004, 365 

102-110. 366 

Larose, K. E. Performance of Shear Stud Clusters for Precast Concrete Bridge Deck Panels. 367 

Master’s Thesis, University Of British Columbia, 2006. 368 



23 
 

Loov R.E., Patnaik A.K. “Horizontal shear strength of composite concrete beams with a rough 369 

interface.” PCI J 1994; 39(1): 48–69. 370 

Mattock A.H. “Shear friction and high-strength concrete.” ACI Struct J 2001; 98(1): 50–9. 371 

Mattock, A. H., and Hawkins, N. M., “Shear Transfer in Reinforced Concrete Recent Research.” 372 

PCI Journal, V. 17, No.2, March-April 1972, pp. 55-75. 373 

Mattock, A. H.; Li, W. K.; and Wang, T. C. “Shear Transfer in Lightweight Reinforced Concrete.” 374 

PCI Journal, V. 32, No. 1, Jan.-Feb. 1976, pp. 20-39. 375 

Paulay, T., Park, R., and Phillips, M. H. “Horizontal Construction Joints in Cast-in-Place 376 

Reinforced Concrete.” Shear in Reinforced Concrete, ACI Special Publication SP-42, V. 2, 377 

American Concrete Institute, Detroit, MI, 1974, pp. 599-616. 378 

Randli, N.: Untersuchungen zur Kraftübertragung zwischen Altund Neubeton bei 379 

unterschiedlichen Fugenrauhigkeiten (Investigations into the force transfer between old and 380 

new concrete with various joint roughnesses); Dissertation, Universität Innsbruck 1997, 379. 381 

Shim C. S., Kim D. W., and Nhat M. X. “Performance of Stud Clusters in Precast Bridge Decks. 382 

The Baltic Journal of Road and Bridge Engineering, V.9 (1), 2014, p 43-51. 383 

Shim, C. S. Kim, Chung, C. H. and Chang, S. P. “The Behavior of Shear Connection in Composite 384 

Beam with Full-Depth Precast Slab.” Structures and Buildings, the Institution of Civil 385 

Engineers, Vol. 140, January 2000, pp. 101-110. 386 

Tawadrous, R. “Design of Shear Pocket Connections in Full-Depth Precast Concrete Bridge Deck 387 

Systems.” Dissertation, University of Nebraska-Lincoln, 2017. 388 

Wallenfelsz, J. A. Horizontal Shear Transfer for Full-Depth Precast Bridge Deck Panels. Master’s 389 

Thesis, Blacksburg, Virginia, Virginia Polytechnic Institute and State University, 2006. 390 

Walraven, J. C.; Frénay, J.; and Pruijssers, A. “Influence of Concrete Strength and Load History 391 

on the Shear Friction Capacity of Concrete Members.” PCI Journal, V. 32, No. 1, Jan.-Feb. 392 

1987, pp. 66-84. 393 

 394 


	Interface Shear Resistance of Clustered Shear Connectors for Precast Concrete Bridge Deck Systems
	Abstract
	Introduction
	Background of Interface Shear
	Code Provisions
	AASHTO LRFD (2014)
	fib Model Code 2010
	Eurocode 2 (EN 1992-1-1:2004)
	CSA-S6-06

	Effect of design parameters on interface shear resistance
	Code Comparisons
	Discussion
	Conclusions
	References

