
ENGINEERING JOURNAL / SECOND QUARTER / 2025 / 59 ISSN 2997-4720

Block Shear of Bolted Connections—Reliability 
Analysis and Design Recommendations
BO DOWSWELL

ABSTRACT

In this paper, the existing data from previous research projects was analyzed to determine the reliability of the 2022 AISC Specification block 
shear equations. Additionally, the 1989 AISC Specification provisions and the design equations proposed by Driver et al. (2006), Kamtekar 
(2012), and Teh and Deierlein (2017) were analyzed. The analysis was limited to normal-strength steels. The data set included a total of 279 
experimental tests from 25 research projects. For the data set with only U-shaped block shear patterns, the reliability analysis showed that 
both the 2022 AISC Specification and the 1989 AISC Specification block shear provisions are conservative.

Based on the results, revisions to the AISC Specification were proposed. The proposed design method combines attributes from the avail-
able design methods to develop a general design method that is applicable to several common connection types. A secondary intention is 
to enhance clarity and transparency, where the variables affecting the strength are included explicitly in the equations.

Keywords:  block shear, tensile rupture.

INTRODUCTION

B lock shear occurs when a connecting element fails 
around the perimeter of a fastener group as shown in 

Figure 1. The failure pattern is characterized by tensile rup-
ture at a plane perpendicular to the load and shear failure 
along either one or two planes parallel to the load.

The analysis by Galambos was used to determine the 
reliability of the block shear equations that were pro-
posed for the draft of the first AISC LRFD Specification 

for Structural Steel Buildings, hereafter referred to as the 
AISC Specification (1986). After the Galambos report 
was published, several research projects have significantly 
expanded the experimental data set for the block shear fail-
ure mode. Although the Commentary to 2022 AISC Spec-
ification Section J4.3 states that the adopted block shear 
model is conservative, the reliability has not been analyzed 
using the complete data set.

The objective of this paper is to analyze the existing data 
from previous research projects to determine the reliabil-
ity of the 2022 AISC Specification block shear equations. 
Additionally, the 1989 AISC Specification provisions and 
the design equations proposed by Driver et al. (2006), Kam-
tekar (2012), and Teh and Deierlein (2017) are analyzed. 
Based on these results, revisions to the AISC Specification 
are proposed.
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Fig. 1.  Block shear.
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AISC SPECIFICATION

In this section, the 2022 AISC Specification equations are 
presented, and relevant older AISC Specification require-
ments are reviewed. Detailed historical reviews were pro-
vided by Epstein and Aleksiewicz (2008) and Geschwinder 
(2006). Based on the test results of Birkemoe and Gilmor 
(1978), block shear provisions first appeared in the 1978 
AISC Specification. Since then, the Specification equations 
changed several times.

The early equations were presented in either ASD or 
LRFD format with the safety and resistance factors embed-
ded in the equations. However, these equations will be 
presented in this paper as nominal strengths. Because 
the safety factors and resistance factors have remained 
unchanged, using the nominal strength equations results 
in the most direct comparisons between the various Speci-
fication requirements. Because the variable symbols have 
changed, all equations will use the symbols defined in the 
2022 AISC Specification.

1986 AISC Specification

The 1986 AISC Specification was the first LRFD specifica-
tion. The block shear provisions are in Section J4.2.c. Based 
on the Specification verbiage, the block shear strength is 
the maximum of the two values calculated with Commen-
tary Equations C-J4-1 and C-J4-2. Equations  1a and 1b 
show the nominal strengths for these equations.

	 Rn = 0.6FyAgv + FuAnt� (1a)

	 Rn = 0.6FuAnv + FyAgt� (1b)

where
Agv	= gross area subjected to shear, in.2

Agt	= gross area subjected to tension, in.2

Anv	= net area subjected to shear, in.2

Ant	= net area subjected to tension, in.2

Fu	 = specified minimum tensile strength, ksi

Fy	 = specified minimum yield stress, ksi

Galambos (1985) indicated that the draft version of the 
Specification dated 1985 had slightly different block shear 
equations. His analysis included a nonuniform stress factor, 
Ubs, that was originally proposed by Ricles and Yura (1983). 
The nonuniform stress factor was applied only to the ten-
sion planes as indicated in Equations 2a and 2b. In the draft 
Specification, the block shear strength is the minimum of the 
two values calculated with Equations 2a and 2b.

	 Rn = 0.6FyAgv + UbsFuAnt� (2a)

	 Rn = 0.6FuAnv + UbsFyAgt� (2b)

Galambos (1985) determined the reliability index for the 
draft Specification to be 3.3 when ϕ = 0.75 and the live-to-
dead-load ratio is L/D = 3.0. These results were based on a 
professional factor that was calculated using the results of 
42 experimental tests from four research projects: Birke-
moe and Gilmor (1978), Yura et al. (1982), Ricles and Yura 
(1983), and Hardash and Bjorhovde (1985).

1989 AISC Specification

The 1989 AISC Specification block shear provisions are in 
ASD format. Combining Equations J4-1 and J4-2 in Sec-
tion  J4 results in the equation in the Commentary to the 
1978 AISC Specification. Multiplying by a safety fac-
tor of 2.0 results in the nominal block shear strength of 
Equation 3.

	 Rn = FuAnt + 0.6FuAnv� (3)

2022 AISC Specification

In the 2022 AISC Specification, the block shear strength is 
calculated with Equation J4-5, which was first included in 
the 2005 AISC Specification.

	 Rn = 0.6FuAnv + UbsFuAnt ≤ 0.6FyAgv + UbsFuAnt	
� (Spec. Eq. J4-5)

where
Ubs	= nonuniform stress factor

Ω	 = 2.00 (ASD)

ϕ	 = 0.75 (LRFD)

Where the tension stress is uniform, Ubs = 1; where the 
tension stress is nonuniform, Ubs = 0.5. Commentary Fig-
ure C-J4.2 indicates that Ubs = 0.5 for beam shear connec-
tions with multiple vertical bolt rows and Ubs  = 1 for all 
other conditions. The nonuniform stress factor of 0.5 was 
first recommended by Ricles and Yura (1983), based on the 
reduced block shear strength and nonlinear stress distribu-
tion at the tension plane of bolted clip angle connections 
with two vertical bolt rows. Although Ubs was not included 
in the 1989 Specification block shear provisions, the 50% 
strength reduction on the tension plane was widely used 
in practice because it was discussed in Engineering for 
Steel Construction (AISC, 1984) and the Manual of Steel  
Construction—Volume II—Connections (AISC, 1992).

BACKGROUND

This section of the paper provides background information 
on the Specification provisions. It is not intended to provide 
a complete review of the available research.
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Tests by Chesson and Munse (1958, 1963) revealed a 
limit state with failure around the periphery of fastener 
(rivets and bolts) groups connecting axially loaded mem-
bers to gusset plates. Birkemoe and Gilmor (1978) showed 
experimentally that block shear failure can occur in coped 
beams with bolted clip angle connections as shown in the 
L-shaped pattern of Figure  2(a). Marsh (1979) tested 43 
bolted double-lap gusset plate connections of steel and alu-
minum. Marsh was the first to propose a design equation 
for the U-shaped pattern shown in shown in Figure  2(b). 
Both the Birkemoe/Gilmor and Marsh research indicated 
that the block shear strength can be accurately predicted by 
summing the net rupture strengths of the tension and shear 
planes.

Tests on 28 bolted gusset plates by Hardash and Bjorhovde 
(1984, 1985) showed that the limit state is defined by rup-
ture across the tension plane, with various levels of yield-
ing along the shear planes. The extent of shear yielding was 
dependent on the length of the shear plane. The research-
ers proposed an empirical equation for the effective shear 
stress, which varies between the shear yield stress and the 
shear rupture stresses.

Cunningham et al. (1995) summarized the available test 
data and concluded that the aspect ratio of the block may 
have a significant effect on the strength. In cases where the 
resistance is not symmetrical about the loading plane, the 
in-plane eccentricity reduces the block shear strength. They 
noted that the strength can be accurately predicted by sum-
ming the net rupture strength of the tension plane and the 
gross yield strength of the shear planes. Kulak and Grondin 
(2001) summarized the available test data on gusset plates 
and came to the same conclusion.

Tests analyzed by Cunningham et al. (1995) and 
Kulak and Grondin (2001) showed that failure loads of 
coped beams decrease when the load is applied with an 

eccentricity relative to the shear failure plane [Figure 3(a)]. 
This is because the tensile stresses are nonuniform. The tri-
angular stress distribution shown in Figure  3(b) was first 
recommended by Ricles and Yura (1983) based on their 
experimental tests.

OTHER DESIGN METHODS

The design methods proposed by Driver et al. (2006), Kam-
tekar (2012), and Teh and Deierlein (2017) are discussed in 
this section of the paper.

Driver et al. (2006)

Huns et al. (2002) and Driver et al. (2006) showed that the 
block shear failure mode consists of shear yielding on the 
gross section adjacent to the holes, combined with rupture 
on the net tension area. They proposed Equation 4, where 
the strength is calculated by combining the net rupture 
strength of the tension plane with the strength of the shear 
planes. The shear plane strength is calculated with an effec-
tive shear stress, which is the average of the yield and rup-
ture shear stress, applied to the gross shear area.

	
Rn =UtAntFu + 0.6UvAgv

Fy + Fu
2

⎛
⎝

⎞
⎠ �

(4)

where
Ut	 = nonuniform tension stress factor

Uv	= nonuniform shear stress factor

For gusset plates with a U-shaped pattern, as shown in 
Figure 2(b), Ut = 1 and Uv = 1. When used with a reduction 
factor of ϕ = 0.75, This results in a reliability index, β, of 4.4 
(Huns et al., 2002). For angles and tees, Ut = 0.9 and Uv = 
0.9. For beam end connections with a single vertical row of 
bolts, as shown in Figure 2(a), Ut = 0.9 and Uv = 1. For beam 

        

	 (a)  Single-row coped beam	 (b)  Gusset plate

Fig. 2.  Block shear with uniform tension stress.
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end connections with two vertical rows, as shown in Fig-
ure 3(a), Ut = 0.3 and Uv = 1. The recommended coefficients 
are summarized in Table 1.

Driver et al. (2006) modified Equation  4 by delet-
ing Uv and recalibrating Ut. This resulted in Equation  5, 
which is used with the nonuniform tension stress factors in 
Table 2. Equation 5 was adopted in the Canadian standard,  
CAN/CSA-S16-14 Design of Steel Structures (2014). When 
used with a resistance factor of ϕ = 0.75, the resulting reli-
ability index is 4.3 for gusset plates and 3.5 for angles, tee 
webs, and coped beams. Driver et al. noted that reliability 
indices less than 4 may be appropriate for the block shear 
limit state because the ductility is significantly higher than 
for bolts and welds.

	
Rn =UtAntFu + 0.6Agv

Fy + Fu
2

⎛
⎝

⎞
⎠ �

(5)

Kamtekar (2012)

The research by Kamtekar (2012) was primarily related to 
bolt tearout. The tearout strength is calculated using two 
shear rupture planes between the bolt hole and the member 
edge. The shear planes are located at the bolt edge, and the 
shear plane length is calculated using the geometry of the 
connection (edge distance, bolt diameter, and hole diam-
eter). The same concept was also proposed for the block 
shear limit state, where the shear area is calculated at the 
bolt edge as shown in Figure 4.

The block shear strength is calculated with Equation 6.

	 Rn = FuAnt + 0.6FuAev� (6)

For connections with round holes, Aev is calculated with a 
shear length reduction for each hole in the shear plane, lvh, 
according to Equation 7.

          
	 (a)  Double-row coped beam	 (b)  Nonuniform tension stress

Fig. 3.  Block shear of a double-row coped beam web.

Table 1.  Nonuniform Tension and Shear Stress Factors

Ut Uv

Gusset plates 1 1

Angles and tee webs 0.9 0.9

Coped beam with one vertical bolt row 0.9 1

Coped beam with two vertical bolt rows 0.3 1

Table 2.  Nonuniform Tension Stress Factors, Ut

Gusset plates 1

Angles and tee webs 0.6

Coped beam with one vertical bolt row 0.9

Coped beam with two vertical bolt rows 0.3
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	 lvh = dh
2 − d 2

� (7)

where
Aev	= effective shear area, in.2

d	 = bolt diameter, in.
dh	 = hole diameter, in.

Teh and Deierlein (2017)

The design method proposed by Teh and Deierlein (2017) is 
based on an effective shear area equal to the average of the 
gross and net shear areas. The block shear strength is calcu-
lated using Equation 6 with the effective shear area calcu-
lated with Equation 8.

	
Aev =

Agv + Anv
2 �

(8)

STATISTICAL PARAMETERS

The objective of this section of the paper is to analyze the 
existing data from previous research projects. An accu-
rate reliability analysis must consider the actual, measured 
geometries and material strengths. The bias and variation 
between actual and specified properties are discussed. The 
bias coefficient is:

	 ρR = ρM ρG ρP� (9)

where
ρG	= �bias coefficient for the geometric properties, 

addressing the difference between the nominal and 
actual dimensions

ρM	= �bias coefficient for the material properties, address-
ing the difference between the specified and actual 
strengths

ρP	 = �bias coefficient for the test-to-predicted strength 
ratios; mean value of the professional factor cal-
culated with the measured geometric and material 
properties

The coefficient of variation is:

	 VR = VM
2 +VG2 + VP2 � (10)

where
VG	 = coefficient of variation for the geometric properties
VM	= coefficient of variation for the material properties
VP	 = �coefficient of variation for the test-to-predicted 

strength ratios

Geometric Properties

For the block shear limit state, geometric variations are pri-
marily related to the element thickness. For plate thickness 
variation, Hess et al. (2002) recommended ρG = 1.05 with 
VG = 0.044, and Schmidt and Bartlett (2002) recommended 
ρG = 1.04 with VG = 0.025. The values for W-shape webs 
from Franchuk et al. (2004) are ρG = 1.017 with VG = 0.039.

Due to a lack of statistical data associated with the effect 
of fabrication tolerances (hole size, spacing, edge dis-
tance) on block shear strength, these variabilities are usu-
ally included implicitly in first-order reliability analyses. To 
consider the effect of geometric variations, including fab-
rication tolerances, Galambos and Ravinda (1978) recom-
mended ρG  = 1.00 with VG  = 0.050. These values, which 
were used in the block shear reliability analysis by Hardash 
and Bjorhovde (1984), were also used in this paper.

Material Properties

Recommended statistical parameters for the material tensile 
strength were summarized by Schmidt and Bartlett (2002). 
For plates with thicknesses between 10 mm (0.39 in.) and 
20 mm (0.79 in.), ρM = 1.19 with VM = 0.034. These values 
are conservative compared to those of thicker plates. For 
I-shaped members, ρM = 1.13 with VM = 0.044.

Liu et al. (2007) compiled the following tensile strength 
data:

        
	 (a)  Block shear pattern	 (b)  Hole detail

Fig. 4.  Kamtekar (2012) block shear pattern.
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•	 For ASTM A992 (2022) W-shapes, ρM  = 1.12 with 
VM = 0.04. These values are conservative for ASTM 
A36 (2019a) and ASTM A572 (2021) Grade 50 
W-shapes.

•	 For A572 Grade 50 angles, ρM = 1.38 with VM = 0.06. 
The worst case is for A36 angles, where ρM = 1.22 with 
VM = 0.04.

•	 For A36 channels, ρM = 1.18 with VM = 0.04. However, 
the preferred material specification in AISC Manual 
(AISC, 2023) Table 2-4 is A992.

•	 The mean values for ASTM A529 (2019b) and A572 
plates are ρM = 1.21 with VM = 0.04. The worst case is 
for A572 Grade 55 plates, where ρM = 1.15 with VM = 
0.01.

Recommended statistical parameters for the material yield 
strength were summarized by Schmidt and Bartlett (2002). 
For plates with thicknesses between 10 mm (0.39  in.) and 
20 mm (0.79 in.), ρM = 1.11 with VM = 0.054. These values 
are conservative for thicker plates. For I-shaped members, 
ρM = 1.03 with VM = 0.063.

Liu et al. (2007) compiled the following yield strength 
data:

•	 For A992 W-shapes, ρM = 1.10 with VM = 0.05. These 
values are conservative for A36 and A572 Grade 50 
W-shapes.

•	 For A572 Grade 50 angles, ρM = 1.29 with VM = 0.07. 
These values are conservative for A36 and ASTM 
A588 (2024) angles.

•	 For A36 channels, ρM = 1.36 with VM = 0.06. However, 
the preferred material specification in AISC Manual 
Table 2-4 is A992.

•	 The mean values for A529 and A572 plates are ρM = 
1.15 with VM = 0.06. The worst case is for A529 Grade 
55 plates, where ρM = 1.10 with VM = 0.05.

Block shear is a valid limit state for each of the available 
shapes. Although the shear plane strength in 2022 AISC 
Specification Equation J4-5 is limited by the yield strength, 
the research discussed in this paper indicates that the block 
shear strength is more accurately predicted with the tensile 
strength on both the tension and shear planes. Therefore, the 
lower-bound bias coefficient for tensile strength, ρM = 1.12, 
was used in the analysis with VM = 0.044.

Test-to-Predicted Strength

The bias coefficient and coefficient of variation for the 
test-to-predicted strength ratios, ρP and VP are discussed 
in this section of the report. These statistical parameters 
were calculated using existing data from previous research 

projects. Only specimens with quasi-static loading were 
included in the data set. The specimens had measured yield 
stresses between 33.2 and 79.8 ksi. The measured tensile 
strengths were between 46.8 and 89.3 ksi.

Table  3 provides a summary of the specimens. The 
data set included a total of 279 experimental tests from 25 
research projects. The third column of Table 3 lists the fail-
ure pattern that was observed for each specimen.

The test-to-predicted strength parameters are listed in 
Table 4. Because the various specimen characteristics result 
in different eccentricities and failure patterns, an evaluation 
of each connection type is required. Some of the connection 
types require a nonuniform stress factor; however, these 
were not included in the Table 4 values. Therefore, only the 
groups without eccentricity are expected to be accurate. For 
the other cases, the statistical parameters will be used to 
determine nonuniform stress factors that result in the lowest 
VP values and an appropriate reliability index. Single-row 
and double-row terminology refers to the number of bolt 
rows parallel to the loading direction.

RELIABILITY ANALYSIS

In this section of the paper, the statistical parameters are 
used to determine the reliability of block shear equations 
from the 2022 AISC Specification, the 1989 AISC Specifi-
cation, Driver et al. (2006), Kamtekar (2012), and Teh and 
Deierlein (2017). The resistance factor required to obtain a 
specific reliability level is (Galambos and Ravinda, 1978)

	 =CR Re RVRϕ ρ −βα
� (11)

where
CR	= load ratio correction factor

VR	= coefficient of variation

αR	= separation factor

β	 = reliability index

ρR	 = bias coefficient

Galambos and Ravinda (1973) recommended a separation 
factor, αR, of 0.55. For L/D = 3.0, Li et al. (2007) developed 
Equation 12 for calculating the load ratio correction factor.

	 CR = 1.40 − 0.156β + 0.0078β2� (12)

The bias coefficient and the coefficient of variation are 
calculated using the statistical parameters with Equations 9 
and 10, respectively. Equations 9 through 12 are accurate 
only for large sample sizes; however, many of the data sets 
consist of only a limited number of tests. To consider the 
effect of small sample sizes, AISI (2016) uses a correction 
factor applied to Vp, resulting in a coefficient of variation of

	 VR = VM
2 +VG2 +CpVP

2
� (13)
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Table 3.  Experimental Tests

Reference Element Failure Pattern n

Gusset Plates

Chesson and Munse (1958) Shaped gusset plate U 2

Chesson and Munse (1963) Shaped gusset plate U 8

Hardash and Bjorhovde (1984) Rectangular plate U 28

Udagawa and Yamada (1998) Rectangular plate U 49

Huns et al. (2002) Rectangular plate U 5

Mullin and Cheng (2004) Shaped gusset plate U 5

Brown et al. (2007) Rectangular plate U 26

Zeynali et al. (2017) Rectangular plate U 22

Braces

Madugula and Mohan (1988) Angle brace L 12

Epstein (1992) Angle brace L 2

Sankisa (1993) Angle brace L 18

Gross et al. (1995) Angle brace L 13

Orbison et al. (1999) Angle brace L 3

Orbison et al. (1999) Web of T-shaped brace L 9

Aalberg and Larsen (2000) Web of I-shaped brace U 4

Bartels (2000) Web of T-shaped brace L 3

Castonguay (2009) Angle brace L 3

McNeill and Lloyd (2018) Web of C-shaped brace U 1

McNeill and Lloyd (2018) Angle brace L 1

Pizzuto (2019) Flange of I-shaped brace L 7

Jiang et al. (2020) Angle brace L 11

Ke et al. (2022) Angle brace L 5

Ke et al. (2022) Angle brace U 1

Beams

Birkemoe and Gilmor (1978) Coped beam L 1

Yura et al. (1982) Coped beam L 4

Ricles and Yura (1983) Coped beam L 7

Aalberg and Larsen (2000) Coped beam L 8

Franchuk et al. (2004) Coped beam L 15

Fang et al. (2013) Coped beam L 10

n = sample size
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The sample size correction factor for n ≥ 4 is

	

CP = 1+ 1

n

m

m 2

= 1+ 1

n

n 1

n 3−
−
−

⎛
⎝

⎛
⎝

⎞
⎠

⎞
⎠

⎛
⎝

⎛
⎝

⎞
⎠

⎞
⎠ �

(14)

where
m	= degrees of freedom

	 = n − 1

n	 = number of tests

Equation  14 was originally developed by Hall and Pekoz 
(1988) and revised by Tsai (1992).

Based on the 2022 AISC Specification Section B3.1 
Commentary, the primary target reliability index used in 
this report is 4.0. The use of β = 4.0 for the block shear limit 
state is discussed further by Franchuk et al. (2004), Teh and 
Deierlein (2017), and Yam et al. (2011).

Results

The accuracy of the basic equation, without a nonuniform 
stress factor, is established using only the data set with a 

U-shaped failure pattern. This data set includes gusset 
plates, double-row angle braces, I-shaped brace webs, and 
a channel brace web. The resistance factors calculated with 
Equation 11 are listed in Table 5. These values were deter-
mined with Cp = 1.02, which was calculated using Equa-
tion 14 with n = 151.

For connections with a U-shaped failure pattern, ϕ  = 
0.95 results in an appropriate reliability level for the AISC 
(2022, 1989) equations. For the Driver et al. (2006), Kam-
tekar (2012), and Teh and Deierlein (2017) equations, ϕ = 
0.80 is appropriate.

ANALYSIS AND DISCUSSION

In this section of the paper, further analysis of the published 
research is used to establish the effect of oversize holes, 
shear plane location and the nonuniform stress factor on the 
block shear strength.

Oversize Holes

Three specimens with oversize holes were tested by Har-
dash and Bjorhovde (1984). All three specimens had 

Table 4.  Test-to-Predicted Strength Parameters

AISC 
Specification 

(2022)

AISC 
Specification 

(1989)
Driver et al.  

(2006)
Kamtekar  

(2012)
Teh and Deierlein 

(2017)

All Specimens (n == 279)

ρP 1.16 1.15 1.03 0.952 0.986

VP 0.113 0.119 0.138 0.115 0.111

Specimens with U-Shaped Failure Pattern (n == 151)

ρP 1.20 1.19 0.995 1.00 1.02

VP 0.0755 0.0790 0.0801 0.0675 0.0682

Single-Row Brace (n == 72)

ρP 1.07 1.07 0.988 0.888 0.913

VP 0.128 0.129 0.204 0.128 0.127

Double-Row Brace (n == 8)

ρP 1.02 1.02 1.17 0.918 0.907

VP 0.0860 0.0919 0.177 0.0872 0.0835

Single-Row Beam (n == 26)

ρP 1.17 1.14 0.965 0.948 0.980

VP 0.0885 0.102 0.0756 0.0947 0.0945

Double-Row Beam (n == 15)

ρP 0.885 0.829 0.784 0.760 0.769

VP 0.167 0.216 0.169 0.197 0.203

n = sample size
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U-shaped failure patterns. For these specimens, which 
had 2-in.-diameter bolts with n-in.-diameter holes, the 
test-to-predicted strength ratios are listed in Table 6. The 
last row shows the mean values, which are higher than the 
ρP values for the specimens with U-shaped failure pattern in 
Table 4 for all five design equations. The ratios of the mean 
value from Table 6 to the ρP values from Table 4 vary from 
1.03 to 1.12, with the Teh and Deierlein equation resulting 
in the smallest ratio.

Shear Plane Location

Based on the Birkemoe and Gilmor (1978) recommen-
dations, the net tensile and shear areas have traditionally 
been calculated along the hole centers. However, Kam-
tekar (2012) and Teh and Deierlein (2017) showed that, for 
bolted gusset plate connections, the shear failure plane is 
located between the center and edge of the holes, resulting 
in increased shear plane areas.

For connections that are symmetrical about the load-
ing axis, bearing of the bolts on the holes induces a sec-
ondary constraining force perpendicular to the load (Wen 
and Mahmoud, 2017), resulting in the shear plane loca-
tions shown earlier in Figure 4. Where this constraint is not 
available, lateral translation of the block causes the shear 

plane to shift closer to the hole center, as shown in Figure 5. 
This effect causes a reduction in the shear plane area when 
compared to constrained elements. The differences in con-
strained and unconstrained behavior can be clearly identi-
fied in many of the post-test photographs in the references 
of Table 3.

For constrained connections, the Kamtekar (2012) and 
Teh and Deierlein (2017) equations result in similar reliabil-
ities, with the Kamtekar equation marginally more accu-
rate based on the parameters for U-shaped failure patterns 
in Table 4. The Kamtekar equation is based on a theoreti-
cal failure mechanism and the Teh and Deierlein equation 
appears to be an empirical estimate. Due to the lack of sig-
nificant experimental specimens with oversize holes, an 
accurate reliability assessment of the two equations for this 
condition is not available. However, the three data points in 
Table 6 show that both equations are conservative for this 
limited data set.

To isolate the shear plane in a U-shaped block shear pat-
tern, Orbison et al. (1999) and Aalberg and Larsen (2000) 
tested I-shaped brace web specimens with the tension plane 
cut. The test-to-predicted strength parameters for the test 
by Aalberg and Larsen and five tests by Orbison et al. are 
listed in Table 7. Based on the ρP and VP values for the five 

Table 5.  Resistance Factors for U-Shaped Failure Pattern

AISC Specification 
(2022)

AISC Specification 
(1989)

Driver et al.  
(2006)

Kamtekar  
(2012)

Teh and Deierlein 
(2017)

ϕ 0.968 0.954 0.796 0.817 0.833

Table 6.  Test-to-Predicted Strength Ratios for Specimens with Oversize Holes

Specimen
AISC Specification 

(2022)
AISC Specification 

(1989)
Driver et al.  

(2006)
Kamtekar  

(2012)
Teh and Deierlein 

(2017)

16 1.21 1.21 0.999 1.08 1.01

20 1.28 1.28 1.08 1.16 1.09

26 1.26 1.26 1.03 1.12 1.05

Mean 1.25 1.25 1.04 1.12 1.05

Fig. 5.  Nonconstrained connection.
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block shear equations, the Kamtekar equation is clearly the 
most accurate.

The tearout limit state for bolted connections occurs 
when a shear plane rupture occurs parallel to the load on 
each side of the bolt. The tearout limit state is similar to the 
block shear limit state without the tension rupture plane. 
Because there are a significant number of experimental 
tests available for the tearout limit state, further insight 
into the behavior of isolated shear planes can be gained by 
observing these results, which were analyzed by France-
schetti and Denavit (2021). Franceschetti and Denavit indi-
cated that the two effective area methods (Kamtekar, 2012; 
Teh and Deierlein, 2017) are more accurate than the net 
area method (AISC, 1989, 2022). They recommended the 
equation by Kamtekar because it “showed less variation” 
than the Teh and Deierlein equation and “was found to be 
accurate over the entire range of hole types investigated.”

Nonuniform Stress Factor

Based on the Ricles and Yura (1983) recommendations, the 
nonuniform stress factor has traditionally been applied to 
the tension plane resistance. In this study, the accuracy of 
the nonuniform stress factor was investigated iteratively as a 
multiplier on the tension term, on the shear term, and to both 
the tension and shear terms. These comparisons resulted in 
a minimum coefficient of variation when the nonuniform 
stress factor was applied to the shear plane resistance. This 
is because, under some conditions, the block shear strength 
can be limited by tension plane rupture with a relatively low 
shear plane efficiency (Cunningham et al. 1995; Orbison et 
al., 1999; Wen and Mahmoud, 2017).

PROPOSED DESIGN METHOD

Because Equation 3 is simple, transparent, and accurate for 
many different design conditions, it was used as the basis 
for the proposed design method. The effective shear area 
is used in lieu of the net area to allow the use of increased 
shear areas for laterally constrained elements. A shear plane 
efficiency factor is used to consider the effect of eccentric-
ity on the shear plane resistance. The nominal strength for 
the limit state of block shear is

	 Rn = Fu(Ant + 0.6UvAev)� (15)

where
Uv	= shear plane efficiency factor

Ω	 = 1.88 (ASD)

ϕ	 = 0.80 (LRFD)

Effective Shear Area

For block shear patterns that are symmetrical about the 
loading axis as shown in Figure 6, the effect of lateral con-
straint on the shear area can be calculated with an effec-
tive hole diameter. For connections with round holes, Aev 
is calculated with a shear length reduction for each hole 
in the shear plane, lvh, according to Equation  7. For con-
nections with slotted holes, lvh is the slot dimension par-
allel to the shear plane. For block shear patterns that are 
unsymmetrical about the loading axis as shown in Figure 7,  
Aev should be calculated with the actual hole diameter, dh. 
For both symmetrical and unsymmetrical block shear pat-
terns, the net areas should be calculated according to 2022 
AISC Specification Section B4.3b, which requires “the 

Table 7.  Test-to-Predicted Strength Parameters for Shear-Plane Specimens

AISC Specification 
(2022)

AISC Specification 
(1989)

Driver et al.  
(2006)

Kamtekar  
(2012)

Teh and Deierlein 
(2017)

Aalberg and Larsen (2000) Test

Specimen T4-1 1.46 1.46 1.11 1.06 1.14

Orbison et al. (1999) Tests

Specimen W3 1.27 1.27 1.02 1.00 1.04

Specimen W7 1.31 1.31 1.02 1.01 1.06

Specimen W8 1.25 1.25 0.991 0.978 1.02

Specimen W9 1.25 1.25 1.05 1.02 1.05

Specimen W10 1.17 1.17 0.981 0.952 0.987

Reliability Parameters

ρP 1.29 1.29 1.03 1.00 1.05

VP 0.0678 0.0678 0.0404 0.0331 0.0471

ϕ 1.01 1.01 0.857 0.843 0.861
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width of a bolt hole shall be taken as z in. (2 mm) greater 
than the nominal dimension of the hole.”

Eccentricity

The shear plane efficiency factor is used to consider the 
effect of eccentricity on the shear plane resistance. For the 
concentrically loaded patterns shown in Figure 6, Uv = 1.0. 
For the eccentrically loaded patterns shown in Figure 7, a 
reliability analysis is used to calculate the values for Uv to 
result in β ≈ 4 when ϕ = 0.80. Table 8 lists the reliability 

parameters for each connection type. Here, ρP and VP were 
calculated with Equation 15. The recommended Uv factors 
are listed in the second column.

CONCLUSIONS

In this paper, the existing data from previous research proj-
ects was analyzed to determine the reliability of the 2022 
AISC Specification block shear equations. Additionally, the 
1989 AISC Specification provisions and the design equa-
tions proposed by Driver et al. (2006), Kamtekar (2012), 

    
	 (a)  U-shaped pattern	 (b)  L-shaped pattern

Fig. 6.  Symmetrical block shear patterns.

	 	
	 (a)  Single-row brace	 (b)  Double-row brace

	 	
	 (c)  Single-row beam	 (d)  Double-row beam

Fig. 7.  Unsymmetrical block shear patterns.

Table 8.  Reliability Parameters for Eccentric Specimens

Uv n ρρP VP ϕϕ
Single-row brace 1.0 72 1.07 0.129 0.779

Double-row brace 0.90 8 1.06 0.0898 0.818

Single-row beam 1.0 26 1.14 0.102 0.869

Double-row beam 0.30 15 1.26 0.177 0.803

n = sample size
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and Teh and Deierlein (2017) were analyzed. The analysis 
was limited to normal strength steels. The data set included 
a total of 279 experimental tests from 25 research projects. 
Based on the results, revisions to the AISC Specification 
were proposed.

For the data set with only U-shaped block shear pat-
terns, the reliability analysis showed that both the 2022 
AISC Specification and the 1989 AISC Specification block 
shear provisions are conservative. Although the 2022 AISC 
Specification requires ϕ  = 0.75, the analysis showed that 
ϕ  = 0.968 provides an appropriate reliability level. The 
1989 AISC Specification requires Ω = 2.00; however, Ω = 
1.50/0.954  = 1.55 results in adequate reliability. For the 
Driver et al. (2006), Kamtekar (2012), and Teh and Deier-
lein (2017) equations, ϕ = 0.80 is appropriate.

When the data set was expanded to include both U-shaped 
and L-shaped block shear patterns, the coefficient of varia-
tion increased for all five of the design methods that were 
included in the analysis. This increase is attributed to the 
effects of lateral constraint and eccentricity, which were 
considered differently in the various design models.

The proposed design method combines attributes from 
the available design methods to develop a general design 
method that is applicable to several common connection 
types. A secondary intention is to enhance clarity and 
transparency, where the variables affecting the strength are 
included explicitly in the equations.

To accurately account for the behavior at failure, Fu is 
always used to calculate the shear plane strength. This 
increases the accuracy, simplifies the design equation and 
eliminates a source of conservatism in the 2022 AISC 
Specification equations.

One source of conservatism in the 2022 AISC Specifica-
tion provisions is the assumption that shear failure occurs 
along the hole center. That is typically the case for the 
unsymmetrical (nonconstrained) L-shaped block shear pat-
terns. However, for symmetrical (constrained) U-shaped 
and L-shaped failure patterns, the shear plane location 
along the bolt edge increases the shear area. It was con-
cluded that lateral constraint, which is not present at the 
unsymmetrical L-shaped patterns, is required to cause the 
shear plane to shift from the hole center to the bolt edge. For 
nonconstrained connections, the proposed design method 
is based on the shear area along the hole center. For con-
strained connections, the shear area along the bolt edge is 
used. The proposed equations closely model the true loca-
tion of the shear failure planes for both U- and L-shaped 
failure patterns.

The block shear strength is also dependent on the load-
ing eccentricity, which is considered with a nonuniform 
stress factor. In the 2022 AISC Specification, the nonuni-
form stress factor is applied to the tension plane resistance. 
However, the block shear equations are more accurate when 

the nonuniform stress factor is applied to the shear plane 
resistance. A separate reliability analysis was used to cal-
culate these shear plane efficiency factors for four common 
connection types.

For the proposed design method, the reliability analysis 
resulted in an appropriate reliability level when ϕ = 0.80. 
Compared to the 2022 AISC Specification provisions, the 
proposed design method results in a mean 24% increase in 
the available strength for connections with U-shaped fail-
ure patterns.
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