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A B S T R A C T

We investigated the block shear performance of 16 steel angle specimens connected by double-line bolts.
Among these specimens, 10 were made of S690 high-strength steel and 6 were made of normal-strength steel.
The angle specimens were fabricated using two hot-rolled steel plates through groove welding. Two angle
sections, i.e., 125 × 65 × 6 and 125 × 85 × 6 mm (long leg length × short leg length × thickness), were
considered in the test. All angles were connected to the long leg. Apart from steel grade, the test parameters
included bolt rows, parallel pitch, transverse pitch, edge distance, and unconnected leg length. Typical block
shear of specimens were observed, and different fracture patterns were characterised. The test results confirmed
that the block shear strength of the tension angles could be improved by increasing the tension plane area with
the increase of the transverse pitch and edge distance and increasing the shear plane area with the increase
of the bolt row number and parallel pitch. However, the test results showed that the block shear strength of
the angles was not affected by the length of the unconnected leg. Subsequently, numerical models were built
to further investigate the block shear behaviour of the double-line bolted angles, and the analysis parameters
were the end distance, unconnected leg length, and connected leg length. According to the experimental and
numerical results, the accuracy and adequacy of design specifications in the United States, Europe, Canada,
and Japan and design equations documented in the literature for evaluating the block shear performance of
double-line bolted steel angles were evaluated.
1. Introduction

Bolted connections are frequently used to transfer tension between
angles and adjacent structural elements, such as gusset plates. Bolt
failure in a bolted tension angle may be effectively suppressed by using
high-strength bolts [1]. In this situation, as shown in Fig. 1, block
shear failure, characterised by the tearing off of the connecting com-
ponents, may become the dominant failure mode. The shear yielding
or rupture along the shear plane (parallel to the axial load) and tensile
fracture along the tension plane (perpendicular to the axial load) are
typical characteristics of block shear failure. In practice, for the sake
of simplicity, only one leg of an angle is usually connected, which may
aggravate the uneven stress distribution over the angle section at the
connection region. Consequently, the block shear behaviour may be
adversely affected.
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In parallel with the block shear behaviour of coped beams [2–
6], the research community has explored the block shear strength of
tension members [1,7–16]. For example, Orbison et al. [1] investigated
the block shear performance of steel angles with single-line bolted
connections. Madugula and Mohan [9] reviewed the test data pool of
steel tension angles dominated by block shear failure and summarised
the influential parameters. Epstein [10] experimentally investigated
the block shear performance of tension angles by considering differ-
ent connection configurations. Cunninghan et al. [11] and Kulak and
Grondin [12] evaluated the accuracy of design codes worldwide, and
it was confirmed that the existing specifications had drawbacks in
predicting the block shear strength or failure modes. Subsequently,
refined design approaches have also been developed. Using a finite
element data pool, Topkaya [13] established a practical approach for
https://doi.org/10.1016/j.tws.2021.108668
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Fig. 1. Block shear failure of a bolted steel angle: (a) BS1 mode and (b) BS2 mode.
Fig. 2. Typical test specimen.

designing tension members governed by block shear. Samimi et al. [16]
explored the block shear performance of steel channels connected by
staggered bolts. All the aforementioned studies focused on block shear
behaviour of normal strength steel (NSS) tension members with a yield
strength of <460 MPa.

Compared to NSS, the use of high strength steel (HSS) with a
yield strength of g460 MPa [17] can reduce the weight and size of
tructures and foundations, saving material and construction costs.
herefore, the advantage of HSS-based construction has promoted ad-
ances in research on HSS material behaviour [17–21], mechanical
ehaviour of HSS connections/components [22–30], and HSS structural
ystems [31–35]. Nevertheless, the lower ductility of HSS than that of
SS, which was characterised in previous studies [17,18,23], is a major

imitation of the material. In tension members that fail because of block
hear failure, the poorer ductility of HSS may compromise the stress
edistribution ability at the critical section of the shear block, exposing
he members to a higher risk of premature fracture.

In recent decades, the research community has examined the block
hear behaviour of bolted tension members made of HSS. Gross et al.
36] studied the block shear performance of HSS tension angles and
e-examined the adequacy of the design codes for computing the block
2

shear strength of the angles. Teh’s research group [37,38] proposed
design equations for predicting the block shear strength of cold-formed
HSS connections, and were able to achieve an enhanced accuracy over
that of the methods described in design specifications [39–42]. Teh and
Deierlein [43] later established a modified approach for quantifying the
block shear strength of hot-formed steel members, and the feasibility
of the method was confirmed using the available test data in literature.
More recently, based on a full-scale test programme, Jiang et al. [44]
evaluated the adequacy of the design equations in the above-mentioned
literature and design codes for predicting the block shear strength of
S690 HSS angles connected by single-line bolts. Although these studies
provide useful information on the block shear performance of bolted
HSS tension angles, the focus of these studies was on steel plates or
single-line bolted angles, whereas the load-carrying mechanism of HSS
tension angles with double-line bolted connections remains unclear,
and more experimental data and numerical analyses are needed.

The primary research objectives of the current study are twofold: (i)
to provide experimental data for designing the block shear strength of
double-line bolted S690 HSS tension angles and (ii) to investigate the
effect of the relatively low ductility of S690 HSS on the performance
of double-line bolted tension angles. The test parameters include steel
grade, bolt row number, parallel pitch, transverse pitch, edge distance,
and unconnected leg length. Subsequently, using calibrated finite ele-
ment (FE) models, detailed numerical analyses of angle sections and
connection configurations within a reasonable range were performed
to study their effects on the block shear performance. By comparing
the experimental and numerical results, the applicability of the design
equations in the aforementioned literature and design codes for com-
puting the block shear strength of double-line bolted S690 HSS angles
was examined.

2. Current design equations for block shear capacity

The design equations for block shear capacity that have been docu-
mented in the major design specifications and prior literature are listed
in Table 1. Accordingly, the block shear strength includes two parts: (i)
the tensile resistance of the tension plane and (ii) the shear resistance
of the shear plane. Note that the calculation methods for the tensile
and shear resistances are different for different equations, as different
assumptions are made.

For the contribution of the tension plane, in all design equations,
except for those of CSA [41] and Teh and Yazici [38], it is assumed
that the tension plane fails because of tensile rupture; hence, the tensile
resistance of the tension plane was determined by the ultimate tensile



K. Ke, M. Zhang, M.C.H. Yam et al. Thin-Walled Structures 171 (2022) 108668

s

Table 1
Design equations for block shear capacity.

Design specifications Design equations Assumptions

AISC [39] PAISC = UbsfuAnt + 0.60fuAnv f UbsfuAnt + 0.60fyAgv ‘‘net tension plane fracture’’ + ‘‘‘net shear plane fracture’ or ‘gross shear plane yielding’’’ +
‘‘Mises criterion’’

Eurocode 3 [40] PEC3 = fuAnt+ (1∕
√

3) fyAnv ‘‘net tension plane fracture’’ + ‘‘net shear plane yielding’’ + ‘‘Mises criterion’’

CSA [41] PCSA = UtfuAnt+ 0.60 Agv(fy+ fu)/2, (fy f 460 MPa) ‘‘net tension plane fracture’’ + ‘‘gross shear plane yielding’’ + ‘‘Mises criterion’’
PCSA = UtfuAnt+ 0.60 Agvfy , (fy > 460 MPa)

AIJ [42] PAIJ = fuAnt+ 0.5fyAgv ‘‘net tension plane fracture’’ + ‘‘gross shear plane yielding’’ + ‘‘Tresca criterion’’
Topkaya [13] PTop = fuAnt + (0.2 + 0.35fu/fy) fyAgv ‘‘net tension plane fracture’’ + ‘‘gross shear plane yielding’’
Teh and Yazici [38] PT&Y= (0.9 + 0.05 d/e) fuAnt + 0.6fyAav ‘‘net tension plane fracture’’ + ‘‘active shear plane yielding’’ + ‘‘Mises criterion’’
Teh and Deierlein [43] PT&D = fuAnt+ 0.6fuAav ‘‘net tension plane fracture’’ + ‘‘active shear plane fracture’’ + ‘‘Mises criterion’’

Notes: Ubs = 1.0 for tension angles with bolted connection; U t = 0.6 for angles connected by one leg; f y = yield stress, f u = tensile strength, Ant = net tension area, Anv = net
hear area, Agv = gross shear area, d = bolt shank diameter, e = edge distance, Aav = active shear plane = (Agv+Anv)/2.
Fig. 3. Nomenclature of the test specimen.
resistance. Comparatively, the detrimental effect of uneven stress distri-
bution over the tension plane has been accounted for in CSA [41] and
in the study by Teh and Yazici [38], in which reduction factors were
employed.

The difference in shear resistance in these design equations is caused
by the different assumptions made for the shear failure plane and
material failure criteria. In CSA [41], AIJ [42], and Topkaya [13],
shear failure was mainly determined by the yield of the gross shear
plane. In contrast, in Eurocode 3 [40], the shear plane is assumed to
fail because of the yielding of the net shear plane. In AISC [39], shear
failure is presumed to be governed by the yield of the gross shear
plane or shear fracture of the net shear plane. Teh and Yazici [38]
assumed that shear resistance is dominated by the yield of an active
shear plane located between the net and gross shear planes, while
Teh and Deierlein [43] presumed that shear resistance is governed by
the fracture of the active shear plane. Notably, apart from AIJ [42],
in which the Tresca criterion for quantifying the failure criterion was
used, AISC [39], Eurocode 3 [40], CSA [41], Teh and Yazici [38], and
Teh and Deierlein [43] adopted the von Mises criterion. In particular,
the shear yield strength of the material governed by the Tresca criterion
is equal to half of the tensile strength. For the von Mises criterion, this
ratio was approximately equal to 0.6. In contrast, the design equation
proposed by Topkaya [13] uses neither of the two criteria, as the shear
yield strength is a nominal quantity determined by a regression analysis
based on a numerical database. CSA [41] considered the contribution
of strain hardening when determining the strength of the shear plane
in the case of NSS material, whereas post-yielding strain hardening is
ignored for HSS materials with a yield strength of >460 MPa.

3. Experimental programme

Sixteen tension angle specimens connected by double-line bolts
were designed and tested to investigate their block shear performance.

The main test variables included (i) steel grade, (ii) row number of

3

Fig. 4. Coupon test results.

double-line bolts, (iii) parallel pitch (p1), (iv) transverse pitch (p2),
(v) edge distance (e), and (vi) length of the legs. The symbols of the
parameters are also indicated in a typical test specimen, as shown in
Fig. 2. The nomenclature for each specimen is shown in Fig. 3. Table 2
lists the details and measured dimensions of all the specimens. Ten
specimens (B series) were made of S690 HSS, and six specimens (A
series) were made of S275 NSS. The angle specimens were fabricated
using two hot-rolled steel plates through groove welding. Two angle
sections, that is, 125 × 65 × 6 and 125 × 85 × 6 mm (long leg length ×
short leg length × thickness), were considered in the parameter matrix.
All angles were connected to the long leg. The number of bolt rows
considered was two and three. Two pitch values of 36 and 48 mm were
designed for both parallel and transverse pitches, respectively. The
three designed edge distances were 22, 27, and 36 mm. The material
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Fig. 5. Test arrangement.
Table 2
Summary of test specimens and results.

Specimen Dimension (mm) Steel grade Bolt rows p1 (mm) p2 (mm) e (mm) Failure mode Aspect ratio Ptest (kN) PFE (kN) Ptest/PFE Error (%)

B3-L2-p12-e1-p22 125 × 65 × 6 S690 2 47.7 47.4 22.6 BS2 1.035 340.25 344.98 0.99 1.37%
B3-L2-p12-e2-p22 125 × 65 × 6 S690 2 47.9 47.5 27.4 BS2 0.973 372.79 368.50 1.01 −1.16%
B3-L2-p12-e3-p22 125 × 65 × 6 S690 2 46.7 48.7 34.8 BS2 0.863 398.55 403.51 0.99 1.23%
B3-L2-p12-e3-p21 125 × 65 × 6 S690 2 48.6 35.7 36.2 BS2 1.023 343.85 353.09 0.97 2.62%
B3-L2-p11-e3-p22 125 × 65 × 6 S690 2 34.9 48.1 34.8 BS1 0.722 362.78 371.44 0.98 2.33%
B3-L3-p12-e3-p22 125 × 65 × 6 S690 3 48.1 48.6 35.8 BS2 1.428 485.53 479.07 1.01 −1.35%
B3-L3-p12-e3-p21 125 × 65 × 6 S690 3 47.5 35.8 35.9 BS2 1.658 428.95 419.07 1.02 −2.36%
B3-L3-p11-e3-p22 125 × 65 × 6 S690 3 36.5 49.1 35.8 BS2 1.153 434.75 447.16 0.97 2.78%
B5-L2-p12-e1-p22 125 × 85 × 6 S690 2 47.9 48.3 21.7 BS2 1.038 332.01 340.49 0.98 2.49%
B5-L2-p12-e3-p22 125 × 85 × 6 S690 2 47.8 48.2 35.3 BS2 0.873 402.82 404.86 0.99 0.50%

Mean 0.99
CoV 0.018

A3-L2-p12-e1-p22 125 × 65 × 6 S275 2 47.6 47.5 22.6 BS2 1.033 217.43 220.62 0.99 1.44%
A3-L2-p12-e3-p22 125 × 65 × 6 S275 2 48.1 47.9 36.4 BS2 0.859 259.13 261.90 0.99 1.06%
A3-L2-p12-e3-p21 125 × 65 × 6 S275 2 47.6 36.0 36.1 BS2 0.997 223.48 220.86 1.01 −1.18%
A3-L2-p11-e3-p22 125 × 65 × 6 S275 2 35.8 47.8 35.7 BS1 0.724 233.67 242.20 0.96 3.52%
A3-L3-p12-e3-p21 125 × 65 × 6 S275 3 47.4 36.0 35.9 BS2 1.644 243.01 267.39 0.91 9.12%
A3-L3-p11-e3-p22 125 × 65 × 6 S275 3 35.6 48.1 36.2 BS2 1.125 284.46 287.14 0.99 0.93%

Mean 0.98
CoV 0.034
Table 3
Summary of material properties.

Material Elastic modulus (GPa) Yield stress fy (MPa) Tensile strength fu (MPa) Ultimate strain "u fu/fy
S690 angle plate 185 640 715 0.061 1.12
S690 gusset plate 195 705 730 0.060 1.04
S275 angle plate 195 310 470 0.163 1.52
characteristics of the steel angles were obtained through a coupon test
following ASTM 370 [45]. As shown in Fig. 4, three coupon tests were
conducted for both S275 and S690 steel angles, and the corresponding
average values are listed in Table 3. Fig. 4 plots the engineering stress
(�eng) with respect to engineering strain ("eng) curves for these coupon
specimens. As indicated by "u in Table 3, the ductility of S690 steel is
much lower than that of S275 steel. The steel coupons were extracted
from the steel plates that were used to fabricate the steel angles.

Fig. 5 shows the test setup. Both ends of the angle specimens
were connected to 10-mm-thick gusset plates using M16 grade 12.9
high-strength bolts (Fig. 2). The gusset plates were fixed to a SATEC
4

testing machine with M24 Grade 12.9 high-strength bolts. The test
setup was designed to deform specimens within the elastic range during
the test. The displacements of the test specimens and the applied load
were recorded using the built-in transducers of the testing machine.
As shown in Fig. 2, the longitudinal strains at the mid-length and
critical sections were measured using strain gauges. All the bolts were
snug-tightened. Before the test, to eliminate the possible slip caused
by the gap between the bolt holes and bolt shanks, all the specimens
were tightened by applying a small amount of axial load. The loading
rate during the test was 0.2 mm/min. The test was terminated upon
fracture or significant deterioration of strength. To capture the first
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Fig. 6. Failure modes of specimens.
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Fig. 7. Load–displacement curves of specimens.
Table 4
Test results summary and comparison.

Variables Contrastive
pairs

Specimens Ultimate
capacity

Ultimate
deformation

Specimens Ultimate
capacity

Ultimate
deformation

Comparison Comparison

Steel grade

Pairs S275 PS275 (kN) �S275 (mm) S690 PS690 (kN) �S690 (mm) PS690/PS275 �S690/�S275
1 A3-L2-p12-e1-p22 217.43 16.7 B3-L2-p12-e1-p22 340.25 15.7 1.565 0.940
2 A3-L2-p12-e3-p22 259.13 20.1 B3-L2-p12-e3-p22 398.55 18.2 1.538 0.905
3 A3-L2-p12-e3-p21 223.48 17.7 B3-L2-p12-e3-p21 343.85 15.2 1.539 0.859
4 A3-L2-p11-e3-p22 233.67 19.2 B3-L2-p11-e3-p22 362.78 14.3 1.553 0.745
5 A3-L3-p12-e3-p21 243.01 16.6 B3-L3-p12-e3-p21 428.95 14.2 1.765 0.855
6 A3-L3-p11-e3-p22 284.46 18.2 B3-L3-p11-e3-p22 434.75 14.1 1.528 0.775

Bolt rows

Pairs 2 bolt rows P2rows (kN) �2rows (mm) 3 bolt rows P3rows (kN) �3rows (mm) P3rows/P2rows �3rows/�2rows
1 A3-L2-p12-e3-p21 223.48 17.7 A3-L3-p12-e3-p21 243.01 16.6 1.087 0.938
2 A3-L2-p11-e3-p22 233.67 19.2 A3-L3-p11-e3-p22 284.46 18.2 1.217 0.948
3 B3-L2-p12-e3-p22 398.55 18.2 B3-L3-p12-e3-p22 485.53 16.3 1.218 0.896
4 B3-L2-p12-e3-p21 343.85 15.2 B3-L3-p12-e3-p21 428.95 14.2 1.247 0.934
5 B3-L2-p11-e3-p22 362.78 14.3 B3-L3-p11-e3-p22 434.75 14.1 1.198 0.986

Parallel pitch (p1)
Pairs p1 = 36 mm Pp1 = 36 mm

(kN)
�p1 = 36 mm
( mm)

p1 = 48 mm Pp1 = 48 mm
(kN)

�p1 = 48 mm
(mm)

Pp1 = 48 mm/
Pp1 = 36 mm

�p1 = 48 mm/
�p1 = 36 mm

1 A3-L2-p11-e3-p22 233.67 19.2 A3-L2-p12-e3-p22 259.13 20.1 1.109 1.047
2 B3-L2-p11-e3-p22 362.78 14.3 B3-L2-p12-e3-p22 398.55 18.2 1.099 1.273
3 B3-L3-p11-e3-p22 434.75 14.1 B3-L3-p12-e3-p22 485.53 16.3 1.117 1.156

Transverse pitch (p2)
Pairs p2 = 36 mm Pp2 = 36 mm

(kN)
�p2 = 36 mm
(mm)

p2 = 48 mm Pp2 = 48 mm
(kN)

�p2 = 48 mm
(mm)

Pp2 = 48 mm/
Pp2 = 36 mm

�p2 = 48 mm/
�p2 = 36 mm

1 A3-L2-p12-e3-p21 223.48 17.7 A3-L2-p12-e3-p22 259.13 20.1 1.160 1.136
2 B3-L2-p12-e3-p21 343.85 15.2 B3-L2-p12-e3-p22 398.55 18.2 1.159 1.197
3 B3-L3-p12-e3-p21 428.95 14.2 B3-L3-p12-e3-p22 485.53 16.3 1.132 1.148

Edge distance (e)
Pairs e1 = 22 mm Pe1 (kN) �e1 (mm) e3 = 36 mm Pe3 (kN) �e3 (mm) Pe3/Pe1 �e3/�e1
1 A3-L2-p12-e1-p22 217.43 16.7 A3-L2-p12-e3-p22 259.13 20.1 1.192 1.204
2 B3-L2-p12-e1-p22 340.25 15.7 B3-L2-p12-e3-p22 398.55 18.2 1.171 1.159
3 B5-L2-p12-e1-p22 332.01 13.1 B5-L2-p12-e3-p22 402.82 16.7 1.213 1.275

Leg length Pairs 125 × 65 × 6 P3 (kN) �3 (mm) 125 × 85 × 6 P5 (kN) �5 (mm) P5/P3 �5/�3
1 B3-L2-p12-e1-p22 340.25 15.7 B5-L2-p12-e1-p22 332.01 13.1 0.976 0.834
2 B3-L2-p12-e3-p22 398.55 18.2 B5-L2-p12-e3-p22 402.82 16.7 1.011 0.918
fracture location of the specimens dominated by block shear, tests

for specimens B3-L2-p12-e1-p22, B3-L2-p12-e2-p22, B3-L2-p12-e3-p21,
6

A3-L2-p12-e1-p22, and A3-L3-p12-e3-p21 were terminated after the

first significant load drop was observed.



K. Ke, M. Zhang, M.C.H. Yam et al. Thin-Walled Structures 171 (2022) 108668
Fig. 8. Axial strain evolution at the critical and mid-length sections: (a) B3-L2-p12-e3-p21, (b) B3-L2-p12-e2-p22, (c) B3-L2-p11-e3-p22, (d) B3-L2-p12-e3-p22, (e) B3-L3-p12-e3-p22,
(f) B5-L2-p12-e3-p22, (g) A3-L2-p12-e3-p21, (h) A3-L2-p11-e3-p22 and (i) A3-L2-p12-e3-p22.
4. Experimental results

4.1. Failure modes

Fig. 6 shows photographs of each specimen after testing. According
to Fig. 6, the failure of the test specimens is categorised into two
failure modes, as shown in Fig. 1. For mode BS1, two shear planes
were formed, whereas mode BS2 had only one plane. As shown in
Fig. 6 and listed in Table 2, apart from specimens B3-L2-p11-e3-p22
and A3-L2-p11-e3-p22, all specimens were failed by BS2 failure mode
as typical block shear failure. As for BS1 failure mode, although evident
end tear-out [43] was observed after the termination of the test, as
shown in Fig. 6, the two specimens still showed the characteristics of
block shear from the perspective of the ultimate strength, including
tensile rupture of the tensile plane and shear yielding of the shear
7

plane when the ultimate strength was achieved. This proposition may
be further supported by finite element analysis results in later sections.
It is also noted that B3-L2-p11-e3-p22 and A3-L2-p11-e3-p22 had the
lowest nominal aspect ratio of the block, which is defined by the ratio
of the gross shear plane area to the tension plane area. A more detailed
discussion regarding this issue is presented in the following sections.

4.2. Load versus elongation response curves

Fig. 7 shows the applied load versus elongation curves of all the
specimens. As anticipated, the range of the linear elastic stage of the
S690 steel angles is wider than that of the S275 steel angles with
the same connection configurations. Owing to the evident difference
in strength and negligible discrepancy in the elastic modulus, the
elastic stiffness of the S690 steel angles generally matched that of
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Fig. 8. (continued).
the S275 steel angle specimens, whereas yielding of S275 steel angles
was triggered at lower deformation levels. The response curves of the
S275 steel angles exhibited a wider inelastic deformation spectrum
8

compared to those of the S690 steel angles. Once the ultimate strength
was reached, the applied load suddenly dropped due to the cracking of
the tension plane. With further displacement, a plateau in the applied
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Fig. 9. Overview of finite element model.
(

load was formed for test specimens with a comparatively larger aspect
ratio of the shear block (e.g., B3-L3-p12-e3-p21 and B5-L2-p12-e1-
p22), except for cases where the test was terminated. Several specimens
exhibited a plateau with a slight increase in strength in the post-
ultimate stage. This observation is understandable because sufficient
shear yielding was achieved, which is in line with the observations
by Teh and Uz [46]. The comparison of specimen pairs with various
aspect ratios (e.g., A3-L2-p12-e3-p21/A3-L2-p12-e3-p22 and B5-L2-
p12-e1-p22/B5-L2-p12-e3-p22) showed that the plateau of specimens
with smaller aspect ratios (e.g., A3-L2-p12-e3-p22 and B5-L2-p12-e3-
p22) was not pronounced as strength deterioration was rapid. This
may be because a small aspect ratio of the block generally corresponds
to a low ratio of the contribution of the shear plane in block shear
failure, and fracture of the shear plane is triggered rapidly after the
inception of cracking of the tension plane. Notably, the characteristics
of the response curves were consistent with the findings by Gross
et al. [36] and Jiang et al. [44]. Specifically, according to the load–
elongation curves (Fig. 7), the elongation corresponding to the fracture
point of the S690 steel specimen is close to that of the S275 steel
angles. This observation is interesting because of the discrepancy in
material ductility between S275 and S690, as tabulated in Table 3. This
could be due to the elastic deformation capacity of the S690 steel angle
compensating for the total elongation ability of the specimen.

4.3. Strain responses

Fig. 8 presents the axial strain evolution at the critical and mid-
length sections of the selected test specimens. In particular, the strain
responses of S690 steel angles (specimens B3-L2-p12-e3-p21, B3-L2-
p12-e2-p22, B3-L2-p11-e3-p22, B3-L2-p12-e3-p22, B3-L3-p12-e3-p22,
and B5-L2-p12-e3-p22) and S275 steel angles (A3-L2-p12-e3-p21, A3-
L2-p11-e3-p22, and A3-L2-p12-e3-p22) are shown in Fig. 8, and the
yield strain of each specimen is depicted by the vertical dashed lines.
At the critical and mid-length sections, the strain distributions of all
specimens were uneven owing to the secondary bending moment and
shear lag.

For the critical sections of all test specimens, the tensile strains
primarily developed at the connected leg at the initial loading stage.
Specifically, the tensile strains of the materials close to the bolt holes
(strain gauges 1 and 9) of critical sections developed quickly and
exceeded the yield threshold with increasing applied load. For the
unconnected leg, owing to the eccentric bending, compressive strains
were first observed at the outer end (strain gauges 3 and 11). However,
as the applied load increased, the compressive strain decreased and
gradually reversed to tensile strain. For the mid-length section, the
compressive strain at the unconnected leg was slightly more severe than
that of the critical section during the early loading phases owing to
the eccentric bending, and this compressive strain was not transformed
into tensile strain until the test termination for most of the specimens,
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except for specimen B3-L3-p12-e3-p22, in which the compression at the
toe of the unconnected leg was finally reversed to tension.

For the sake of brevity, the selected comparison pairs summarised in
Table 4 were adopted in this study to interpret the strain distributions.
By comparing the specimen pairs in the steel grade groups (e.g., B3-
L2-p12-e3-p21 and A3-L2-p12-e3-p21), it can be seen that the strain
distributions of the S690 and S275 steel angles were similar, confirming
the findings of a previous study [44]. For the bolt rows groups (B3-L2-
p12-e3-p22 and B3-L3-p12-e3-p22), it can be seen that higher tensile
strains and more notable compressive-to-tensile strain evolution trends
were observed at the mid-length sections in cases with more bolts.
With respect to the influence of parallel pitch, transverse pitch, and
edge distance groups, it was also found that compression at the toe
of the unconnected leg was alleviated at the mid-length section for
specimens with an increasing parallel pitch, transverse pitch, and edge
distance. For the leg length group, the unconnected leg length has an
obvious effect on the strain distribution mode at the mid-length section.
Comparison of the strains at the mid-length sections of specimens
B3-L2-p12-e3-p22 and B5-L2-p12-e3-p22 reveals that the compressive
strain at the toe of the unconnected leg of specimen B5-L2-p12-e3-
p22 with the 125 × 85 × 6 angle section kept increasing until test
termination, which was the result of the increased eccentric bending
caused by an increasing unconnected leg length.

4.4. Discussion of the test data

According to Fig. 7 and the comparison pairs in Table 4, the
strengths of the S690 steel angles were all higher than those of the S275
steel counterparts, as expected. However, owing to the relatively lower
ductility of S690 steel, the inelastic deformation range of the B series
specimens and the displacements at the ultimate load (Table 4) were
all lower than their A series specimen counterparts. This difference
was caused by the different mechanical behaviours of the material.
In particular, higher values of "u and fu∕fy of S275 steel compared
with those of S690 steel facilitated the redistribution of the stress in
the vicinity of the block after yielding was triggered. Note that this
behaviour is in line with the recent work on single-line S690 steel
angles dominated by block shear [44].

In addition, altering the bolt row number and parallel pitch could
alter the size of the shear plane, which further affects the contribution
of the shear resistance of the block. According to Table 4, the ultimate
capacities (P2rows and P3rows in Table 4) and ultimate deformations
�2rows and �3rows) of the comparison pairs can shed light on the

influence of the bolt row number. In particular, after increasing the
bolt rows from two to three, the ultimate capacity was significantly
enhanced. Nevertheless, the ultimate deformations of the specimens
with three bolts were lower than those of the specimens with two bolts.
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Fig. 10. Comparisons between numerical predictions and test results: (a) B3-L2-p12-e3-p21, (b) B3-L2-p11-e3-p22, (c) B3-L2-p12-e3-p22, (d) B3-L3-p12-e3-p22, (e) B5-L2-p12-e3-p22,
(f) A3-L2-p12-e3-p21, (g) A3-L2-p11-e3-p22 and (h) A3-L2-p12-e3-p22.
Table 4 also presents the ultimate capacity and relative comparison
of the specimens with varied parallel pitches. As can be seen, with the
increase in parallel pitch from 36 to 48 mm, the ultimate capacity
increased by at least 9.9%. In addition, the deformation capacity of
the specimens was also enhanced after increasing the parallel pitch,
as given in Table 4.

In addition, the influence of the transverse pitch and edge distance
on the tension plane area can also be observed. It can be confirmed that
10
increasing the transverse pitch from 36 to 48 mm could improve the
connection resistance by g13.2%, as given in Table 4. In addition, the
deformation capacity of the tension angles also increased with increas-
ing transverse pitch. In addition, such influence was not appreciably
affected by steel grade, as demonstrated by comparison pairs 1 and 2
in Table 4.

As given in Table 4, an increasing edge distance (i.e., varying from
22 to 36 mm) significantly contributed to the enhanced block shear
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