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Abstract: In this paper, an experimental study was carried out on the bolted angle connection under uniaxial
tension. The design parameters of the tested connections include angle thickness, bolt hole distribution, bolt
diameter and bolt preload. In total 20 specimens were tested with five different kinds of failure modes
observed. The experimental results showed that angle thickness, horizontal bolt pitch and vertical bolt pitch all
affect the failure modes of the connections and are positively correlated with their ultimate bearing capacity.
Significant plastic deformation appeared in both the horizontal and vertical legs of the angle. Based on the
experimental results and the corresponding theoretical analysis, a mechanical model of bolted angle
connection is proposed to predict its initial stiffness, ultimate bearing capacity and ultimate deformation and
verified against the tested results and other mechanical models, in terms of uniaxial tensile load-displacement
curves. The proposed model fits with the tested results better than other models.
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1. Introduction

For decades, the analysis and design of progressive collapse of structures has become a research hotspot [1].
The reason for triggering the progressive collapse of a structure may be due to the sudden failure of the partial
vertical supporting components under the accidental load such as explosion and terrorist attack. Sudden
failure of partial supporting components can produce dynamic effect on the surrounding structural and
non-structural components whilst the internal force on the structure would be redistributed to the horizontal
component connected to the damaged vertical supporting components through the joints between them [2-3].
Through experiment and numerical simulation, the anti-collapse performances of the frame structures in the
scenario of column removal were studied, involving concrete frame [4-7], steel frame [8-11], composite
frames [12-15].

Preventing progressive collapse of buildings has been also recognized as an important design consideration,
for both quantitative and qualitative design. A series of design standards have been published across the world,
such as British Standard [16], Eurocode [17], NBCC [18], GSA [19], and DoD [20], involving two design
methods known as “direct design” focusing on quantitative performance of structures and “indirect design”
tending to prevent progressive collapse in the perspective of qualitative performance.

In all above design guidelines, beam-column joints play a crucial role for the internal force redistribution.
Their performance will directly affect the strength, stiffness and stability of the whole structure. At present,
the commonly used connection forms in prefabricated steel structures mainly invovles end-plate connections,
bolted angle connections, fin-plate connections and so on [21-22]. Bolted angle connections exhibht strong
energy dissipation capacity and excellent deformation capacity under large deflection [23-25]. Therefore
bolted angle connection is supposed to be a preferable configuration in the anti-collapse design for
prefabricated steel structures. The experimental and simulation studies both show that the strength and
deformation capacity of bolted angle connection under proper design could meet the requirement against
progressive collapse resulting from single column loss [26-30].

As Component Method in Eurocode 3 stipulates [31], T-stub is a basic but key component in bolted steel
beam-column joints as shown in Fig. 1. After assembled from various components, the mechanical
performance of bolted beam-column joints including resistance and initial stiffness could be predicted by
using Component Method. Since normally T-stub is considered as a tensile component in bolted beam-column
joint, several tests and simulations were conducted on the deformation and resistance capacity of the T-stubs
under uniaxial tension, regarding the dimension of T-stub and bolt distribution[32-36]. In addition, it should
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be mentioned that in some cases, the T-stub connecting beam web and column flange is acturally under the
combination of tension and shear load, which is not covered by Component Method in Eurocode 3.
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Flush endplate connection Extended endplate connection
Fig. 1 T-stub in bolted steel connections

As shown in Fig. 2(a), to predict the full vertical load-deformation relationship of the sub-structure against
progressive collapse which is simplified from a whole structure, the mechanical performance of the
beam-column joint needs to be known, as shown in Fig. 2(b). Subsequently, the beam-column joint could be
represented by various components basend on Component Method in Eurocode 3 as shown in Fig. 2(c) where
the full load-deformation relationship of each component is required. However, only the prediction methods
for the resistance and initial stiffness of bolted connection are provided in Eurocode 3, rather than the full
load-deformation relationship of bolted connection, even though bolted angle could be treated as a special
T-stub.
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(c) Component-based properties prediction for the simplified spring of bolted angle connection
Fig. 2 Beam-column joint against progressive collapse

Yang [39] and Gong[40] both conducted tests and developed the mechanical models for the bolted angle
connections under tension, aiming to predict the full vertical load-deformation relationship of the
sub-structure against progressive collapse. However, their researches are still limited for only considering
some key parameters. To achieve a better understanding of the mechanical performance of bolted angle
connections under tensile load in the beam-column joint against progressive collapse as shown in Fig. 2, a test
program of 20 bolted angle connections, was conducted in this study to investigate the mechanical behaviors
of this type of connections. The key responses of the bolted angle connection such as the connection strength,
deformation capacities and the influences of various connection parameters on the connection performance
are evaluated. Based on the experimental results and the corresponding theoretical analysis, a mechanical
model of bolted angle connection is proposed to predict its initial stiffness, ultimate bearing capacity and
ultimate deformation and verified against the tested results and other mechanical models.



2. Experimental design

2.1. Specimen preparation

Fig. 3 shows the configuration of test connection. The dimensions of angle are LyxLyxLxt as summarized
in Fig. 3 and Table 1. Total 20 specimens were divided into 10 groups (A0-A9), each group containing two
parallel specimens with the same dimensions. Six parameters of bolted angle connection were investigated in
the testing program: angle thickness t, bolt diameter d, horizontal bolt pitch gw, vertical bolt pitch gy,
longitudinal bolt pitch g. and bolt preload P. During the test, one of the parallel specimens was applied bolt
preload, while the other one was not. The designation of bolted angle connection consists of three parts: group
number, bolt preload and parameters variation. Taking the specimen A1-P-t8 and A1-NP-t8 as an example: Al
is the specimen group number; P and NP respectively represent whether or not bolt preload is applied; t8
means the angle thickness is 8mm.

All the used M20 and M24 bolts were Chinese Grade 8.8. The diameter of the bolt hole is about 2.0 mm
larger than that of the bolts. The slip coefficient was 0.35 for the angle with paint according to Chinese
standard JGJ82-2011 by where the preload applied on the 20-mm and 24-mm-diameter bolts were provided.
The installation torque was derived by multiplying the preload, bolt diameter and torque-pretension
coefficient which was 0.15. In order to prevent nut tripping due to quality problems, double nuts were used for
tightening during the test.
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Fig. 3 Bolted angle connection
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Table 1 Parameters of specimens

. Lv Ln Lo t OH gv oL d Preload
Specimen No. /mm /mm /mm /mm /mm /mm /mm /mm /KN
AO0-P 140 90 160 10 50 50 40 20 125
AO-NP 140 90 160 10 50 50 40 20 0
Al-P-t8 140 90 160 8 50 50 40 20 125
Al1-NP-t8 140 90 160 8 50 50 40 20 0
A2-P-t12 140 90 160 12 50 50 40 20 125
A2-NP-t12 140 90 160 12 50 50 40 20 0
A3-P-H70 140 140 160 10 70 50 40 20 125
A3-NP-H70 140 140 160 10 70 50 40 20 0
A4-P-H90 140 140 160 10 90 50 40 20 125
A4-NP-H90 140 140 160 10 90 50 40 20 0
A5-P-V70 160 100 160 10 50 70 40 20 125
A5-NP-V70 160 100 160 10 50 70 40 20 0
A6-P-V90 160 100 160 10 50 90 40 20 125
AB6-NP-V90 160 100 160 10 50 90 40 20 0
AT7-P-L50 140 90 180 10 50 50 50 20 125
AT7-NP-L50 140 90 180 10 50 50 50 20 0



A8-P-L60 140 90 200 10 50 50 60 20 125

A8-NP-L60 140 90 200 10 50 50 60 20 0
A9-P-d24 140 90 160 10 50 50 40 24 175
A9-NP-d24 140 90 160 10 50 50 40 24 0

Note: Ly is the length of vertical leg of angle; L is the length of horizontal leg of angle; L is the length of angle
gn is the length of horizontal bolt pitch; gy is the length of vertical bolt pitch; g. is the length of longitudinal bolt pitch;
t is the angle thickness; d is the bolt diameter

Angles and loading devices were all made of Chinese Q235 grade steel. Tensile coupons were cut from the
angles. The elastic modulus Es, yield strength f, and ultimate strength f, and the ultimate strain ¢, according to
the ultimate strength of the steel were tested and summarized in Table 2. The mechanical properties of the
bolts were provided by the suppliers.

Table 2 Material property of the specimens

Specimens | Thickness(diameter)/mm fy/MPa fu/MPa EJ/MPa &u
8 208 400 1.97x10° 0.33
Angle 10 209 410 2.02x10° 0.34
12 194 402 2.03x10° 0.33
M20 20 628 811 2.34x10° 0.09
M24 24 633 864 2.34x10° 0.09

2.2. Test procedure

The specimens were tested on MTS universal testing machine, as shown in Fig. 4. Each specimen consists
of a pair of angles and eight connecting bolts. The horizontal leg of angle was installed on the loading device
by tensile bolts. The vertical leg of angle was connected to the upper loading plate by shear bolts. Upper and
lower loading plate were clamped by the top and bottom clamping heads respectively. The loading was
controlled by displacement loading method at 0.025 mm/s until the specimen failed due to bolt or angle

fracture.
Top clamping head

o N

Upper loading
plate

Bottom clamping head
Fig. 4 Testing machine

2.3. Experimental results

2.3.1 Deformation process

The deformation process of the specimen under the action of pure tension is divided into four stages: (1)
elastic stage; (2) plastic stage; (3) transitional stage; (4) bolted angle connections plastic deformation stage. In
addition, to consider the bolt slip stage, Yang [39] divided the deformation process into five stages. Gong [40]
divides the displacement curve into three stages on the basis of the Eurocode Component Method. Since no obvious
bolt slip was observed in the experiment, the bolt slip stage was not considered separately and was included in the
elastic stage. Taking the standard specimens as an example, the load-displacement curve of AO-P and AO-NP is
given in Fig. 5.

In the stage 0-A/0-A*, the load applied by the testing machine is resisted primarily by the friction of the
vertical loading plate resulting from the bolt preload. After the tension of the testing machine reaches the slip
friction strength of the bolt, it begins to slip. Until bolt shanks contact with the holes, deformation into the
stage A-B/A*-B*, the load is transmitted to angle by the contact between holes and bolt shanks and. Due to the
preload is diminished, section B-C/B*-C* shows a slightly lower stiffhess than seciton A-B/A*-B*. Then, the
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load-displacement curve enters the plastic deformation stage of connections C-D/C*-D*, with geometric
nonlinearity and material hardening [39] formed in bolt shanks and angle.
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Fig. 5 Load-displacement carve of AO-P and AO-NP

2.3.2 Failure modes

Table 3 and Figs. 6-10 summarize five failure modes of the 20 bolted angle connections observed in the
tests. The failure mode of angle fracture at heel was observed in most specimens, as indicated in Fig. 6. The
failure mode of angle fracture at bolt holes line and bolt fracture with yielded angle was observed in Al and
A2 group, respectively, as shown in Fig. 7 and Fig. 8. Angle fracture at bolt holes line with yielded bolt was
observed in A3 and A4 group, as indicated in Fig. 9. The failure mode, namely angle fracture close to heel, was
observed in A5 and A6 group, as shown in Fig. 10.

Three kinds of angle thickness of 8mm, 10mm and 12mm were used in the test, the failure modes of the
connections were angle fracture at bolt holes line, angle fracture at heel and bolt fracture with yielded angle
respectively. This may be due to the difference in stiffness ratio between bolts and angle. In other words, the
matching between the dimensions of bolt and angle also affects the deformation capacity of bolted angle
connection.

When the horizontal bolt pitch g4 increased from 50mm to 90mm, the failure modes varied from angle
fracture at heel to angle fracture at bolt holes line with yielded bolt. Correspondingly, when the vertical bolt
pitch gv increased from 50mm to 90mm, the failure modes changed from angle fracture at heel to angle
fracture close to heel. While, the varies of longitudinal bolt pitch g, bolt diameter d and bolt preload P were
did not changes the failure mode of the connections.
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(a) Final failure after unloading (b) Angle fracture at heel - front view | (c) Angle fracture at heel - lateral view
Fig. 6 Angle fracture at heel (A0, A7, A8, A9)
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Fig. 7 Angle fracture at bolt holes line (A1)
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(a) Final failure after unloading (b) Angle fracture at bolt holes line (c) Bolt yielded under tension
Fig. 9 Angle fracture at bolt holes line with yielded bolt (A3, A4)
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(a) Final failure after unloading (b) Angie fracture close to heel (c) Angle fracture under tension
Fig. 10 Angle fracture close to heel (A5, A6)

Table 3 Failure modes

Specimen No. Ultimate load disLﬁj)Ilgtr:gi:eent Initial stiffness Failure mode
/KN mm /(KN/mm)
A0-P 391 37 38 Angle fracture at heel
AO-NP 370 37 20 Angle fracture at heel
Al-P-t8 359 46 35 Angle fracture at bolt holes line
Al-NP-t8 362 48 19 Angle fracture at bolt holes line
A2-P-t12 468 30 33 Bolt fracture with yielded angle
A2-NP-t12 481 31 23 Bolt fracture with yielded angle
A3-P-H70 417 69 14 Angle fracture at bolt holes line with yielded bolt
A3-NP-H70 438 76 11 Angle fracture at bolt holes line with yielded bolt
A4-P-H90 426 78 11 Angle fracture at bolt holes line with yielded bolt
A4-NP-H90 438 80 9 Angle fracture at bolt holes line with yielded bolt
A5-P-V70 411 44 22 Angle fracture close to heel
A5-NP-V70 430 42 21 Angle fracture close to heel
A6-P-VV90 436 51 19 Angle fracture close to heel
AB-NP-V90 336 51 17 Angle fracture close to heel
AT-P-L50 449 48 39 Angle fracture at heel
AT-NP-L50 391 39 21 Angle fracture at heel
A8-P-L60 458 51 41 Angle fracture at heel
AB8-NP-L60 449 47 24 Angle fracture at heel
A9-P-d24 409 37 32 Angle fracture at heel
A9-NP-d24 380 31 28 Angle fracture at heel

2.3.3 Load-displacement curves

The investigated parameters in the experiments include angle thickness t, horizontal bolt pitch gw, vertical
bolt pitch gy, longitudinal bolt pitch g, bolt diameter d and bolt preload P.

(1) Effect of angle thickness

When the angle thickness increases from 8mm to 12mm, the bearing capacity, stiffness and deformation
capacity of the connection all vary, as shown in Fig. 11. It can be observed from the load-displacement curve
that the yield point of the connection does not change significantly with the increase of angle thickness. The
angle thickness also shows no significant influence on the deformation stiffness of the connection, while the
ultimate bearing capacity and ultimate deformation of the connection are positively and negatively correlated
with the angle thickness respectively, as shown in Fig. 11(c and d). Piluso et al. [41] proposed that increasing
end plate thickness would reduce the deformation capacity of the connection which was verified in the
experiment. The initial stiffness of the connections is mainly affected by the bolt preload. At the same time,
with the increase of angle thickness, the initial stiffness of the connection also increases gradually, as
indicated in Fig. 11(e). The initial stiffness of specimen A2-P-t12 seems lower than that of AO-P-t10, probably
due to data acquisition errors during the experiment.
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Fig. 11 Effects of angle thickness (t)

(2) Effect of horizontal bolt pitch

Three horizontal bolt pitch gy (50mm, 70mm, and 90mm) were designed in the test. When the horizontal
bolt pitch gn increases from 50mm to 90mm, the failure mode of the connection changes from angle fracture at
heel to angle fracture at bolt holes line with yielded bolt. The fracture position of angle changes, which may be
due to the increase of the horizontal bolt pitch gn. The increase of the horizontal bolt pitch gy increases the
deformation capacity of the connection, which leads to the fracture position is transferred from the heel to the
center line of bolt holes.

From the load-displacement curve, as shown in Fig. 12(a and b), when gu is 70mm and 90mm, the curve
shape of the connection is significantly different from that when gw is 50mm. When gw is 70mm and 90mm, the
load-displacement curve not only rises slowly in the elastic section, but also presents an obvious transition
section, which fully reflects the deformation process of horizontal leg of angle. This is quite different from the
load-displacement curve when gy is 50mm. The increase of horizontal bolt pitch g4 decreases the deformation
stiffness of the connection, as shown in Fig. 12(a and b). The initial stiffness of the connection is also
negatively correlated with the horizontal bolt pitch gu, as shown in Fig. 12(e).

The ultimate bearing capacity of the connection increases with the increase of the horizontal bolt pitch gn
whether or not the bolt preload is applied, as shown in Fig. 12(c). This is different from Yang [39]. The reason
for the difference may result from the dimension of the angle. When gy is 50mm, the dimension of angle is
L140x90x10mm, while when gu is 70mm and 90mm, the dimension of angle is L140x140x10mm.

In terms of ductility, the increase of the horizontal bolt pitch g enhances the deformation capacity of the
connection, as shown in Fig. 12(e). In addition, when g increases from 50mm to 70mm, the ultimate
deformation of the connection is approximately doubled. It can be seen that when the horizontal bolt pitch gw
increases to a certain degree, the ultimate deformation of the bolted angle connection shows little change.
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(3) Effect of vertical bolt pitch

As expected, the vertical bolt pitch gy has direct effect on the performance of the connections, which refers
to the failure mode and the curves referring to different vertical bolt pitch gv. When the vertical bolt pitch gy
increases from 50mm to 90mm, the fracture position of angle is changed from “at heel” to “close to heel”. By
increasing the length of gy, the distance between bolt holes line on angle vertical leg and angle horizontal leg is
increased, thus improving the deformation capacity of angle vertical leg. From the load-displacement curves,
when the gv is 50mm, 70mm and 90mm respectively, the three curves are roughly in the same shape, as shown
in Fig. 13(a and b). The vertical bolt pitch gy affects the ultimate load, initial stiffness and ultimate
deformation of the connection. Fig. 13(c) shows that with the increase of gy, the ultimate bearing capacity of
the connection gradually increases. With the same variation tendency of bearing capacity, the ultimate
deformation of the connection also increases with the increase of gy, as indicated in Fig. 13(d). However, the
initial stiffness of the connection gradually decreases with the increase of gv, as shown in Fig. 13(e). It can be
concluded that the influence of gv on the deformation capacity of connection is not as significant as that of gw.
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(4) Effect of longitudinal bolt pitch

Three longitudinal bolt pitch g. are considered in the experiment, namely 40mm, 50mm and 60mm. Varying
gL does not change the failure modes of the connections, namely all the angle fractured at heel. From the
load-displacement curves, the increase of g changes the mechanical properties of the connection, as shown in
Fig. 14(a and b). With the increase of g., the peak point of the curve varies gradually. The change of g. has
little effect on the yielded point and deformation stiffness of connections. Due to the same failure mode, the
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trend and shape of the curve are basically the same when g, is 40mm, 50mm and 60mm respectively.

As shown in Fig. 14(c and d), compared with the standard specimen AO-NP-L40, the bearing capacity of
specimens A7-NP-L50 and A8-NP-L60 are increased by 5.8% and 21.4% respectively and the deformation
capacity increased by 4.7% and 22.3% respectively. Compared with A0-P-L40, the bearing capacity of
AT7-P-L50 and A8-P-L60 are increased by 14.8% and 17.1% and the ultimate deformation capacity increased
by 30.1% and 45.2%. Longitudinal bolt pitch g. has little effect on the initial stiffness, which is mainly

affected by the bolt preload, as indicated in Fig. 14(e).
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M20 and M24 bolt diameters were considered in the experiment. Fig. 15(a and b) shows the
load-displacement curves of specimens AO-P, A9-P-d24, AO-NP and A9-NP-d24. As can be seen from the
figures, increasing the bolt would increase the stiffhess of the connection slightly. Compared with the standard
specimens AO-P and AO-NP, the ultimate bearing capacity of A9-P-d24 is increased by 17.6kN and 9.3kN for
A9-NP-d24. As the bolt diameter increases, the ultimate bearing capacity of the bolted angle connection
increases slightly, as shown in Fig. 15(c). Fig. 15(d) analyzes the deformation capacity of connections under
different bolt diameters. It is observed from the experimental results that the deformation capacity of
connections decreases by increasing bolt diameter. This may result from the fact that the increase in bolt hole
and screw head diameters would reduce the real value of horizontal gauge length gu and result in a smaller
deformation capacity of bolted angle connections. As can be seen in Fig. 15(e), the initial stiffness of the
specimen A9-P-d24 is smaller than that of the specimen A0-P-d20, which may be due to the relaxation of the
bolt preload before loading.
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Fig. 15 Effects of bolt diameter (d)

(6) Effect of bolt preload

Fig. 16 compares the load-displacement curves of the two specimens with and without bolt preload under
the same dimensions. The experimental results show that the initial stiffness of the bolted angle connection
with bolt preload is greater than that of the connections without bolt preload. From the curve shape, the yield
point of the joint is higher than that of the specimen without bolt preload. However, the bolt preload does not
affect the ultimate deformation of bolted angle connection. Applying bolt preload does not affect the failure
mode of the connection. The coincidence in two curves in Fig. 16 (j) may also result from the relaxation of the
bolt preload before loading.
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Fig. 16 Effects of bolt preload (P)

3. Mechanical performance of bolted angle connections

3.1. Deformation capacity

The deformation capacity of bolted angle connection is affected by both bolt and angle. Under the action of
monotonic tensile, firstly, bending deformation occurs on the horizontal leg. Then, the deformation
subsequently extends to the vertical leg. As the tensile load increases, the screw and angle contact with each
other and the screw shows bending deformation to a certain extent. The fracture of angles or bolts determines

the deformation capacity of the connection.
BCSA/SCI [42] provided Eq. (1) for the deformation capacity A.-sci of bolted angle connections

A, o = 2.6Lt—Hz—8 <30mm

1)

where L is the length of angle horizontal leg, gn is the horizontal bolt pitch and t is the angle thickness.
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Eqg. (1) shows that the length of angle horizontal leg Ly affects the ultimate deformation of the connection.
By observing the deformation of angle from the test results, it is found that no significant deformation occurs
along the bolt holes line to the free end of the angle horizontal leg, as show in Fig. 17. This phenomenon is
consistent with the conclusion drawn by Yang [39].

In addition, only three parameters are considered in Eq. (1). However, it can be seen from the experimental
results, besides the factors taken into account in the formula, many other parameters which have not been
covered in this model, such as bolt diameter, vertical bolt pitch and longitudinal bolt pitch, also have an effect
on the deformation capacity of the bolted angle connections.

By considering the failure modes of the connections, Shen and Astaneh-Asl [23-24] developed the
formulas applicable to angle fracture or bolt fracture respectively.

Ay =2(9, —t)e,t/(9, —t)e, forangle fracture (2)
Ay g = L”+g”tan(gu) for bolt fracture with yielded angles ©)

where ¢y is the ultimate strain.

Different from BCSA/SCI, these formulas proposed by Shen and Astaneh-Asl considered the material
properties of angle.

Yang [39] proposed the following formula with regard to the interaction between angles and bolts where
horizontal bolt pitch gn was substituted with g4

A,, =g, L+ gu)sin(%) 4)
g4 =0, —t-08r, +nd, (5)

where gn” represent the distance between the two plastic hinges at the horizontal legs of angles.
n =1.1335—0.00242% (6)

g
where 7 is a factor regarding the ratio between the axial resistance of bolts Fy (F» =fy,,As) and the yield strength
of angle legs Fy (Fg =Fr ra/befra) [39].

Through a regression analysis, a new formula for estimating the ultimate deformation capacity of bolted
angle connections was proposed by Gong [40]

A, =114y, /t %

In the aforementioned formulas for calculating the ultimate deformation of bolted angle connection, only
the deformation of angle horizontal leg is considered. By observing the deformation of the angle in the test
results, the deformation of the vertical leg of angle also contributes to the total deformation capacity of the
connection. The angle deformation is shown in Fig. 17. When the horizontal leg is pulled up, the vertical leg
deforms accordingly.

@ Plastic hinge

(H)-gv=70mm

® Plastic hinge @ Plastic hinge
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(9)-gv=90mm (h)-g.=50mm

® Plastic hinge ® Plastic hinge

4 4 4
3 32 3
1 15
(i)-g.=60mm (1)-d=24mm

Fig. 17 The test results of angle deformation

It can be seen from Fig. 17 that the ultimate deformation shapes of angle under different parameters are
different. Fig. 17(b) is the control specimen. The other parameters of this connection are t=10mm, gy=50mm,
gv=50mm, g.=40mm, and d=20mm.

Fig. 17(a-c) shows the ultimate deformation of the connections with different angle thicknesses. The
thinner the angle is, the larger the horizontal leg and vertical leg of angle deform. Compared with Fig. 17(d and
e), when gn increases from 70mm to 90mm, the ultimate deformation shape of angle does not differ much. But
compared with the standard specimen, the ultimate deformation shape of angle changes obviously. The
influence of gvand g. on the ultimate deformation of angle is not as significant as gn, as shown in Fig. 17(f and
i). As indicated in Fig. 17(j), when the bolt diameter is increased, the deformation of the horizontal leg being
pulled is significantly decreased and the deformation of the vertical leg is not as obvious as that when
d=20mm.

Based on the experimental results and Yang’s model [39], a formula for calculating the ultimate
deformation of the bolted angle connection is developed in this paper by considering the deformation of the
vertical leg:

Au=4/g;? +0;° (L+¢&,)sin6 (8)

gv* =0y —t —0.8I’a +77db 9)
where 6 is measured at the angle at which the horizontal leg is being pulled up; e, is the ultimate strain; t is the
angle thickness; r, is the radius of the angle fillet; dy is the bolt diameter; gn” and # are seen in Eq. (5-6) [39].

The deformation capacity predicted by the models from BCSA/SCI [42], Shen and Astaneh-Asl [23-24],
Yang [39], Gong [40] and the proposed model, are compared in Table 4. For Specimen A9-NP-d24, the
proposal model provides the most unconservative value (1.20). The most conservative prediction is found
(0.92) for Specimen A1-NP-t8. The proposed model shows better accuracy than other models, even though a
slight overestimation of the ultimate deformation is found. It should be mentioned that more tested data are
needed to validate the proposed model and Yang’s model [39], since some factors are derived directly from
test.

Table 4 Analysis of ultimate displacement

Soec Test P:gggztled BSCA/SCI Aitr:a ?\Zﬁjﬁsl Yang’s model Gong’s model
pecimen Ay Ayp A/ Au-sci A A Auy-shen Au. A Ayt Auy/A Auc Auv.c/A
/mm /mm u-P/Au /mm u-SCl/Au /mm u-Shen/Au /mm u-YT/Au /mm u-G/Au
AO0-P 37 402 104 195 0.53 23.4 0.63 440  1.20 255  0.69
AO-NP 37 402 104 195 0.53 23.4 0.63 440  1.20 255  0.69
Al-P-t8 46 440 096 244 0.53 21.1 0.46 48.4 1.06 285  0.62
Al1-NP-t8 48 44.0 0.92 24.4 0.51 21.1 0.44 48.4 1.01 28.5 0.59
A2-P-t12 30 329 109 163 054 24.6 0.82 351 117 233 077
A2-NP-t12 31 329 106 163  0.53 24.6 0.80 351 114 233 076
A3-P-H70 69 747 108 425 0.62 28.6 0.41 75.6 1.10 31.0  0.45
A3-NP-H70 76 747 098 425  0.56 28.6 0.38 756 100 310 041
A4-P-H90 78 820 105 546  0.70 33.2 0.42 753 096 342 044
A4-NP-HI0 80 82.0 1.02 54.6 0.68 33.2 0.41 75.3 0.94 34.2 0.43
A5-P-\/70 44 433 098 217 0.50 23.4 0.54 41.8 0.96 255  0.59
A5-NP-V70 42 43.3 1.03 21.7 0.52 23.4 0.56 41.8 1.01 25.5 0.61
A6-P-\/90 51 495 097 217 0.42 23.4 0.46 450  0.88 255  0.50
A6-NP-VOO 51 495 097 217 0.43 23.4 0.46 450  0.89 255  0.50
A7-P-L50 48 452 094 195 0.41 23.4 0.49 48.8 1.02 255  0.54
A7-NP-L50 39 452 115 195 0.49 23.4 0.59 488  1.24 255  0.65
A8-P-L60 51 48.2 0.95 19.5 0.38 234 0.46 48.8 0.89 25.5 50
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A8-NP-L60 47 482 103 195 041 234 050 488 103 255  0.54
A9-P-d24 37 372 101 195 053 234 0.64 471 129 255  0.69
A9-NP-d24 31 372 120 195 064 234 076 471 154 255  0.83

3.2. Bearing capacity

In EC3, angle in bending is regarded as an equivalent T-stub. As shown in Fig. 18, the resistance of T-stub
in tension F, can be derived as the smallest among three failure modes: T-stub complete yielded, bolt failure
with yielded T-stub and bolt failure, as follows: Egs. (10-12).

Fpr Frar Fps

n

: : Q Q P il Pu Q PRy
| : L ! T
(a) T-stub complete yielded (b) Bolt fracture with yielded T-stub (c) Bolt fracture
Fig. 18 Failure modes of T-stub in tension
4M
For= m : (10)

where Fp.1 is the design resistance of the connection with completely yielded T-stub. Ma is the plastic moment
capacity of the T-stub flange, ma is the distance between two plastic hinges. The criterion to calculate the value
of ma has been proposed in Eurocode 3-1-8 [31].
2M_ +n
Fp,BT — a az BT,Rd (11)
m, +n,

where Fp.g1 is the design resistance of the failure mode with bolt fracture with yielded T-stub. na is the distance
between the bolt center-lines and the prying force position. Brrq is the bolt design resistance.

prs = Z BT,Rd (12)
where Fpg is the design resistance of the connection with bolt fracture.

The test results show that once the bolted angle connection enters the plastic deformation, the load
displacement curve enters the nonlinear stage. Due to the tensile membrane action, the angle horizontal leg is

gradually pulled up and the bolt yields or fractures. Meanwhile, a deformation gradually appeared between the
vertical leg and the loading plate, as shown in Fig. 19.

!

Fig. 19 Deformation of vertical leg

In view of the load increase gradually, Yang [39] proposed the incremental method to calculate the bearing
capacity of the connection in the plastic deformation stage

F, =N, +AF (13)

Eqg. (9) is composed of Na and AF parts, where Na is the tension force of angle during the plastic
deformation stage and AF is the load increment.

Na = (beff,a - ndb,hole)tfu (14)
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where bt o is the effective width of the bolted angles, n is the number of tension bolts and dy nole is the bolt hole
diameter.
AF =F, —F, = N,(sing, —sind,)
A+0 A, (15)

RO N C RS, )
where displacement A is increased by a small amount ¢ in each step.

Gong [40] proposed two failure models ( frame model and truss model ) for the ultimate limit state of
bolted angle connections. Frame model let angle legs being simulated as an elastic beam-column with plastic
hinges at its ends, while truss model let the horizontal leg being seen as a pure tensile rode.

The calculation formula for the ultimate bearing capacity of bolted angle connection is obtained by using
hermit cubic interpolation in frame model.

Fu,frame—G = I(T nN; (16)

where kr is taken as 1.59, N is the tension force of angle by the hermit cubic interpolation in literature [43].
The ultimate bearing capacity of the connection obtained by truss model is

Fu,truss—G = n[08 fut(b - db,hole )]Ié (17)

1
where b=76mm, A is the outstanding leg pulled away from the support, l; is the distance from the hinge at the
bolt hole on the outstanding leg to the centerline of the vertical leg, l;=gn-1/2.

Ref. [43] pointed out that the truss model was superior to the frame model and it has a much smaller
coefficient of variation. Therefore, this paper only conducts validation analysis on the Truss Model. The
comparison with test results in Table 5 shows that Eq. (13) overestimates the strength by 27.7% average and
Eqg. (17) underestimates the ultimate load by 17.7% average.

Through a regression analysis, a new formula for estimating the ultimate load of bolted angle connection
based on Gong’s model is proposed in this paper as

1 A

F,=n[0.9 fut(a L - db,hole)]rgu (18)

The contribution of the vertical leg to the ultimate load is also considered in the calculation of ultimate load.
The ultimate strength of net section is adopted in this formula with a calibration factor 0.9 to account for the
actual tensile level, this is based on Gong’s improvement [40]. More details regarding the mechanical model
proposed by Gong are seen in Ref. [40]. Similar to the formula for the deformation capacity, more tested data
are also needed to validate the proposed model, since some factors are derived through the regression analysis.

Table 5 Analysis of ultimate load

Test  Proposed model = Shen and Astaneh-Asl Yang’s model Gong’s model

Spemmen /'lz(ul\tl ;T(ul\’l) Fu—P/Fu—t F/ul-(sl\hlen Fu—Shen/Fu—t ';uk’\\(lT I:u-YT/Fu-t [/:;l\cl; I:u-G/Fu—t
AO0-P 391 373 0.95 338 0.86 498 1.27 344 0.88
AO0-NP 370 373 1.00 338 0.91 498 1.35 344 0.93
Al-P-t8 359 366 1.02 213 0.59 408 1.14 292 0.81
A1-NP-t8 362 382 1.05 213 0.59 408 1.13 292 0.81
A2-P-t12 468 432 0.92 372 0.79 509 1.09 376 0.80
A2-NP-t12 481 451 0.94 372 0.77 509 1.06 376 0.78
A3-P-H70 417 441 1.06 268 0.64 555 1.33 288 0.69
A3-NP-H70 438 476 1.09 268 0.61 555 1.27 288 0.66
A4-P-H90 426 441 1.07 254 0.60 483 1.13 242 0.57
A4-NP-H90 438 448 1.04 254 0.58 483 1.10 242 0.55
A5-P-V70 411 448 1.03 338 0.82 485 1.18 344 0.84
A5-NP-V70 430 428 0.98 338 0.79 485 1.13 344 0.80
AB6-P-V90 436 448 0.99 338 0.78 505 1.16 344 0.79
A6-NP-V90 336 448 115 338 0.78 505 1.16 344 0.79
AT7-P-L50 449 495 1.10 376 0.84 643 1.43 419 0.93
A7-NP-L50 391 413 1.06 376 0.96 643 1.64 419 1.07
A8-P-L60 458 487 1.06 418 0.91 758 1.66 494 1.08
A8-NP-L60 449 476 1.06 418 0.93 758 1.69 494 1.10
A9-P-d24 409 410 1.00 338 0.83 517 1.26 312 0.76
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A9-NP-d24 380 342 0.90 338 0.89 517 1.36 312 0.82

3.3. Initial stiffness

3.3.1 Angle in bending

The area contained in the center line of bolt holes is the effective bearing area of angle, as shown in Fig. 20.
When the axial tension does not exceed the sum of bolt tensile strength P, and friction force f, the rotation of
the horizontal leg at the center line of the bolt holes is considered to be almost zero. As indicated in Fig. 21,
take one half of angle for analysis.

w

Deformation area

Bolt holes line

Fig. 20 The main deformation area of angle under tension

Fig. 21 shows a simplified model of angle. The stiffness of the loading device is large enough to the bolted
angle connection and provides sufficient restraint for the horizontal leg. Plate A is equivalent to a quarter of
the plate subject to the concentrated load with two fixed opposite sides and two rotation-restrained opposite
sides. Therefore, it is assumed that edge 12 is a fixed edge and the remaining three edges are subject to
rotation-restrained. The deflection at point 1 is obtained by the rectangular plate under the central
concentrated load P.

Transform it
into a plane

Plate B

VNNV NINNNNN

Plate A

Fixed
boundary
Rotation
constraint

Fig. 21 Simplified model of angle

When concentrated load P acts on the center of the rectangular plate, its deflection is [44]:
aPa’
W= 19
n="5 (19)

where D=Et3/12(1-v?)is the flexural deflection of a unit rectangular plate; v is the Poisson's ratio; a is the length
of the rectangle; a is the coefficient related to the side length ratio and constraint conditions of the rectangular
plate.

For a rectangular plate with a pair of fixed constraints and a pair of rotating constraints, the a is calculated
by the following [44]:

0.00842°72 (1 <0.87)
a,=f(1)=
0.0093 (1>0.87)

(20)

17



where A=b/a is the edge length ratio, b is the length of the fixed edge.
Thus, the deflection of plate A at point 1 can be obtained through Eq. (19) and (20) [44]:

R
Wolater = P (21)

epl

D Et’
160{195 48(1_V2)F1(9H ) gL)
F1 is given by the following:

0.336(29, )? (29—“)*°-732 2<0.87

where kg, ; P1is the load on point 1.

Fl(gH’gL): 9. (22)
0.0372(29,)° A>0.87
The deflection of Plate B can still be calculated by Eq. (19). a is calculated by the following [45]:
0.00725
=) (L+447 + 7Y (23)
Like Plate A, the deflection of plate B at point 2 is:
P
Wolaes = —2 (24)
ep2
D Et®
Kepz = = (25)
" 160,07  48(1-V*)F,(9,.9.)
Oy ) 0.029¢2 (2g9,)*
F(94.9.)=41,(-)(29,)" = (26)
FETE g Y [ +(29,)° +494,(29,)°T

3.3.2 Bolt in tension
In Ref. [46-47], the stiffness of bolt is generally calculated by the following formula

EA,
kbt—NP =1.6— 27
L (27)

where Ay, is the effective area of the bolt; the effective length of the bolt Ly=te,+t+2tc+(hi+h,)/2, according to
EC3; hy and h; are the thickness of the bolt head and nut respectively; tc is the thickness of the washer; te, is the
thickness of the loading device.

The coefficient 1.6 is used to consider the increase of the bolt tension due to prying force. If the effect of
prying force is not considered, the coefficient is 2.0. The tensile deformation of the bolt is controlled only by
the stiffness of the bolt itself in the connections without bolt preload. Therefore, the tensile stiffness of bolts
without preload is calculated by Eq. (27).

The reason for the significant increase in the initial stiffness of the connection is that the bolt and the plate
around the bolt hole work as a whole and bear tensile load together.

Therefore, the stiffness of the bolt after applying the preload is controlled by the sum of the two [48-49]

kbp =k, + kp (28)
where ku, is the stiffness of the bolt-plate, ks, is the axial stiffness of a single bolt, k; is the stiffness contribution
of the connected plate, whose can be calculated by the following formula in Ref. [50]

k, t, +t

—=410+3.25—— (29)

kb db

To sum up, the tensile stiffness of bolt with preload can be calculated by the following

t, +t
K, =2(5.10+3.252 ) EA (30)
d, "L,
3.3.3 Stiffness integration of connection

The stiffness of the connection is controlled by both bolts and angle. If ki and k» are respectively the
stiffness of Plate A and Plate B, then:

P P
klz_l; k2:—2 (31)
A A,

where A; and A; are the total deformation at point 1 and 2 respectively, which can be obtained by the following
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k, = k, =
11,1 1 (32)
kepl kbt kepz kbt
When the connection with bolt preload, Eq. (32) can be expressed as
1 1
kl—P =7 1 . szp = 1
1.1y 11 (33)
kepl kbt—P kep2 kbt—P
When the connection without bolt preload, Eg. (32) can be expressed as:
Ko - 1 K- 1
S e S (34)
kepl kbt—NP kepZ kbt—NP

Based on the test results, a calculation method for the initial stiffness of bolted angle connection is
proposed

2[ 2ngH k1,p + (LH _tvd _ZgH)/2k27P]

Keon-p = 35

i (LH _tvd)LL LH ( )
29,9 (L, -t ,—2g9,)/2

k =2 LYH k + H vd H k

con—NP [(LH —tvd)LL 1-NP LH Z—NP] (36)

where Keon-p Stands for the initial stiffness of the connection with bolt preload; keon-ne Stands for the initial
stiffness of the connection without bolt preload; t.q is the thickness of the vertical plate, which was t,s=25mm.

In Table 6, the predicted value of bolted angle connection and the calculated value using EC3 are given and
compared with the experimental value. It can be seen that the results obtained by using the calculation method
presented in this paper are in good agreement with the experimental results.

Table 6 Comparison of the predicted and tested initial stiffness

. Test Eq. (35-36) i EC3
Specimen No. (kN/mm) (kN/mm) Eq. (35-36)/Test (kN/mm) EC3/Test
AO0-P 38 39 1.03 25 0.66
AO-NP 20 22 1.10 25 1.25
Al-P-t8 35 37 1.06 27 0.77
A1-NP-t8 19 18 0.95 27 1.42
A2-P-t12 33 32 0.97 25 0.76
A2-NP-t12 23 25 1.09 25 1.09
A3-P-H70 14 15 1.07 20 1.43
A3-NP-H70 11 10 0.91 20 0.91
A4-P-H90 11 12 1.09 16 1.45
A4-NP-H90 9 11 1.22 16 1.78
A5-P-V70 22 24 1.10 25 1.14
A5-NP-V70 21 23 1.10 25 1.19
A6-P-V90 19 20 1.05 25 1.32
A6-NP-V90 17 16 0.94 25 1.47
AT7-P-L50 39 41 1.05 25 0.64
A7-NP-L50 21 20 0.95 25 1.19
A8-P-L60 41 39 0.95 25 0.61
A8-NP-L60 24 25 1.04 25 1.04
A9-P-d24 32 33 1.03 40 1.25
A9-NP-d24 28 30 1.07 40 1.43

4. Mechanical model of the connection

4.1. Model development

A load-displacement relationship model is developed based on Eurocode Component Method to describe
the entire deformation process of bolted angle connections under tension, as shown in Fig. 22. Fyand A, is the
ultimate load and ultimate deformation of the bolted angle connection respectively. The value of A, can be

19



derived in Section 3.1. F, can be already found in Section 3.2. Fy, is the plastic strength, which is calculated by
using the elastic-plastic model in Eurocode 3-1-8 [31] as described in detail in Section 3.2. The value of yield
strength F, was recommended to be 2/3 F, [39].

Drop point

O Ae Ap Au A)

Fig. 22 Mechanical model of the displacement-load curve for bolted angle connections

The bolt hole diameter is 2mm larger than the bolt shank diameter and the bolt slip will occurred
theoretically during the experiment. When the shear force is less than the friction force, the stiffness of the
connection is large. Once the shear force overcomes the friction force, the stiffness is reduced to zero.
However, when the gap between the bolt shanks and the holes is closed, the stiffness will be large once again.
However, from the experimental load-displacement curve, there is no obvious bolt slip, so the bolt slip stage is
not considered in the proposed model.

The initial stiffness in the model involves Keon-p and Keon-np due to the influence of bolt preload, as described
in Egs. (17) and (18). The value of k, was recommended to be 1/7ken [50]. kg can be calculated by ultimate
load and ultimate displacement.

In Fig. 22, there are three key points A, B and drop point in the load-displacement curve of the mechanical
model. Section 0-A is the elastic section of the curve. At this stage, the initial stiffness keon and the yield
strength Fy of the connection can be obtained. The yield strength F, is 2/3 of the plastic strength Fp. The initial
stiffness is obtained from Egs. (35) and (36). Section A-B is the plastic stage of the load-displacement curve.
The coordinate corresponding to the key point B is (4p, Fp). The point coordinates of point B can be
determined by the slope k, of AB and plastic strength F,. The value of k, was recommended to be 1/7kcon. The
F, is the plastic strength, which is calculated using Egs. (10-12). After the curve exceeds point B, it enters into
the plastic deformation stage, until the bolted angle connection is fractured and the load displacement curve
reaches drop point. Drop point corresponds to the ultimate deformation 4, and ultimate load F, of the
connection. 4, and F, are obtained from Egs. (8) and (18) respectively. The proposed model is summarized in
Table 7 for better understanding.

Table 7 Summarization of the proposed model

Key

point Abscissa Ordinate
Ae Fy
F
Ae =—7
k

con
29,0 (L, —-t,—2g9,)/2
A con-P — Z[A kl—P +- tVd . k2—P]
(L, -t L, L, Fy =2/3F,
for the bolts with pretension
2g|_gH k + (LH —ty _ZgH)/2

K -NP T [ 1-NP k2—NP]
. (LH Ly ) LL LH
for the bolts without pretension
B Ap Fp

20



for the connection with completely
yielded T-stub

_ Fp_Fy +]/7kcon A, :2Ma+naZBT,Rd
P ]/7kCOFI p_BT ma + na
for the failure mode with bolt fracture
with yielded T-stub

A

Fp—B = Z BT,Rd
for the connection with bolt fracture
ALI FU
Drop Au=4g;"+9,° (L+¢,)sind 1 A
point 0y =04 —t —O.8I’a +77db I:u = n[0.9 fut(E LL - db,hole)]—gng

g, =g, ~t-08r, + 71,

4.2. Validation of the mechanical model

The predicted results from the proposed mechanical model are compared with the experimental results, as
shown in Fig. 23. It can be seen that the predicted values of the proposed model are in good agreement with test
results. To further verify the validity and accuracy of the proposed model, the prediction curves of Yang's
model and Gong's model are also shown in Fig. 23.

The proposed model is better than the Gong’s model in initial stiffness, while the model proposed by Gong
also shows large difference in ultimate load and ultimate deformation. From the curve trend, the predicted
curve of Yang's model differs greatly from the experimental results at a certain stage. At the same time, bolt
slippage was considered in Yang's model, but from the experimental curve, the bolt slip stage was not obvious,
which may be due to the slip at the chuck at the initial loading stage.
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Fig. 23(b) Comparison of the mechanical models against the test results

5. Conclusions

This paper aims to investigate the ultimate tensile behavior of bolted angle connections. Six design
parameters of the connection were considered in the experiment, including angle thickness t, horizontal bolt
pitch g, vertical bolt pitch gy, longitudinal bolt pitch gi, bolt diameter d and bolt preload P. The experimental
phenomena and results are discussed in detail. A mechanical model of bolted angle connections is developed

according to the test results. Below conclusions can be drawn:



1) Under the monotonic tension, bolted angle connection showed five kinds of failure modes, namely angle
fracture at heel (AO, A7, A8, A9), angle fracture at bolt holes line (A1), bolt fracture with yielded angle (A2),
angle fracture at bolt holes line with yielded bolt (A3, A4) and angle fracture close to heel (A5, A6).

2) By analyzing the mechanical properties of bolted angle connections under different parameters, it can be
seen that angle thickness t and vertical bolt pitch gy are positively correlated with the ultimate bearing capacity
of connections, but negatively correlated with ultimate deformation of the connection. However, with the
increase of horizontal bolt pitch gu and longitudinal bolt pitch gy, the ultimate load of the connection gradually
is strengthened and the ultimate deformation gradually increases. In the elastic stage of load-displacement
curve, the bearing capacity of the specimens with bolt preload is higher than that of the specimens without bolt
preload.

3) The experimental results show that both horizontal leg and vertical leg contribute to the deformation of
the connection. Therefore, by considering the influence of the horizontal leg and vertical leg on the ultimate
deformation of the connection, a formula for calculating the ultimate deformation of the bolted angle
connection is proposed and validated against the test results.

4) An improved formula is proposed to predict the tensile capacities of bolted angle connections. The
predicted results agree with the tested values better than other formulas. Using the theory of plate-shell, the
formulas for calculating the initial stiffness of the connections with or without bolt preload are derived
respectively. By comparing with EC3, the validity and accuracy of the formula proposed in this paper are
verified.

5) A mechanical model is proposed and used to predict the load-displacement curve of bolted angle
connection, which is also compared with Yang's model and Gong's model. The proposed model fits best with
the tested results among all the considered models.
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