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198 Abstract: This paper investigates the ultimate tensile behavior of the bolted stiffened T-stub connections using
9  experimental, numerical, and analytical methods. The monotonic tensile tests were carried out on sixteen
2410 bolted stiffened T-stub connections with different parameters to investigate the failure mode, yield line
2611 distribution, and key mechanical properties of them. The results showed that the distribution pattern of the
2812  yield line along the center of the bolt holes changed with the increase of the stiffened T-stub thickness and the
longitudinal bolt pitch. The effect of the longitudinal bolt pitch on the ultimate strength of the connection was
334 non-monotonic. Finite element models of the bolted stiffened T-stub connections were established and
3515  validated to conduct the parametric analysis. The simulation results showed that increasing the thickness ratio

3716  between the vertical plate and the horizontal plate could improve the ultimate strength of the connection. Based
38

2817 on the experimental and parametric studies, the prediction methods for the ultimate strength and initial
2%18 stiffness of the stiffened T-stub connections with or without bolt pretension were proposed and validated

43
4419  against the experimental data and other prediction methods.
45

2(7320 Keywords: Bolted stiffened connection; Bolt pretension; Tensile behavior; T-stub; Progressive collapse;

48
4921 Component method

50

51

52 .

522 1. Introduction

54

2223 Bolted endplate connections are typical semi-rigid connections in the standards for anti-collapse design

57
5824  [1-2]. The advantages of good deformation ability and easy construction make this type of connection be
59
6025  widely studied and recommended in the anti-collapse design by many researchers [3-5]. However, the existing
61

626  research shows that compared with other semi-rigid connections, the stiffness, and energy dissipation capacity

64

65 1
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of bolted end-plate connections are relatively lower [6]. Therefore, a stiffened extended endplate would be
better to improve the mechanical behavior of the connection, as shown in Fig. 1.

In the component method in EC3 [7] which is normally used to analyze and predict the mechanical behavior
of bolted steel connections, T-stub is treated as the basic component in assembling the bolted connections as
shown in Fig. 1. However, bolted stiffened T-stub is not covered by EC3. Therefore it is necessary to conduct
an experimental study on the ultimate tensile behavior of bolted stiffened T-stub and develop the

corresponding theoretical method for the stiffened connection for practical application.

Moment

Tensile
force

Fig. 1 T-stub in the component method

At present, the research on bolted T-stub connections mainly focuses on unstiffened T-stub connections.
Aiming at the flexural behavior of the T-stub, Loureiro et al. [8] and Reinosa et al. [9,10] studied the bending
performance of bolted T-stubs and proposed the axial and rotational stiffness prediction formulas. Zhao [11]
proposed the numerical models for the force-deformation response of the connections. The determination
method of initial yield point and limit state point was more accurate than Jaspart’s model [12]. Saberi et al. [13]
concluded that the endplate thickness was negatively correlated with the moment ultimate strength. Tagawa
and Liu [14] presented a new stiffening method for bolted endplate beam-column connections and the
accuracy of the formula was verified by the tensile test of T-stub connection. Ozkilic [15] proposed a new yield
line pattern and ultimate load calculation formula for T-stubs with thin plates and large bolts. Gil et al. [16]
predicted the stiffness and strength of the T-stub connection under bending by using the method of parameter
analysis. The anti-seismic of the bolted T-stub connections has also been studied recently. Shen and
Astaneh-Asl [17,18], and Malaga-Chuquitaype and Elghazouli [19] carried out experimental studies and
theoretical analyses on the hysteretic performance of the connection respectively. The established models were
in good agreement with the experimental results. Ribeiro et al. [20] proposed an analysis method for the T-stub
under impact load, which accurately described the force-displacement response of the T-stub model under

static and dynamic load.
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In the design of anti-collapse resistance, a lot of studies have been made on the tensile performance of the
bolted T-stub connection by using experimental, numerical and analytical methods. Massimoetal et al. [21],
Faralli et al. [22], Francavilla et al. [23], Bursi and Jaspart [24] and Sebbagh et al. [25] used finite element
models to analyze the mechanical behavior of T-stub connection in progressive collapse resistance. Yang and
Tan [26], and Gong [27] carried out experimental studies and theoretical analyses on the deformation response
and ultimate tensile performance of bolted connections. Timmers [28] proposed a model that could accurately
reproduce the failure mode and ultimate load of T-stubs. Bezerra et al. [29] studied the plastic deformation
capacity of stainless steel bolted T-stub connections. In addition, Barata et al. [30], Gao et al. [31], Wang et al.
[32] and Both et al. [33] studied the effects of environment and high temperature on the fire resistance, ultimate
tensile performance and failure mode of T-stub connection through experimental and numerical analysis.

It can be seen from the literature review that most of the existing studies have studied the flexural behavior,
anti-seismic and anti-collapse of the unstiffened T-stub connections. However, there is limited research on the
mechanical performance of stiffened T-stub connections. Therefore, more tests should be conducted to provide
experimental evidence to validate various numerical and theoretical studies for bolted stiffened T-stub
connections. In this paper, an experimental study on sixteen bolted stiffened T-stub connections was conducted.
The tensile performance of the bolted stiffened T-stub connections including the ultimate strength, initial
stiffness and deformation capacities were evaluated in terms of various connection design parameters. The
validated finite element models for the connections were adopted to conduct parametric analysis. In addition,

the prediction methods for the ultimate strength and initial stiffness of the connection were also proposed.

2. Test program

2.1. Test specimens

In total sixteen T-stub specimens were fabricated and tested in this study. To study the influence of bolt
pretension, each group consisted of two identical stiffened T-stubs as shown in Table 1. The dimensions of the
T-stubs are summarized in Fig. 2 and Table 1. gwand g. stand for the horizontal and longitudinal bolt pitch
respectively. The stiffeners were installed in the middle of the T-stub.

Grade 8.8 M20 bolts were used for all the specimens except for the last group TSS7 with Grade 8.8 M24
bolts. The diameter of the bolt hole was 2 mm larger than that of the screws. According to Chinese standard

JGJB82-2011, the bolt pretension for Grade 8.8 M20 and M24 bolts was 125 kN and 175 kN respectively. The
3
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pretension was converted into torque and applied to the connection through a torque wrench. The installation
torque was derived by multiplying the pretension, bolt diameter and torque-pretension coefficient which was
0.15. The specimens without bolt pretension were manually tightened. Washers were used to increase the
contact area and prevent the bolts from loosening. In the design of the connection, the prying force in the
connection had been checked by using American LFRD manual. The T-stub thickness of the connections all
met the requirements of the LFRD.

The specimens were named by group number, followed by P or NP (meaning with or without bolt
pretension respectively) and design parameters. Group TSSO was the standard group. Group TSS1 to group
TSS7 referred to four design parameters including stiffened T-stub thickness t, horizontal bolt pitch g,
longitudinal bolt pitch gL and bolt diameter d respectively.

The specimens were tested under a monotonic tensile force. Firstly, the stiffened T-stub and the loading
device were assembled, and then the vertical plate of the stiffened T-stub and the loading base were clamped
on the loading heads of the testing machine respectively as shown in Fig. 2. The displacement control loading
method with a speed of 0.025mm/s was used in the experiment.

Table 1 Parameters of specimens

Lv Ln Lo t OH o d pretension
Specimen No.
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [kN]
TSS0-P 240 190 160 10 50 40 20 125
TSSO-NP 240 190 160 10 50 40 20 0
TSS1-P-t8 240 190 160 8 50 40 20 125
TSS1-NP-t8 240 190 160 8 50 40 20 0
TSS2-P-112 240 190 160 12 50 40 20 125
TSS2-NP-t12 240 190 160 12 50 40 20 0
TSS3-P-H70 260 290 160 10 70 40 20 125
TSS3-NP-H70 260 290 160 10 70 40 20 0
TSS4-P-HI0 260 290 160 10 90 40 20 125
TSS4-NP-H90 260 290 160 10 90 40 20 0
TSS5-P-L50 240 190 180 10 50 50 20 125
TSS5-NP-L50 240 190 180 10 50 50 20 0
4
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TSS6-P-L60 240 190 200 10 50 60 20 125

TSS6-NP-L60 240 190 200 10 50 60 20 0
TSS7-P-d24 240 190 160 10 50 40 24 175
TSS7-NP-d24 240 190 160 10 50 40 24 0

Note: Ly is the length of the vertical plate; Ly is the length of the horizontal leg; L. is the length of the stiffened
T-stub; gn is the length of the horizontal bolt pitch; g. is the length of the longitudinal bolt pitch; t is the

stiffened T-stub thickness; d is the bolt diameter.

ty P ‘
it 1 Top clamping head

L
—
q N
v e
t E— ]ZQL LL
® o
o]
Ly
Front view Left view Top view Bottom clamping head
Design of specimens Test setup

Fig. 2 Design of specimens and test setup

2.2. Mechanical properties of steel

Stiffened T-stub and loading device were both made of Chinese Q235 grade steel. The yield strength fy,
ultimate strength f,, Young’s modulus Es and ultimate strain &, of the steel were given in Table 2. The
mechanical properties of the bolts were provided by the supplier. According to the ultimate strain &, obtained

from the material property test, the true strain ey Of the tensile specimen can be calculated by Eq. (1) as listed

in Table 2.
gu—true = In(1+ 8u) (1)
Table 2 Material property of steel
Specimens = Thickness(diameter) [mm] | Fy[MPa] Fu[MPa] Es[MPa] &u Eu-true
8 232 379 1.78x10° 0.27 0.24
T-stub
10 216 434 1.99x10° 0.27 0.24
5
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12 297 420 1.82x10° 0.28 0.25
M20 20 628 811 2.34x10° 0.09 0.09

M24 24 633 864 2.34x10° 0.09 0.09

3. Experimental results

3.1. Failure modes

Three failure modes were observed in the sixteen bolted stiffened T-stub connections under monotonic
tensile action, as shown in Figs. 3-5. The first failure mode was the yield of stiffened T-stub and bolts, as
shown in Fig. 3. This failure mode was observed in most specimens, including TSSO, TSS3, TSS4, TSS7,
TSS2-NP-t12, and TSS5-P-L50. Under the action of monotone tensile load, the horizontal leg of stiffened
T-stub deformed first. When the load increased, the deformation of the horizontal leg expanded from heel to
end. The deformation extended to the bolt hole and the bolts began to deform. When the stiffened T-stub and
bolt reached the yield limit, the bolted stiffened T-stub connection failed.

The second failure mode was found in the specimens TSS2-P-t12 and TSS5-NP-L50, that is, bolt fracture
with yielded stiffened T-stub, as shown in Fig. 4. Similarly, the stiffened T-stub began to deform first and
started at the heel. The main deformation region was from the heel of the horizontal leg to the bolt hole
centerline, and the yield line was distributed along the heel and the deformation direction of the horizontal leg.
In this failure mode, the bolt fractured earlier than the stiffened T-stub. It is because when the deformation
extended to the centerline of the bolt hole, the bolts began to deform and reached the yield limit earlier than the
stiffened T-stub. As the load continued to increase, the bolt fractured first.

The last failure mode was observed in TSS1 and TSS6, that is, stiffened T-stub fracture near bolt hole line
and weld seam. It should be noted that the fracture mentioned here does not refer to the weld fracture itself, but
the fracture of the metal plate near the weld. The main reason for this failure mode is that the stiffness ratio of
stiffened T-stub and bolt was less than 1. When the deformation of stiffened T-stub appeared near the bolt hole,
the deformation of the horizontal leg from heel to the centerline of bolt hole continued to increase with the
increase of load. As the bolt stiffness was greater than that of stiffened T-stub, the stiffened T-stub fractured
first. The yield lines were distributed along with the fracture location and the deformation direction of the

horizontal leg.
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(a) Final failure after unloading (b) Stiffened T-stub yielded (c) Bolts yielded

Fig. 3 Stiffened T-stub and bolt both yielded (TSSO, TSS3, TSS4, TSS7, TSS2-NP-t12, TSS5-P-L50)

Bolt
fracture

Bolt
fracture

(@) Final failure after unloading (b) Stiffened T-stub yielded (c) Bolt fracture

Fig. 4 Bolt fracture with yielded stiffened T-stub (TSS2-P-t12, TSS5-NP-L50)
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Stiffened T-stub
fracture near bolt

fracture near weld seam

Stiffened T-stub

(b) Stiffened T-stub fracture near weld (c) Stiffened T-stub fracture near bolt

(a) Final failure after unloading

seam holes

Fig. 5 Stiffened T-stub fracture near bolt hole line and weld seam (TSS1, TSS6)

The failure modes and main test results of each specimen are summarized in Table 3. Among them, the

ultimate deformation given in Table 3 refers to the deformation corresponding to the ultimate load of the

specimen. The initial stiffness was calculated by using two points A (D,L1) and B (D,L,) from the elastic

stage of the load-displacement curve, taking namely k=(Lz-L1)/(D2-D1).

Table 3 Failure patterns

Ultimate Ultimate Initial
Specimen No. load displacement = stiffness Failure mode
[KN] [mm] [KN/mm]

TSS0-P 585 47 50 Stiffened T-stub and bolt both yielded
TSSO-NP 575 49 38 Stiffened T-stub and bolt both yielded
TSS1-P-t8 506 37 39 Stiffened T-stub fracture at bolt hole line and weld seam

TSS1-NP-t8 532 41 36 Stiffened T-stub fracture at bolt hole line and weld seam
TSS2-P-t12 692 33 55 Bolt fracture with yielded stiffened T-stub
TSS2-NP-t12 605 49 45 Stiffened T-stub and bolt both yielded
TSS3-P-H70 584 44 42 Stiffened T-stub and bolt both yielded
TSS3-NP-H70 578 70 18 Stiffened T-stub and bolt both yielded
TSS4-P-H90 584 61 33 Stiffened T-stub and bolt both yielded
TSS4-NP-H90 589 65 21 Stiffened T-stub and bolt both yielded
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TSS5-P-L50 579 41 33 Stiffened T-stub and bolt both yielded

TSS5-NP-L50 588 45 31 Bolt fracture with yielded stiffened T-stub
TSS6-P-L60 585 47 28 Stiffened T-stub fracture at bolt hole line and weld seam

TSS6-NP-L60 575 49 18 Stiffened T-stub fracture at bolt hole line and weld seam
TSS7-P-d24 576 37 51 Stiffened T-stub and bolt both yielded
TSS7-NP-d24 588 41 39 Stiffened T-stub and bolt both yielded

3.2. Distribution of the yield line

The parameters of the T-stubs affected not only the failure mode but also the yield line pattern of the
connection. When the stiffened T-stub thickness increased from 8 mm to 12 mm, the failure mode of the
connections varied from stiffened T-stub fracture to bolt fracture. By observing the final failure mode of the
stiffened T-stubs with different thicknesses as shown in Figs. 3-5, it can be seen that the yield line patterns
were also different. For the connection with the thickness of 8mm, the yield lines were distributed along the
fracture position and bolt holes of the stiffened T-stub, as shown in Fig. 6(a). For the connection with the
thickness of 10mm, the failure mode was the yield of both stiffened T-stub and bolt. The yield line pattern of
the connection was closely related to the deformation of the stiffened T-stub, as shown in Fig. 6(b). As the
thickness increased to 12mm, the failure mode was bolt failure with yielded stiffened T-stub. The yield line
distribution of the connection was the same as that of the connection with the thickness of 10mm

When the horizontal bolt pitch gn increased from 50mm to 90mm, the change in the length of the horizontal
leg did not affect the failure mode of the connection. Therefore, the yield line distribution of the connection is
shown in Fig. 6(b). The distance between the stiffener and bolt holes increased with the increase of
longitudinal bolt pitch g.. The greater the distance between the stiffener and the bolt hole was, the smaller the
contact area ratio between the bolt and the stiffened T-stub became, which could affect the stiffness ratio
between the bolt and the stiffened T-stub. Therefore, when g. increased from 40mm to 60mm, the distribution
of the yield line distribution of the connection varied from Fig. 6(b) to Fig. 6(a).

With the increase of bolt diameter d, the geometry of the stiffened T-stub did not change, indicating that the
increase in diameter did not affect the failure mode of the connection. Therefore, the yield line mode of the

connection did not change.
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1

(a) Pattern 1 (b) Pattern 2
Fig. 6 Yield line distribution of the stiffened T-stub

Note: Q is prying force; B represents bolt force; By is the tensile yield capacity of the bolt; F is the tensile load.

3.3. Load-displacement curves
Stiffened T-stub thickness t, horizontal bolt pitch gu, longitudinal bolt pitch gi, bolt diameter d and bolt
pretension P were the design parameters considered in this test. The effect of these parameters on connection

behavior will be discussed below by addressing the yield point, curve shape and failure mode of the specimens.

3.3.1 Stiffened T-stub thickness t

When the stiffened T-stub thickness t was 8mm, the fracture position appeared near the bolt hole line and
the weld seam. However, when the stiffened T-stub thickness was 10mm, the failure pattern was the yield of
both stiffened T-stub and bolt. When t increases from 8mm to 10mm, the yield strength and plastic
deformation of the connection both increase accordingly, as shown in Fig. 7 (a and b). When the stiffened
T-stub thickness is 12mm, the fracture pattern of TSS2-P-t12 was bolt fracture with yielded stiffened T-stub,
while the failure pattern of TSS2-NP-t12 was the yield of both stiffened T-stub and bolt. Therefore, it can be
concluded that bolt fracture causes the sudden drop in the load-displacement curve of TSS2-P-t12. Regarding
curve shape, all the curves present obvious three-stage characteristics, which indicate that the change of t does

not affect the shape of the curves.

10
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Fig. 7 Effects of stiffened T-stub thickness (t)

3.3.2 Horizontal bolt pitch gn

The change of horizontal bolt pitch gu does not cause the change in the failure patterns of the connections,
which were the yield of both stiffened T-stub and bolt. From the load-displacement curves as shown in Fig. 8,
the stiffness of the connection decreases with the increase of gu in the elastic stage of the curve. The yield point
of the connection with bolt pretension decreases slightly with the increase of g, as shown in Fig. 8(a). When
the curve enters the plastic deformation stage, the deformation stiffness and ultimate strength of the connection

are not affected by the change of gh.

640 600

[ ERd -h-:-.:;v.
et T TN T . f /:o"' DAY
JP 0 D . .0 ‘| 1
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1607 [} 1504
0L , ; o 04~ . . —
0 20 40 60 80 0 25 50 75 100
Displacement (mm) Displacement (mm)
(a) Load - displacement curve of the specimens (b) Load - displacement curve of the specimens not
pre-tensioned pre-tensioned

Fig. 8 Effects of horizontal bolt pitch (gn)

11
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3.3.3 Longitudinal bolt pitch g.

As longitudinal bolt pitch g, increases from 40mm to 60mm, the failure mode of stiffened T-stub changed
from “completely yield” to “fracture near bolt hole line and weld seam”, except for specimen TSS5-NP-L50.
As shown in Fig. 9(b), the abrupt decline in the load-displacement curve of TSS5-NP-L50 during the plastic
deformation stage is closely related to the failure pattern of the specimen, which was bolt fracture with yielded
stiffened T-stub.

As shown in the load-displacement curves, the effect of gL on connection performance is non-monotonic.
From the shape of the curve, when g, is 40mm and 50mm, the load-displacement curve of the connection is
significantly different from that when g, is 60mm. To find out the influence of g. on connection performance,

further parameter analysis would be carried out by using the finite element model in Section 4.

680 630
5101 IR RN
2 e o ' A 2 4201 s ‘\
< . ' =3 .+ [— Tsso-NP-L40[",
T 3404 o 3 e’ TSS5-NP-L50
S # [— TSS0-P-L40| S .¢ |- - TSS6-NP-L60
- o TSS5-P-L50| / 210 4 T
o4 |- = TSS6-P-L6O| o \\0
a Y G
i / ! WO\ 9.=50mm
0+= . : . 04+ e .
0 21 42 63 84 0 18 36 54 72

Displacement (mm) Displacement (mm)

(a) Load - displacement curve of the specimens (b) Load - displacement curve of the specimens not

pre-tensioned pre-tensioned

Fig. 9 Effects of longitudinal bolt pitch (g.)

3.3.4 Bolt diameter d

As the bolt diameter increases from 20mm to 24mm, the failure mode of stiffened T-stub was consistent.
From the load-displacement curve, the yield points of the connections basically coincide, and the deformation
stiffness of the specimens slightly increases. The shape of the curves is highly consistent, reflecting the
obvious characteristics of three stages, as shown in Fig. 10. The influence of bolt diameter on the connection
performance is not obvious, which would be further analyzed by changing the bolt diameter in the finite

element models in Section 4.

12
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(a) Load - displacement curve the specimens pre-tensioned

3.3.5 Bolt pretension

As shown in Fig. 11, the initial stiffness of the connections increases when the pretension was applied to the
bolts. For the specimens with the same size, the shape of the curve is not affected by bolt pretension whilst the

yield strength of the connection is slightly increased by applying bolt pretension. With a few exceptions, such

15 30 45 60 75
Displacement (mm)

(b) Load - displacement curve of the specimens not

pre-tensioned

Fig. 10 Effects of bolt diameter (d)

as the group of TSS2 and TSS5, the failure mode of the specimens was not affected by bolt pretension.
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Fig. 11 Effects of bolt pretension (P)

4. Numerical simulation of bolted stiffened T-stub connection

4.1. Modeling techniques

To simulate the components in bolted stiffened T-stub connection, solid element (C3D8R) from ABAQUS

library [34] is used to establish the finite element (FE) model. The dimension and material properties of the

finite element model are consistent with those of the test specimens, as shown in Fig. 12. MERGE command is

used to splice the T-stub and stiffeners into a whole. Since no crack in the weld seam was observed in the

whole test process, welding seams are not simulated in the models.

Stiffened T-stub

Loading
device

With bolt
pre-tension

Ux=Uy=U,=0
UR,=UR,=UR,=0

Fig. 12 FE model of the bolted stiffened T-stub connection

Without bolt
pre-tension

In the connection model, the contact between the components mainly exists in four places, including the

pair of stiffened T-stub and loading device, screw and bolt hole, nut and stiffened T-stub, and screw head and
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loading device. Since each component is a solid unit, the contact type is set as “Face to face contact”. “Hard

contact” in ABAQUS meaning that the contact pressure can be transferred between contact surfaces is used to

present the normal contact in the model. The tangential contact is set as “Penalty” with a friction coefficient of

0.3.

4.2. Validation of finite element models

Fig. 13 compares the test and simulation results of the connections with bolt pretension. Regarding the

shape of the curve, the simulation results are basically consistent with the experimental results. The peak points

of the curves are marked in the figures. The ultimate strength of the simulation results is slightly higher than

that of the experimental results, which is in a reasonable range. It can be seen that the simulation results are in

good agreement with the test results when the bolt pretension is applied.
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For the specimens without bolt pretension, the nut was only tightened manually to keep the bolt from
loosening during the test. Therefore, the bolts without pretension only play the role of connecting. Fig. 14
compares the simulation results and test results of the specimens without bolt pretension. There is little
difference between the simulation results and the test results regarding the ultimate load and the initial stiffness

of the connection. The curve features of the simulation results and test results show high similarity. It is also

(g) TSS6-P-L60

(h) TSS7-P-d24

Fig. 13 Comparison of results between test and simulation (P)

concluded that the existence of bolt pretension is beneficial to the simulation accuracy.
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Fig. 14 Comparison of results between test and simulation (NP)
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It also should be admitted that the discrepancy between the experimental and simulation curves still exists.
Two reasons for the inaccuracy of the models are found: first, the contact between the components of the finite
element model is ideal. Test specimens need to be manually assembled, which leads to the contact between
components not being perfectly contacted. Second, clamp slip may occur at the early stage of loading, resulting

in a stiffness decline at the beginning of the load-displacement curve of the test.
4.3. Parameters analysis

4.3.1 Longitudinal bolt pitch

The FE models with the longitudinal bolt pitch g. of 40mm, 45mm, 50mm, 55mm, 60mm and 65mm are
developed. Fig. 15 shows the load-displacement curves of the models. It is worth mentioning that the change in
the ultimate strength and initial stiffness of the models are non-monotonic. Both the experimental results and
the simulation results show a similar variation law in the load-displacement relationship. It can be concluded
that the mechanical properties of the bolted stiffened T-stub connection are not monotonically related to the

change of g..

840 840
FE models with bolt pre-tension FE models without bolt pre-tension
-A.
630 + 630 +
z z
< <
T 420- T 420+
o o
4 4 ,
—_— = N — - - g,=40mm|— * —q, =55
210417 g,=40mm g,=55mm 210- l/l 9 g,=55mm
! = = g.=45mm g,=60mm ', — = g.=45mm g,=60mm
i = = =g,=50mm g,=65mm J = = ~g.=50mm 9,=65mm
0 T T T 0 T T .
0 23 46 69 92 0 19 38 57 76
Displacement (mm) Displacement (mm)
(a) Parameters of longitudinal bolt pitch (g.)-P (b) Parameters of longitudinal bolt pitch (g.)-NP

Fig. 15 Comparison of results between test and simulation (g.)

4.3.2 Bolt diameter

The models with bolt diameters of 14mm, 16mm, 18mm, 20mm and 24mm are analyzed. As shown in Fig.
16, the bolt diameter increases from 14mm to 20mm, the ultimate load of the models increases gradually.
When the bolt diameter increases from 20mm to 24mm, the ultimate deformation and ultimate strength of the
connection show little change. In general, the shape and characteristics of the curve are roughly the same,

including the stiffness of the plastic deformation stage.
17



O©CoO~NOOTA~AWNE

36
4347
42

4
4248
45
4849
47
4850
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

680

- - 800
FE models with bolt pre-tensio FE models without bolt pre-tension
510- 600+
z =z
< fa S
3 3404 o, d=14mm T 400 :
I y; S _
S .,‘. .+« d=16mm S l/ | d:14mm
i = = d=18mm i d=16mm
170-'{' d=20mm 2004 ; d=18mm
I - = d=24mm / d=20mm
O. O. = =d=24mm
0 17 34 51 68 0 18 36 54 72

Displacement (mm) Dispalcement (mm)

(a) Parameters of bolt diameter (d)-P (b) Parameters of bolt diameter (d)-NP

Fig. 16 Comparison of results between test and simulation (d)

4.3.3 Vertical plate thickness

To investigate the influence of vertical plate thickness ty on the connection performance, four kinds of
stiffened T-stub connection models with ty=8mm/t=10mm, ty=10mm/t=10mm, ty=12mm/t=10mm and
tv=12mm/t=8mm are simulated in ABAQUS. As shown in Fig. 17, the load-displacement curves of the
connections with equal thickness are compared with those of the connections with different thicknesses. When
the thickness ratio of the vertical plate and horizontal plate is 6/5 (ty=12mm/t=10mm), the ultimate strength of
the connection is increased by 14%, compared with that of the connection under ty=10mm/t=10mm. When the
thickness ratio is 4/5 (ty=8mm/t=10mm), the ultimate strength of the connection is reduced by 25%. When ty is
constant and t decreases from 10mm to 8mm, the ultimate strength and initial stiffness of the connection are
reduced by 10%. Changing the thickness ratio of the vertical plate and horizontal plate has no significant effect
on the ultimate deformation of the connection, but decreases the initial stiffness of the connection to a certain
extent. It can be seen that, for conventional stiffened T-stub of equal thickness, properly increasing the

thickness ratio of the vertical plate and horizontal plate can improve the ultimate strength of the connection.

18
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Fig. 17 Comparison of results between test and simulation (tv)

5. Theoretical analysis of the bolted stiffened T-stub connection

Using the component method in EC3, T-stub is treated as the basic component in bolted connections. The
performance of T-stub will directly affect the strength, stiffness and stability of beam-column joint, whose
mechanical properties play a key role in the resistance to the progressive collapse of structures. In addition, a
mechanical constitutive model of T-stub presented by the simplified spring element in EC3 can be used in the
finite element simulation by using the spring truss model to further simplify the anti-collapse analysis of joints
and structures.

However, EC3 does not directly provide the theoretical calculation method of stiffened T-stub connection.
Therefore, a calculating method for the ultimate strength and initial stiffness of bolted stiffened T-stub
connection is proposed in this study. First, the idea of the component method is adopted to split the connected
components. Then, the strength and stiffness of each component are analyzed respectively. When the bolt
pretension is applied, the bolt and the surrounding plate form a whole to jointly bear the external load. Without
applying bolt pretension, only the bolts bear the tensile load. Therefore, the bearing capacity and stiffness of
bolts with or without pretension are analyzed respectively. Finally, a prediction method for the ultimate
strength and initial stiffness of stiffened T-stub connection is proposed based on test results and regression

analysis.
5.1. Ultimate strength

5.1.1 Stiffener

19
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The stiffened T-stub is divided into two parts: stiffener and T-stub. The equivalent truss model of stiffener

[35] is shown in Fig. 18. The equivalent area Ae is
A =n-h,t, (2)
where 7 is a correction factor of equivalent area, #=1.5; ts is the thickness of stiffener; he is the perpendicular to

the hypotenuse of the triangle, as shown in Fig. 18 (b).

ab—c?

h =
© J@-c)?+(b-c)

3)

where a, b and ¢ can determine the shape and size of the stiffeners, as shown in Fig. 18.

Rib stiffener [§§%

(a) Stiffener in connection (b) Geometry of stiffener [36]

(c) forces developing at the
connection to stiffener interface [37]
Fig. 18 Stiffener in bolted stiffened T-stub connection
In the experiment, since the length of a and b of the stiffener is identical, the slope 6 of the stiffener is 45°,
which is slightly different from the assumption for the slope of the stiffener in Refs. [36,37].

The force at the connection interface of the stiffener is shown in Fig. 18(c).
b

N, =(>)-Q (4)
a

According to Ref. [38], Q is calculated by the following formula:

ad, -(0.21a+0.51L)
Q= S

1 0.6va’ +b?\(a—c)’ +(b—c)’ , (0810+0.13d,)(ad,) ,,

n (ab—c?)t I, &

Q)

where dp is the length of stiffened T-stub; Iy is the second moment of the area; Vs eq is the design shear.
VB,Ed :VB,Ed,M +VB,Ed,G (6)

where Vg edm IS the shear force generated by plastic hinge formation of stiffened T-stub.

20



2494

4995

5300

5801
57
58
5802
60
61
6303
63
64
65

2: MB,Rd
I-h

(7)

VB,Ed,M =

VB4, IS caused by the gravity loads; L is the approximate distance between plastic hinges.

5.1.2 T-stub and bolt

The distribution of the yield line is related to the boundary condition and bolt hole distribution. The yield
line distribution of T-stub is slightly different from that of stiffened T-stub. The ultimate tensile test of T-stub
connection shows that the yield of T-stub diffused along the heel and bolt hole line. Therefore, the yield line is
distributed along the heel and bolt hole line, as shown in Fig. 19. According to the yield line and the principle

of limit equilibrium, the ultimate strength of T-stub is obtained:

2 2
NLIt — LHt fu + (gH + gL).t fu (8)
89, 29,

where Ly is the T-stub width.

AT

Yield line

7

e NG

Fig. 19 Yielding line pattern of T-stub

When the bolt is not under pretension, the yield load of the bolt is taken as the ultimate strength of the bolt:

u-NP = fu,bp\a (9)
where fyp is the bolt ultimate strength; A = 7z(d—2b)2 , dv is the effective diameter of the bolt.

Itis pointed out in Ref. [39] that when the pretension is applied to the bolt, the nut and its surrounding plate
form a whole and share the tensile load. Therefore, the ultimate strength of the bolt after applying the
pretension is

D= fr(2) + £, 2y (10

where e is the maximum diameter of the nut, e=40 for M20 bolt and e=44 for M24 bolt.

5.1.3 Bearing integration
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The strength of the main components in the bolted stiffened T-stub connection should be calculated
respectively. The ultimate strength of the whole connection can be obtained by integrating the bearing capacity
of the main components.

According to the test results and finite element analysis, the distribution of bolt holes and the size of T-stubs
affect the overall performance of the connection. The bolt hole distribution on connection is affected by the
parameters of horizontal bolt pitch g4 and longitudinal bolt pitch g.. The main deformation of the T-shaped
part is from the horizontal plate, therefore, the size of the T-shaped part is reflected in the length of the
horizontal leg Ly and the length of the T-stub L.. TSS-AO is taken as the standard specimen (gn=50mm,
g.=50mm, Ly=190mm, L =160mm), and the rest specimens are compared with TSS-AQ. To better analyze the
influence of parameter changes on the strength of the connection, the influence coefficients (gi/gn)*(Ln/LL) of
bolt hole distribution and T-stub size are given based on a series of regression analyses.

Due to bolt pretension, the bolt and the surrounding plate would translate together in the same direction.
The bolt without pretension is an independent unit in load transfer. At this time, the actual distance between the
stiffener and the bolt hole should be considered, which is g.-d/2. Therefore, the strength of the stiffener on the
whole connection without bolt pretension needs to be multiplied by the reduction factor, which is (g.-d/2)/g..

Therefore, the calculation method of ultimate strength of bolted stiffened T-stub connection is

L
N, p =4N, + (S_LL_H NJ » +2N,) for pre-tensioned (11)
H L
L -d/2
Ny e = 4Ny, + (L N 2942 N, ) for not pre-tensioned (12)
gH LL gL

The prediction results of Egs. (11-12) are compared with the test results and the ultimate strength
calculation method based on cruciform stub model proposed by Xu et al. [40], as shown in Table 4. The
predicted values by Eqgs. (11-12) are in good agreement with the experimental results, and the error range is in
the range of 0-10% approximately. The calculation method based on cruciform stub model provides a
prediction which is 14-25% lower than the test value.

Table 4 Comparison of the predicted and tested ultimate strength

Eq. (11-12)
Test Eq. (11-12) error + cruciform stub [40] Error
Specimen No. Nu-p [KN] © Nu-np [KN]
[kN] (%) [kN] (%)
Eq.(10) Eq.(11)
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TSS0-P 585 570 - 2.6 486 -16.9

TSSO-NP 575 - 547 4.9 486 -15.5
TSS1-P-t8 506 546 - -7.9 435 -14.0
TSS1-NP-t8 532 - 517 2.8 435 -18.2
TSS2-P-t12 692 694 - 0.3 564 -18.5
TSS2-NP-112 605 - 644 6.4 518 -14.4
TSS3-P-H70 584 573 - 1.9 486 -16.8
TSS3-NP-H70 578 - 523 9.5 486 -15.9
TSS4-P-H90 584 560 - 4.1 486 -16.8
TSS4-NP-H90 589 - 545 7.5 486 -17.5
TSS5-P-L50 579 608 - -5.0 564 -2.6
TSS5-NP-L50 588 - 576 2.0 486 -17.3
TSS6-P-L60 585 617 - -5.5 435 -25.6
TSS6-NP-L60 575 - 558 -3.0 435 -24.3
TSS7-P-d24 576 619 - -7.4 486 -15.6
TSS7-NP-d24 588 - 596 -1.4 486 -17.3

5.2. Initial stiffness

Firstly, the stiffness of T-stub in bending and bolt in tension can be analyzed separately. Then, by
considering the influence of different design parameters, the initial stiffness prediction formula of T-stub
connection can be obtained by integrating the stiffness of T-stub in bending and bolt in tension. Finally, the
relationship between T-stub and stiffened T-stub can be analyzed, which could be expressed in the form of
coefficients. Consequently, the initial stiffness prediction method of stiffened T-stub connection can be

obtained.

5.2.1 T-stub in bending

When the axial tension is smaller than the sum of the tensile strength of bolts and the friction force, it is
believed that the rotation of the T-stub at the bolt hole line is rather small, approximately zero. Therefore, at
the initial stage of loading, when the external load is less than the friction force, it is considered that the T-stub
does not rotate. T-stub is symmetrical about the vertical plate, and the right part of the symmetrical plane is

taken for analysis, as shown in Fig. 20. For calculation convenience, the bearing area of the T-stub is divided
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Fig. 20 Simplified model of stiffened T-stub

2342 Fig. 20 shows the simplified analytical model of the main deformation area of the T-stub. The horizontal
2343 plates are divided into two segments, Plate | and Plate 1l along the centerline of the two bolt holes. The
2844 distribution ratio is consistent with the test results. During the test, no deformation and failure occurred in the
2245 loading device, indicating that the stiffness of the loading device was large enough to provide sufficient

2%6 constraints for the connection. Therefore, the loading device is regarded as a rigid body, and the stiffness of

32

3N7 the connection is only related to the bolts and T-stub.

34

3%48 According to the plate-shell theory, for a rectangular plate subjected to a concentrated load P, the
36

2%49 deflection at its central point is expressed by the following equation:

39 ,

4860 w - aba (13)

41 " D

42

4351 where D=Et3/12(1-v2); D is the flexural rigidity of the plate; v is the Poisson's ratio; E is the elastic modulus; t

4352 is the plate thickness; a is the edge length; The literature [48] gives the value of «

47

4 0.0084 47072 (1<0.87)
pc I f(z):{ (14)
50

0.0093 (4>0.87)

5254  where A=b/a; b is the side length of the fixed boundary.

53

géss Therefore, the deflection value at point a in Plate | can be obtained through Egs. (13) and (14)
56 p

2356 Woiater = — (15)
59

60

61

62

63

64
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D Et®
16¢,9> 48(1-V*)F(9,.9,)

~

where kepa is the stiffness at point a, K., ; Pa is the acting force at point a; g.

and gw are shown in Fig. 20.

® 01 30 1
(o]

gH -0.732
0.336(2g,)* (=) 1<0.87
{50 F.(0,,9,) = < 29, (16)

9 0.0372(29,)° A>0.87

1%60 The exact value of a for plate Il is calculated by the following equation [41]:

1451 0.00725
o, =)=
" “) A+427 + 2747

(17)
1862 Therefore, the deflection at point Il on Plate c is:

2 R
2263 Wolaenr = K (18)
22 o

24 ) D Et®
26 epe 16angf 48(1_V2)Fn(gH’gL)

(19)

2 0.029g72 (29, )*
5 Fo(0,.9,) =4, (22)(2g,)? = RS
226 1(94,90) Il(sz)( 9.) [g1H4+(2gL)2+4gZ| (2gL)2]1’7 (20)

%66 5.2.2 Boltin tension

3%67 In Ref. [42,43], the following equation is used to calculate the stiffness of bolts without bolt pretension

37 E

3868 kbt—NP = 1'6_Ab (21)

39 L,

40

jé269 where A, and L, are the effective area and length of bolt, according to EC3 [7]. When the bolt prying force is

ﬁm taken into account, the coefficient is 1.6; otherwise, the value is 2.

45 . . .

pry After applying bolt pretension, the bolt and the plate around the bolt hole form an integral part. Therefore,
47

4%72  the bolt stiffness is controlled by the sum of the two [44,45].

49
5873 Kyp =Ky +K, (22)

52

5374  where k, and k, are plate stiffness around the bolt hole and the bolt stiffness, respectively. According to
54

5875  reference [46], the relationship between k, and kp is:

56

o7 k t, +t

5876 —£=410+3.252— (23)
59 Ky d,

60

2%77 The stiffness of pre-tensioned bolts from reference [39] is

63

64

65 25
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5294

5396

t, +t
Ky p = 2(5.10+3.25e"d—)% (24)

where de is the effective diameter of bolt.
5.2.3 Stiffness integration

The stiffness of the bolt and T-stub is calculated respectively and then integrated to calculate the stiffness of
the bolted stiffened T-stub connection.

If k; and kj, are the stiffness of Platel and Platell, then

P
Kk =-L .k —_1u
1 WI’ 11 (25)

1 1
kl = kn =
1,10 1 (26)
I(epI bt epll bt
1 1
I(I—P =0 1 I(II—P =" 1
1,1 1 .1 (27)
kepl bt-P kepII bt—P
1 1
kI—NP =0 1 kII—NP = 7 1
1,1 1.1 (28)
kepl I(bt—NP kepll kbt—NP

Therefore, the calculation of the initial stiffness of bolted T-stub connections is shown in Egs. (29) and (30)

29,9 (L, -t, —2g,)/2 |
nce =2 N —k,_»]  for pre-tensioned 29
P (LH _tv)LL =P LH 1-P p ( )
k(:on—NP = [ZQAKI_NP + (LH _t\/ _2gH)/2
(Ly —t)L L,

Ky_ne] for not pre-tensioned (30)

Based on the force balance and deformation coordination conditions, the equations for the initial stiffness of

the bolted stiffened T-stub connection are obtained as:

S

onnp = Koonnp /14 for not pre-tensioned (31)

Knp =Ko p /14 for pre-tensioned (32)
where W is the distribution coefficient of load, p=Ar/(AT+As), At is the area of the connecting surface between
the rib stiffener and the vertical plate; As is the area of the connecting surface between the rib stiffener and the

horizontal plate.

26
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It can be seen from the derived results in Table 5 that the initial stiffness of the connection with bolt
pretension is greater than that without bolt pretension. The influence of parameters t, g4 and g. on the initial
stiffness of the connection is consistent with that of the test value. The results predicted by Reinosa et al. [47]
are also listed in Table 5. The error between the prediction from Eq. (31) or Eq. (32) and the tested values is

within 0-10%, which is much smaller than the error between the prediction by Reinosa’s formula and the tested

results.
Table 5 Comparison of the predicted and tested initial stiffness
Test Eq. (31-32) Eq. (31-32) error Reinosa’s formula Error
Specimen No.

[kN/mm] [kN/mm] (%) [kN/mm] (%)
TSSO0-P 50 53 6.0 31 -38.0
TSSO-NP 38 37 -2.6 31 -18.4
TSS1-P-t8 39 36 -4.3 25 -35.9
TSS1-NP-t8 36 33 -8.3 25 -30.6
TSS2-P-t12 55 60 9.0 51 -7.3
TSS2-NP-112 45 44 -2.2 51 13.3
TSS3-P-H70 42 44 4.7 23 -45.2
TSS3-NP-H70 18 19 5.6 23 27.8
TSS4-P-HI0 33 30 9.1 15 -54.5
TSS4-NP-H90 21 19 -9.5 15 -28.6
TSS5-P-L50 33 31 -6.1 31 -6.1

TSS5-NP-L50 31 33 6.5 31 0
TSS6-P-L60 28 26 -7.1 31 10.7
TSS6-NP-L60 18 19 5.6 31 72.2
TSS7-P-d24 51 55 7.8 31 -39.2
TSS7-NP-d24 39 37 51 31 -20.5

6. Conclusions

This paper studied the ultimate tensile behavior of the bolted stiffened T-stub connections. The failure
modes, yield line distribution and mechanical properties of the connections were discussed in detail. Finite

element models were used to verify and supplement the experimental results. The prediction methods for the

27
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stiffness and tensile capacity of the bolted stiffened T-stub connection were deduced. The following
conclusions can be drawn:

1) Monotonic tensile tests were carried out on sixteen specimens by considering five different design
parameters: stiffened T-stub thickness t, horizontal bolt pitch gn, longitudinal bolt pitch g., bolt diameter d and
bolt pretension. Three failure modes were observed, including the yield of both stiffened T-stub and bolt (TSSO,
TSS3, TSS4, TSS7, TSS2-NP-t12 and TSS5-P-L50), bolt fracture with yielded stiffened T-stub (TSS2-P-t12
and TSS5-NP-L50), stiffened T-stub fracture near bolt hole line and weld seam (TSS1 and TSS6).

2) The failure mode and yield line distribution of the stiffened connection changed with the change of the
stiffened T-stub thickness t and the longitudinal bolt pitch g.. In addition, when t increased from 8mm to 12mm,
the ultimate strength of the connection was increased by 37% for the connections with pretension and 14% for
the connections without pretension. When g. increased from 40mm to 60mm, the shape of the
load-displacement curve changed obviously, and the ultimate strength also increased first and then decreased.
The increase of horizontal bolt pitch gy from 50mm to 90mm had the most significant effect on the initial
stiffness of the connection, which was decreased by 34% for the connections with pretension and 45% for the
connections without pretension.

3) The finite element models of bolted stiffened T-stub connections could well predict the key
characteristics of bolted stiffened T-stub connection including the stiffness, ductility, and ultimate strength of
the connection. Furthermore, the influence of bolt diameter, the longitudinal bolt pitch and the vertical plate
thickness of the stiffened T-stub on the connection performance was analyzed. The results of the parametric
analysis showed that increasing the thickness ratio of the vertical plate and horizontal plate could be helpful to
improve the ultimate strength of the connection.

4) The modified formulas for the ultimate strength of the stiffened connection with or without bolt
pretension were proposed respectively. The results from the proposed prediction method were compared with
the results from the test and cruciform stub method. The errors of the formulas presented in this paper were in
the range of 0-10%. The ultimate strength provided by the cruciform stub method was 14-25% lower than the
test value.

5) The modified formulas for the initial stiffness of the stiffened connection with or without bolt pretension

were proposed respectively. The results from the proposed prediction method were compared with the test
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results and Reinosa’s formula. The errors of the formulas presented in this paper were in the range of 0-10%,

which is much smaller than the error between the prediction by Reinosa’s formula and the tested results.
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