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Abstract: The analytical method for the calculation of the properties of a bolted connection
established by the structural Eurocodes proposes the T-stub as a component for the characterization
of the tension and compression zones in moment joints. In this article, a review of the state of the
art on the T-stub component is developed, where the works developed since it was initially defined,
and from the perspectives of formulation, experimentation and numerical simulation are
summarized and discussed. Additionally, possible future lines of work are proposed.
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1. Introduction

Over the decades, steel structures have been the preferable option to construct from small houses
to skyscrapers. This predilection is because of the overwhelming benefits of the material such as
strength, uniformity, elasticity, ductility, toughness, Etc. These benefits give steel structures the
advantages of being lighter (weight per length) than concrete or wood and making it easy to modify
or make amplifications. Nevertheless, steel structures have the disadvantages of quickly corroding
in the typical environment, susceptible to fatigue or buckling, Etc.

According to Eurocode 3 [1], the steel structures can be classified into braced frames and
unbraced frames. Braced frames have a system of stiff elements called bracings, which is provided to
withstand the total of the lateral forces. In the other case, the unbraced frame is adopted [2]. Another
type of classification divided them as steel trusses and steel portal frames, where the principal
differences between them are the arrangement of elements and the type of connection. Usually, the
trusses have triangular units of straight elements connected by pinned joints; they do not have
rotational stiffness. On the other hand, the portal frames are made of shape profiles connected by
joints traditionally considered rigid.

The most common portal frames moment connections are the T-stub connection (see Figure 1 a,
and the end-plate bolted connection (see Figure 1 b). The T-stub connection is a type of connection
where T profiles are connected from its web to the beam flange and from its flange to the column
flange. Furthermore, this T-stub connection was first studied by Douty [3].
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T-stub connection

A\ T-stub connection

(a) (b)

Figure 1. (a) T-stub connection; (b) End plate connection.

On the other hand, the end-plate bolted connection is a type of connection where a plate is welded to
the cross-section of the beam, and then it is joint to the column flange employing bolts. Moreover, the
end-plate bolted connection has more structural advantages because of the greater lever arm and
because it permits placing a greater number of bolts near to the tension zone, which reduces the
bending moment in the end-plate [3]. This type of bolted connection is studied by the component
method, Eurocode 3-1.8 [1], which considers the joint as a set of single basic components located in
three different single zones: the tension zone, the compression zone and the shear zone, see Figure 2.
These components of the connection can be represented in a mechanical spring model, where the
characteristic of each spring are obtain from the properties of each component. T-stub is the
component that characterises the behaviour of the tension zone. The T-stub has an elastic behaviour
at the beginning, see Figure 3 b, because its elements do not reach the yield stress of the constitutive
law, see Figure 3 a, and the Force-Displacement curve of this zone is linear. However, when the
stresses are superior to the yield stress, the T-stub elements begin to plasticize and the knee zone is
observed before the slope of the curve changes, see Figure 3 b.

(a) (b)

Figure 2. (a) Components; (b) Spring model.
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Figure 3. (a) T-stub constitutive law; (b) T-stub Load-Displacement. [4]

Different authors have been studying the T-stub component since 1965 by three different
manners: Analytical, Experimental and numerical simulation. As a result of these investigation, the
researchers got to the conclusion that the T-stub component (see Figure 4) can fail in three modes.
Mode 1 happens when the flange reaches the yield stress, and the fracture of the flange is following
without the bolt fail. In Mode 2, the flange yields, and the bolts reach their ultimate stress. Mode 3 is
produced when the flange works in the elastic zone and the bolts fail.

0.8r _(5,_@._8_a\f2

Figure 4. Geometric properties of T-stub component.

This article provides a review of state of the art on T-stub components since it was initially
defined. Therefore, it is convenient to divide the state of the art into three categories analytical,
experimental and numerical simulation. The timeline organised each category. Also, this article aims
to propose future lines of work.

2. Analytical model

The analytical models that are boarded in this part are developed by the two most important
steel construction institutions: CEN and the AISC. The First one is on charge of developing the
Eurocodes (Standards for the European Union) such as Eurocode 3, which its part 1-8 is about the
design of joints. A U.S.A institution develops the last one, and it is in charge of the structural codes
for the USA, such as the AISC 360, the manuals and the design guides. Additionally, other analytical
models based on EC 3 are presented in this section.
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2.1. Component approach (EC3) T-tub in tension

The characterisation of the behaviour of a joint can be studied by the analytical approach, which
is called the component method. The component method is a practical method initially used in EC
1992 that enables predicting any steel or composite joint response based on the knowledge of the
mechanical and geometrical properties of the material [5]. As mentioned before, in the component
method, a joint is a set of individual basic components. For this review, the component T-stub of the
end-plate connection is considered, located in the tension zone, see Figure 2. The T-stub resistance is
predicted by the analytical model found in the Eurocode 3 part 1-8 [1]. This prediction is made in
nominal values, without the uses of safety factors. According to this standard, the resistance of the T-
stub could be determined by three different failures modes.

1. Mode 1: the flange of the T-stub reaches the yielding stress before the bolts get into the plastic
zone. This type of behaviour could be classified as a pinned joint, see Equation (1) or Equation
(2).

2. Mode 2: this mode is characterised by the yielding of the flange of the T-stub and the failure of
the bolts (bolt fracture). This type of behaviour could be classified as a semi rigid joint, see
Equation (3).

3. Mode 3: this mode is characterised by the failure of the bolt without the flange reach the yielding
point. This type of behaviour usually happens when flanges are quite thick, and this type of
behaviour could be classified as a rigid joint, see Equation (5).

Fracture

Fracture

(c)
Figure 5. T-stub Failure modes: (a) Mode 1; (b) Mode 2; (c) Mode 3.
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Where Frq; is the T-stub design resistance for each failure mode, My;;r, is the plastic flexural
resistance of the T-stub based on the beff (see Equation (7) and Figure 6) and tf, which are the
effective width and the flange thickness. e,,, m and n are a quarter of the diameter washer, the bolt
distance to the plastic hinge form near to the web and n is the minimum distance to the edge,
respectively, n = e (see Figure 4) but n < 1.25m. B, p, is the bolt tension resistance, k, is the factor
that takes a value of 0.68 for countersunk bolts and 0.9 for other cases, A is the tensile area of the
bolt. f, and f, are the yield and the ultimate stresses. Finally, yyo, Yu, are the safety factor for
design and take the values of 1 and 1.25, respectively.

beff, = 2mm
beff, = 4m + 1.25e

(
|

beff = min (bef fi, bef f,, bef f5, bef f,, bef fs) = 4 beff; =mm+ 0.5p , 7)
ILbeff4 = 2m + 0.625e + 0.5p

beffs = b
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(e)

Figure 6. Patterns of effective width: (a) Three bolt row considered individually-circular pattern
beffi; (b) Three bolt row considered individually-non circular pattern bef f,; (c) Group of bolt row-
circular pattern bef f3; (d) Group of bolt row- non circular pattern bef f;; (e) Beam pattern bef fs.

The initial stiffness of the component was determined by Jaspart [6] by considered the T-stub as a
simple supporting beam, the supports corresponding to the location of the prying forces, see
Equation (8) - (11) and Figure 7. Furthermore, Jaspart [7] and Jaspart and Maquoi [8] determined the
plastic stiffness by assuming a linear relationship, see Equation (11) and Equation (12).

_ E09bef)tf) ®)
e, Tu,l mi‘l )
. EA
Kopr = 1.6 —, )
’ Lb
Lb = tfu + tfl + ZtWSh + 05(tn + l’ﬂ)' (10)
tfu
*
b = 1
co” 1 1 1 (11)
ke,T,u ke,T,l ke,bt
2(1 4+ V) Ey
ol = —3 g keor (12)

Where E is the Young's modulus, u, [ refers to the upper and low T-stub, A; refers to the effective
resistance area of the bolt, L, is the conventional bolt length, k,, is the initial stiffness, v is the
Poisson’s modulus, Ej is the strain hardening modulus.

2.2. Component approach (EC3) T-tub in tension with backing plates

The resistance of T-stub with backing plates, see Figure 8, is given in the EC for the failure
mode 1, see Equation (13) and Equation (14). However, the European standard does not cover the
increase of the stiffness of T-stub due to the use of backing plates.
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Figure 8. Geometric properties of T-stub component with backing plate.
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2.3. Analytical model for T-stub with four bolt per-row based on EC3

T-stub with four bolts per-horizontal row, see Figure 9, analytical model was studied by ]J.
Demonceau [9,10] et al. They proposed a variation of the formula for the failure Mode 1, where the
parameter of n = e change to n =e; +e,, and for failure Mode 2, see Equation (15)-(17), where
n, =e; and n, = e,.

Figure 9. T-stub geometry configuration-four bolts per row.

T B
‘ _ 2Myppa + Zt'Rd * (nf + 2n3 + 2nyny) (15)
Razp = m+n; +n, ’
B
o My T () (16)
Rd,2,np m+ n, §

Fraz = min (Frq 2 p Fra2np)s (17)
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2.4. AISC Analitycal model

The AISC manual [11] provides formulas for determining the required thickness of the T-stub
flange. The minimum flange thickness ty;, to avoid the prying force effects is given in Equation (18).
Nevertheless, the required thickness to considered the prying force effects is produces when t < tp;y,
see Equation (19).

" 9 5
q
T+q T+q
t
i
a b'
_a b
2T
Figure 10. AISC T-stub model
4Bb’
tmin = JPFU ’ (18)
4Tb’
trequired = \/pF (1_+ 5’ (19)

Where B = 0.75F A is the bolt tension capacity and T is the half of the applied axial load and p
is de tributary length, F, is the flange ultimate stress, b’ =b —d,/2; d}, is the bolt diameter,
6= 1-—d/p, see[11].

2.5. Component approach (EC9) aluminium T-tub in tension

The aforementioned component approach of the EC3 formulae are only applied for steel mild
materials and not for other types of materials. Therefore, the standard EC9 [12] covered the design of
aluminum structures and there is found the equations that predict the failures modes of the
aluminium T-stub component. These failure modes are quite similar than the proposed by EC3 but
with a difference in the mode 2, which is divided in two failure modes.

1.  Mode 1: the flange failure by developing 4 plastic hinges, 2 of them at the web-flange intersection
(w) and the other 2 at the bolt location (b), see Equation (20).

2. Mode 2a: flange failure by developing 2 plastic hinges with bolt forces at the elastic limit, see
Equation (21).

3. Mode 2b: bolt failure with yielding of the flange at the elastic limit, see Equation (22).

4. Mode 3: bolt failure and the flange is in the elastic zone, see Equation (23).

Z(Mu,l)w + Z(Mu,l)b
m )

FRd,l -

(20)

2M,,, + ny B,
Fraga = ————FT———

m+n @D
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In Equation (20), (M,,1),, should be determined by considering p, ., <1 and (M, ), should be
determined by considering p, 4, = 1. From Equation (24) to Equation (26) py pa; and p,pe, are
equal to 1if not welded in a section. Furthermore, f,, f,, f, are the characteristic value of 0.2% proof
strength, the characteristic value of ultimate tensile strength and the characteristic value of yield
strength, respectively. B, and B, are the conventional bolt strength at elastic limit and the tension
resistance of a bolt plate assembly. ¢, and A; are the ultimate strain of the flange material, and the
stress area of a bolt. Finally, ¥u1, Yu, are the safety factor for design and take the values of 1 and
1.25, respectively.

2.6. Proposed Analytical model for Clamped T-stub based on EC3

The proposed analytical model is based on the EC3 and was developed by Cabaleiro M. [13] in2016.
This type of T-stub, as in EC3, have three failure modes, which are calculated with Equation (31)-(34).

beff *t* x
Frmi = M Ve (31)
Fy rasp 2, fY/Ymo
e Mawp RS (32)
fim2 (m+n)/2 '
2Biga * b
Frms = —at'lfb ) (33)

beff = 2m +h, (34)
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Figure 11. Clamped T-stub: (a) geometry and force action: (b) Action of the clamp on the flange. [13]

2.7. Proposed Analytical model for blind bolted T-stub based on EC3

This proposed model is based on EC 3 equations. In this analytical model Z. Wang [14] proposed an
analytical manner of determining the initial stiffness of the blind bolt, which is influence by the
presence of the flaring sleeves. Therefore, the analytical model has two springs instead of one, see
Figure 12 a and Figure 12 b and Equation (35)-(36)

F/2
(c) (d)
Figure 12. Analytical model of T-stub connection: (a) Standard model; (b) Modified model for hollo-
bolt. [14]
k _ tsAslp
bsl = ) 35
T [S2C - 83 (6 - 56,)lsin (@ (35)
ky, = ! (36)
" kpsn + kpsi”

Where k,gis the stiffness of the flaring sleeve, k;, is the total stiffness of the hollo-bolt t; is the
thickness of the sleeve, v is the Poisson’s modulus, C; = cos?(a)cot(a) , C, = cot(a) ,
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Cy = %Cl —%Cz(a), kypsn is equal to the stiffness of the bolt shank of EC 3, see Equation (9).
Additionally, the effective contact area is calculated by Ag,, = yr(dfy, — dzee/4) and o, diem, dece
are shown in Figure 13.

Sleeve

. 5dtct
0.5dtcm

(a) (b)

Figure 13. Assemble of hollo-bolt connection: (a) Hollo-bolt assemble; (b) Schematic representation of

mechanical interlocking load acting on the flaring sleeve. [14]

2.8. Proposed Analytical model for one-side bolted T-stub based on EC3

The one-side bolted T-stub has five failure modes, where the Mode 1, Mode 2a, Mode 3a were
analysed by the EC 3, and the other two Mode 2b and Mode 3b were proposed by Liu et al. [15],
Waulan et al. [16], Zhu et al. [17], see.

2a

Bolt
Failure

Plastic / _ Plastic

Hinge / \\\ Plastic \ Hinge
\Hinge
F
Fl 2a
(a) (b)
F
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Bolt
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thread Failure

F
3b

(0) (d)



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2021

12 of 48

) 7 \ Hole internal
Plastic / \thread Failure
Hinge , S

2b

(e)

Figure 14. Failure modes of one-side bolted T-stub: (a) Mode 1; (b) Mode 2a; (c) Mode 3a; (d) Mode 3b;
(e) Mode 2b. [16]

1. Mode 1: This type of failure mode is the same than the EC 3, and is calculated by the Equation (1),
but the plastic moment, see Equation (4), is determined by Equation (37), where f; is the
ultimate strength of T-stub flange.

2. Mode 2a: This failure is the same as the EC 3 Mode 2, see Equation (3), but plastic moment is
calculated as for Mode 1, see Equation (37).

3. Mode 3a: The bolt failure characterise this mode, and it is the same as EC3, see Equation (5)-(6).

4. Mode 3b: The hole thread failure characterise this failure mode. This tension strength could be
calculated by Equation (38)-(44).

5. Mode 2b: The flange yielding accompanied with hole thread failure characterize this failure
mode, and the tension strength could be calculated by Equation (45)-(46).

1/4 5 beff, * tf? * f,

Myiira = (37)

Ymo
Frap = Z Fs ras (38)
Fs ra = min (Z Fs1ra Z Fs2ra), 39)
Where Fg,p, is the shear strength of one thread and Fg, g, is the bending strength of one

thread.

Fs,l,Rd = Avfyv,p: (40)
A, = Dh, (41)

Wofy,
Figra =50 (42)

S

W, = 0.25mDhZ, (43)
fyvp = fy/\/§; (44)

fyvps fyp and f, are the shear strength and yield strength of the T-stub flange and the yield
strength of the steel. A, is the efficient shear area of one circle of threads. D, by and hy are the
external diameter of the bolt thread, the height and width of the internal thread on flange,
respectively, which depends on the type of the thread.
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2.9. Proposed Analytical model for T-stub under impact loading based on EC3

In 2015, J. Ribeiro et al. [18] proposed an analytical model base on EC3 and the yield line
analytical model developed by Yu et al. [19] to predict the behaviour of T-stubs under impact loads
due to blast or impact. The proposed method considered the enhancement of the constitutive law of
the material by employing a Dynamic Increase Factor (DIF), which will promote the increase of the
elastic and ultimate strengths based on the ratio of the strength observed dynamically (g4,,) and
statically (o).

g,
DIF = -2, (47)
a
Then according to the Johnson-Cook model [20], Equation is used to described the DIF,, for
intermediate strain rate values

0=[A+Be"] *[1+C = Ine*] «[1— (T)H™], (48)

Where A is the quasi-static yield strength; B and n represent the effects of strain hardening; m is
the thermal softening fraction; T*is a non-dimensional parameter depending on the melting and
transition temperatures to take into account the material softening due to a temperature variation
(this is not considered in the proposed model); ¢ is the equivalent plastic strain; &* = £/, is the
dimensionless plastic strain rate, where € is the strain rate and €, the reference quasi-static strain
rate (§, = 0.001s™"), C is the strain rate constant. Then DIF could be calculated with Equation (49):

DIF = [1+ C * In&*], (49)

Additionaly, the DIF value of the steel (for S355-C=0.0039) and bolt (Bolt(8.8)-C=0.0072) could be
determine with the Figure 15, the values of C are 0.0039 and 0.0072 for steel and bolt, respectively.

1.6

=
&)

—e—5355-C=0.0039

—e—DBolt(8.8)-C=0.0072

—
'S

Ju
)

DIF-Yield Strength

—
—

0.001 0.01 0.1 1 10 100 1000
Strain Rate [1/s]

Figure 15. Dynamic increase factor (DIF) of the yield strength as function of the strain- rate. [18]

The failure Modes that govern the T-stub behaviour are calculated with the same equations of EC3 1-
8, see Equation (1),(3) and Equation (5), but f,, and f,, change to f, , and f,;, p, respectively, see
Equation (50) and Equation(51). DIFss e and DIF,,;, could be considered equal to 1.5 and 1.1, for

-1

strain rates over 600 s™" respectively.
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fy,D = DIFgtp * fyr (50)
fub,p = DIFpo1e * fup, (51)

2.10. Proposed Analytical model for Asymmetric T-stub based on stiffness matix.

This analytical model, see Figure 16, was proposed by J.J. Jiménez de Cisneros [21] in 2016, and
it is based on the stiffness matrix, see Equation (52), and is developed for the study of asymmetric
T-stubs, which does not have a symmetric plane in the middle of the web due to the bolts position
from this mid plane is not the same. The author considered that the conventional bolt length L, is
calculated according to the Equation (10), but the divided by two because just the upper half of the
T-stub is analysis due to the symmetric conditions.

1
7] u U
?5, 2.y '}/ P4 z ‘7’41 4y Pso k5.y
T™\H2,x Uy A\”;l‘\/\\”ix
H N - .

g Mg mB

107 hoy Ky kys O 0 0 0 0 7rgs

8 ks ksz ki3 ks, kss O 0 0 Jjuzy

F 0 kyy k43 kyy kys kg O 0 92,

Ot _ _Elf 10 ksy kss ksa kss ksg ks; 0 j|usy (52)
ol 1+° 0 kez kes kea kes kes ke O [|P3z]

0 0 0 0 kyy kss koe ky7 kogliUay

0 0 0 0 kg kgs kgg kg kggliPaz

n ] 0 0 0 0 kog koy kogll¥s52]

where the stiffness matrix depends of the Moment of inertia of the flange (I¢), the nominal area
(4p) and moment inertia (I,,) of the bolts, the position of the bolts n, , m, , ng and mg (see Figure
16). Additionally, the stiffness matrix has the following elements:

k21=nia , k22=;—§ , k23=nia ; k31=;_g , k32=%+;_23 % , k3z = ;_Cze:"' mig , k3= —m_1gz ,
k35=mi§;k42=n%,k43=;—§+mi§,k44=nia+mia,k45=;—§,k46= miu;k52=;n_1;/k53=;_§/
k54=;1_2§ ;_2% , k55=1:1_2+mi§ , ksg = :n_lfj , k57=mif; ; kep = mié , k63=mia , k64-=;l_2+mi% ,
kss—mia miﬁ , kee = T:l_% , k67=mia; k74=:n_1£ , ko5 = T:l_% , k76=%+% (15;1:0% ,
k77—;lg"‘n%:k7s—%}k84=mi%/k85=miﬂzk86=;l_%"‘%rkm:miﬂ é %EL_I:/ 88 =
izk%zi/k97=i:k98=i~
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Finally, the researcher proposed the equations, which were adapted from the EC3, to determine the
failure modes of asymmetric T-stubs: The Mode 1 Equations (1),(2) change to Equations (53),(54)
respectively. The Mode 2 Equation (3) change to Equation (55). The Mode 3 Equation (5)
e+1 4Myqra
RA1 T T ——

€ mg (53)

€ =mg/mg

Fraq = B * Mp1,1,Rd »
A=4(m,+ mﬁ)znanﬁ -d, (mé(na —ng) + mj(ng —ny) + 2memg(n, + nﬁ)) (54)

B = 2mymg(m, + mg)n ng — d,, (maménﬁ + mngng + mang(mg + nﬁ))

Fraz =M L L M 55
Raz = TpL2RI\m + 0, mg 1 PRI\ Mg +1ng  me\mp+mng) )’ (53)
Fraz = (¢ + 1)Btga, (56)

2.11. T-stubs at elevated temperatures (Fire).

2.11.1. EC3 analytical model

The behaviour of the T-stub component at high temperatures (fire) is covered by the EC3 1-2 [22]
and EC3 1-8 [1]. The EC3 part 1-8 is modified by Strength Reduction Factors (SRF) of the EC3 part 1-2.
The Equation (1)-(6) could be adaptive by replacing the f, with K, r * f, and B.gq with Kj1 * By gg
.The K, v and K, are found in Table 3.1 and Table D.1 of [22].

Other analytical models proposed by Spyrou [23] and Heidarpour [24] were compared with the
proposed method of the Eurocode 3 when T-stubs are under transient heat transfer conditions by
F. Gao [25] and by P. Barata [26]. The result of the comparisons showed that the Heidarpour’s model
provide reasonable predictions of the ultimate temperature of T-stubs, and the EC3 model predicted
with a very lower accuracy the ultimate temperature. Additionally, the comparison of the
deformation capacity showed that more data points should be included to improve the Spyrou’s and
Heidarpour’s models.

2.11.2. Spyrou’s Model

Spyrou proposed a simplify model to predict the behaviour of T-stubs at ambient and elevated
temperature [23]. As for EC3, the T-stub could fail by three different mechanisms which should be
modified by SRF (the same of EC3 for steel, for bolts use Equation (57) ) when T-stubs is working at
elevated temperatures, and at ambient temperature for Mode 1 and Mode 2 a first plastic hinge is
developed near to the flange-web interface. The behaviour of the T-stub when first plastic hinge is
developed (first yielding) is determined by Equation (58)-(65).

SFR =1, for 8, < 300°C,
SFR =1 — (6, — 300)2.128x1073, for 300°C < 6}, < 680°C (57)
SFR = 0.17 — (8, — 680)5.13x107%, for 680°C < 8, < 1000°C

(58)

_ FL _wk [é (m+0.5k)3 _ (m+0.5k)?Le _ kz(n+0.5k)]
L™ 48e1  EI |24 6 4 24 ’

WkLb
bolt = m:

(59)
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(n+05k)LZ  (n+0.5k)?
3 16 12 (60)
PZLEl (n+05k)3 K105k  (n+05K)(n+05k)? _(n+ 05K _ k>’
54 C 6 24 2 8 384
u = Plesr)tify 61)
2 4 ’
_ 2(wk(n+0.5k) — M,) 62)
clpt =~ n+k+m ’
2(wk(n + 0.5k) — wk(0.125k) — M,,) 63
Foupt = n+ 0.5k ’ (©3)
24f,
Fbolt,pl = i y; (64)
p
Fige = min (Feypp, Foipi Fpoie,pi)s (65)

1.  Mode 1: after the first yielding occurs in the T-stub flange, the yielding and fracture of the bolts
is observed. The require force; the prying force; bolt force and the displacement, after the first
yielding (located at the bolt), are determined by Equation (66)-(69). After the yielding of the bolt,
the bolts take any increase of the T-stub force (Awk'}, 5 ;) until fracture, the prying force (AQ)
cannot increase more and the incremental deflection (A8};) are calculated by Equation (70)-(72)

k
2M,, + 44 fyy (2 +75) (66)
n+k+m ’

Flbolt,pl = (Fise + AF) =

0.5F ot pi(n + k +m) — Mp

Wklbolt,pl = (Wk + AWk) = nt 05k ) (67)
0.5F%, (m+ 0.5k) — M,
I _ — olt,pl P 68
Q" =(Q+4Q) T 05Kk ) (68)
61 _ (6 n AS ) _ Wk]bolt,pl (Tl + k + m)3 (05]( + m)3] Flbolt,pl (Tl + k + m)3
cl — cl cl) — - -
El 6 6 2EI 6
An+k+m)+B
+ El ’
k3 (n+0.5k)2 k? Flyorem (n + 0.5k)? EI§
= 1 _ _r pl bl
A= W potep [384(n + 0.5k) 6 22|t 6 nt+osk (&
AwWkEIL
+ I ddhtutetad S
EpAgs(n + 0.5k)
! k%(n + 0.5k)
B = wk' o101 — 1
1 F 1
AWK portpr = ) = 245 fou — WK poitp1s (70)
AQ =0, (71)

As! _ AF [(m +0.25k)2(m + 0.5k) (m+0.25k)3+ k3 N EIL, -
T El 8 24 1536 = 2E.,Aq| (72)
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2. Mode 2: after the first plastic hinge (Equation (58)-(65)), a second hinge is developed in the T-
stub flange and the T-stub total force (F';; ,;), the total bolt force (wk'},; ,,;) and the total prying
force (Q"',,,,) can be calculated by Equation (73)-(78). In the zone until the yielding of the bolt

and between the yielding and fracture of the bolt the same parameters are calculated by
Equation (79)-(84) and by Equation (85)-(89)

7k
2M, (2n + )

no _ (73)
Flope = (st +AF) =200 0.375k(m + n) + 0.125k?’
m + 0.5k
_ 74
Awk 0.5Ap[n+0_5k + ] (74)
m + 0.5k
=0. — 75
AQ = 0.5AF n+ 0.5k )
Wk”bl,pl =wk + AWk, (76)
Q" =0Q+A40, (77)
AS _AQ[(n +k +m)* Awk[m+0.5k]3+C(n+k+m)+D
TRl 6 EI 6 EI El’
= Ak k3 k2 N EIL, AQ[n + 0.5k]? 78
T oWEI384(m + 0.5k) 24 ' E,A.(n + 0.5k) 6 78)
D= Awk k2(n + 0.5k)
AW 24
F ot pr = (F“bl,pl + AF); (79)
Awk = 0.5AF = ZASfby - Wk”bl,pl' (80)
AQ =0, (81)
Wk”bl,pl =wk + AWk, (82)
Wk”bolt,pl = Wk”bl,pl + AWk, (83)
A = AF [(n + 0.25k)2(m + 0.5k)  (m + 0.25k)3 N k3 EJL,
T Ed 8 24 1536 ' 2E,Ag|’ (84)
E, = 1.5%E
F ot = (F”bolt,pl + AF): (85)
Awk = 0.5AF = ZASfbu - Wk”bolt,plr (86)
AQ =0, (87)
Wk pore e = Wk”bolt,pl + Awk, (88)
A5 = AF [(n + 0.25k)2(m + 0.5k)  (m + 0.25k)3 N k3  EIL,
TR 8 24 1536 ' 2E.,A|’ (89)

Etb = 1%Eb
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3.  Mode 3: T-stubs remains elastic and occur the plastic fracture of the bolts.

In this mode the force that is require to yield the bolt is determined by assuming F;s; = Fpop; in the
Equation (65). Then the increment necessary to fracture the bolts is determined by Equation (86), but
wikl poitpr is changed for 24;f,. The displacement is given by Equation (89).

2.11.3. Heidarpour’s Model

Heidarpour proposed a model that is based on the observation that, depending on the ratio of flexural
stiffness of the end plate which acts in series with the column flange to the axial stiffness of the
bolts [24]. In this analytical model, it is considered the degradation of the components material due
to thermal loads. The analysis to determine the behaviour of the T-stubs start by calculating the
require force (F;') and the deflection of the T-stub (6}) when the formation of the first yield point, see
Equation (90)-(94) when @ > 0 and Equation (95)-(98) when Q = 0.

Fy1 = min (Fferlr Fb)r (90)
NEs @
n K,
Fy =nys 1 e X Ky | * M0 (Mep » Mepo),
(e+m) B+ (B — a) 222 + mp -2
NpMED K, Ky
EpoAs oD
Kb() = lb
o= KeO + KCO
*7 KoK
NEs @
n K
Fyr =y | ——202 0 | min (M0, Mopo) ©2)
e(a— p) S0 _ s e
K, NpNED
1 NEs K_O nbﬁ
F, = —— k —— By, 93
b= Mo (a ’ Nep  Kpo a y0 &)
F1 24a?
1 Y
= 1-— — , 94
Y 24n.K, NesKo g o9
npNerKpo
F} = min (F;, Fy), (95)
min(Mepo, Mpo)
Fy = gy« T e M) ©6)
Fy = nynyp By, 97)
3
a;:p;( L, _>, 98)
npNepKpo  3L°1gsKo

Where n, is the number of bolts at each bolt line, ngs = Esr/Eso , Ngp = Epr/Epo are the ratio
between the Young’s modulus at an elevated temperature and at ambient temperature of the steel
and bolt respectively, = 0.51> —2/313, a = 0.1251 — 1/613, | = e/L = e/(2(m + ¢€)). The terms e
and m are shown in Figure 4. In Equation (91) K, is the stiffness of the bolt at ambient temperature
and A, and [, are the effective area and length of bolt; K, is the equivalent stiffness of the endplate
(Keo) and column (K) at ambient conditions. nys = fyst/fys + yb = fyor/fybor Mepo = fye * Se,
Mcpo = fye *Sc . The terms for, fypr and fys , fy, are the yielding stress of the steel and bolt at
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an elevated temperature and the yielding stress of the steel and bolt at ambient temperature
respectively. The terms fy.o, fyco and S, S. are the yielding stress at ambient temperature of the
endplate and column flange and the plastic section modulus of the endplate and column flange
respectively.

After the first plastic hinge have appeared a second plastic hinge is formed and three possibilities
could be developed for the analysis Case 1, Case 2 and Case 3.

1. Case 1: when the first plastic hinge occurs at the fillet of the end plate or column flange, the
bending moment is equal to M,r (Nys * Mg, ) or equal to Meyr (Mys * Mcpo). Therefore, the
second yield point could be formed at the bolt line or at the bolt. The force developed at the
second yield point is calculated by Equation (99)-(105)

F? = F} + AF?, (99)
AF' = min (AFy,;, AF,), (100)
; _ 1
AR, = (min(Meyr, Meyr) e (101)
m
_p1
AFb — e(nbr]YbByO By) (102)
m+e

By and Qj, are calculates but replacing F; in Equation (103)-(104) respectively

a
B=|————|F 103
NesKo + (103)
NpNeprKpo
Q=B-F (104)

(105)

2m?(e + m) my 2 1
65:5;+AF1(—+(1 ) —)

313Ky e’/ nyNepKpo

When AF' = AF, and Mg+ = Mg, , the second and third plastic hinges are formed
simultaneously and the T-stubs behave as a mechanism. Therefore, no further load can be carried by
the T-stub and the ultimate value of the force (F,) and deflection (6,) can be calculated by
Equation (99),(105). However, when M,,; > M.,r (or Mg, < Mc,r), the force can increase until the
bolts start to yield and after a while to fracture. The load and deflection increments which cause the
yielding at the bolts are calculated by Equation

AF? = nyny,Byo — B2, (106)
83 = 62 + AF? ( 1w > (107)
yo nyNepKpo  3L3NgsKeo)

m
B} = B} +AFy (S +1) (108)

1 L2 /1 E, 1
— <_ n NetsBeso _) , (109)
Kto EtsO Ic nESESO Ie

Where 1 is the retention ratio of the tangent modulus of structural steel at high temperature
to that at ambient temperature.

Et T
Mees =% (110)
tso
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Finally, the fracture of the bolt When AF' = AF,; and M,,r > Mcyr (or My < Mcpyr) the next
load and deflection increments provoke the fracture of the bolt. The ultimate tensile force resistance
and deflection are determined by Equation

AF? = n,(ypByo — NybByo), (111)

3

m
8, = 63 + AF( e, (112)

NN Kevo  3LPNgesKo
F, = E? + AF? + AF?, (113)
EipoA

Kepo = —”;Z :, (114)

Where 7y, and ng, are the retention ratios of the ultimate tensile strength and tangent
modulus of the bolts at elevated temperature to those at ambient temperature.

f
Nup = 7, (115)
fubO
E
Moo = 3 (116)
tb0

On the other hand, when AF' = AF, the bolt yield and the bolt yield and load can increase until
the bolt fractured. The load increment is calculated by Equation (117) and the ultimate values of force
and deflection are determined by Equation (118)-(119)

AF? = n,(MypByo — NypByo), (117)
F, = F} + AF?, (118)

m3

8, = 82 + AF2( ) (119)

+ 55 /7
M NeenKivo  3L31gsKo

2. Case 2: in this case the first yielding is produced at the bolt line, and the prying force cannot be
increased more. The Equation (100) change to Equation (120)

AF' = min (AFf, AF), (120)

F, = min(Mepr. Mepr), (121)
m

AF, = nynypByo — B;}' (122)

m3

82 = 85 + AFY( ), (123)

+ —

NpNepKpo — 3L3ngsKy

When AF' = AF; and M, = M,y the assembly reaches a mechanism and the F, = F; + AF!

and &, = &5. Nevertheless, when M, > Mg, (or Mepr < Mcy,r) the force can be increased until the

bolts yield and fracture. The corresponding load and deflection increments can be calculated by
employing Equation (106)-(107), (111),(112) and (113), where in Equation (106) B} = By, + AF;.
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Under other conditions, when AF! = AF,, and two possibilities could be developed. First a third
plastic hinge could be formed at the fillet. The second possibility is when the bolt fracture before any
plastic hinge appears at the fillet. In former scenario, when M,,r = M., the T-stub behaves as a
mechanism, whilst when Mg,r > Mg,y (or Mg,r < M,r) the applied load and deflections can
increase until the bolt fracture and are determined by Equation (111),(112) and (113). Nevertheless,
in the latter scenario, the second increment of load is calculated by Equation (124) , where AFZ is
obtained in Equation (117). Additionally, Equation (118),(119) gives F, and §,,.

AF' = AF?, (124)

3. Case 3: in this case the bolts yield first, and the prying forces are equal to cero. Therefore, any
increment in the load is carried by the bolts until the bolt fractures. According to this, the
Equation (100) change to Equation (125), where AF; is obtained in Equation (117). Finally, the
ultimate central separation and the tensile resistance of the assembly is given in Equation

AF' = AF}, (125)

m3

82 = 6% + AFY( ) (126)

+ 57 /]2
MpNeenKipo - 3L31gsKp

F, = Fj + AFY, (127)

3. Experimental testing

Experimental tests obtain the most reliable and accurate information of the T-stub component
behaviour [2]. However, developing the experimental tests are expensive for typical daily design.
Therefore, the experimental results are mostly reserved for research schemes [27]. Additionally, in
Appendix A contains relevant information of the T-stubs studied by some of the authors that are
presented in this review.

In 1965, Douty and McGuire [3] did various monotonic experimental tests of the three most
common moment connections to study its performance, design, and use on plastically designed
structures. Although the investigation studied three different configurations, the T-stub connection
was more studied than the end plate connection.

This research work divided the investigation into five main parts:

The T-stub web-to-beam flange.

T-stub to column connection.

Assembled T-stub connection, end plate connection.
End plate connection

Ol LN =

Suggested a method for the design (semi-empirical model).

Part 2 studied the T-stub flange in the tension zone and the prying force's effect on the tension bolt.
As aresult of this, they concluded that the prying force increased the tension bolt force and identified
the importance of the material strain hardening, as well.

In 1974, Nair et al. [28] studied by experimental testing the bolts that are subject to tension and
prying action. The tests that were performed were divided in three: test of single bolt connection,
static test of Tee-connections and Fatigue test of Tee-connection. The test of single bolts connection
was performed by applying the tension load in several cycles. The static tests of Tee-connection were
conducted on two types of connection which were designated by the U (only the ultimate load was
measure) and S (the behaviour of the connection under lower levels of load was also studied). The
fatigue tests of the T-stub were conducted, and the failure of the connection was defined as the
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complete fracture of one or more bolts. However, if the failure had not occurred until the cycle of the
test were higher of 3000000, the experiment was terminated.

In 1974 as well, Zoetemeijer [29] performed a series of tests at Stevin Laboratory of the Delft
University of Technology to validate a design method for the tension side of statically loaded, bolted
beam-to-column connections (T-stub connection and end-plate connection). In this research, four
tests were executed to study the T-stub connection, see Figure 17 a, and the failure modes were
divided into two mechanisms (mechanism A and B). Mechanism A is governing by the bolt fracture,
and two possibilities can be developing. One is produced when the bolt fails, and the T-stub flange
does not reach the yielding stress (it is equivalent to the EC failure mode 3), and the other is
characterised by some yielding in the T-stub flange and the failure of the bolt (similar to the EC failure
mode 2). Mechanism B is characterised by the yielding of the flange, and the prying force reaches the
maximum value (similar to EC failure mode 1).

On the other hand, the tests performed to study the T-stub flange to the column connection were
divided into two groups. The first group consists of nineteen tests that were executed to check the
theory of the effective length, see Figure 17 b. The second group consists of five tests to check the
philosophy that the design method of T-stubs can be applied to analyse the column flange, see
Figure 17 c. Furthermore, the research was focused on determining the serviceability limits for the
design method. Therefore, twenty-three whole joints were tested (seventeen T-stub connections and
six end-plate connection), see Figure 17 d.

(b)

(d)

Figure 17. (a) T-stub connection test; (b) test to check the effective length; (c) test to check the
philosophy of T-stub on to column flange; (d) test to check the serviceability. [29]

In 1976, Agerskov [30] proposed an analytical method, see Figure 18 a, to determine the yield
force and the bolt force for T-connection and end plate connection. This method takes into
consideration the effect of the prying force, which increases the bolt force. Therefore, Aggerskov
performed four experimental tests on welded T-connection and fifteen tests on beam-to-beam end
plate connection to validate this theory. The experimental tests showed that the mechanism model
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that considered the formation of plastic hinges at the fillet toe and the bolt line were unlikely to
appear. This mechanism model was taken into account by Douty, Kato, Nair, Etc. Furthermore, this
research work clarified that end plate bolted connection could be designed as a T-connection and two
different manners of calculate the conventional bolt length L,, see Figure 18 b, for snug-tightened
bolts and for preloaded bolts (bolt stiffness).

fF
) tn

twsh

tw i

A e

‘ twsh

In
L |
a b 14tw b a Q2

(a) (b)

Figure 18. (a) Analytical model of connection; (b) Model of conventional bolt length. [30]

tel

In 1977, Packer and Morris [31] idealized the tension zone of the extended end plate beam and
the column flange as an isolated T-stub. The failure mode was studied according to the yield line
method, but they allowed curved yield boundaries, which accurately predicted the flexural yield
loads in unstiffened and normally stiffened connection. They defined the failure modes by three
mechanisms: Mechanism A (EC Failure mode 3), Mechanism B (EC Failure mode 2) and Mechanism
C (EC Failure mode 1).

In 1983, Zoetemeijer continues his research about end-plate moment connections and published
a proposal for the standardization of the design formulas of extended end-plate connection [32],
which are based on the results of experimental tests. This standardization concluded that connections
with extended end plates develop enough rotation capacity for plastic design of a beam if the
connection is design according to the plastic design formulas of the standardization (see the Table 3.2
of [32]), the beam-span is limited to 30 times the beam depth and the beam span is limited to 16 m.

In 1998, Faella et al. [33] studied the influence of bolt preloading on T-stub connections. These
T-stubs were obtained from laminated profile HEA and HEB, steel grade Fe430, and were connected
by high strength bolts 10.9 with diameter of 20 mm (6 specimens) and 12 mm (10 specimens). The
bolt preloading was applied in three different levels: the first level was snug tight, the second level
corresponded to 40% (275 Nm) of the bolt yield stress, for diameter of 20 mm, and to a 60% of the
bolt yield stress (85 Nm), for a diameter of 12 mm. The third level corresponded to an 80% of the bolt
yield resistance equal to 550 Nm and 113 Nm for bolt diameter 20 mm and 12 mm, respectively. It
was observed that the bolt preloading significantly affects the stiffness of bolted connection.
Moreover, the reliability of predicting the T-stub stiffness was studied by the component method
(non-preloaded and preloaded).

In 1999, Swanson describe 48 T-stub tests in [34]. This experimental tests were performed to
develop design rules for T-stub connections which would result in a full strength connection, ductile
behaviour, and connection stiffness. In this research Swanson was focused to study the T-stub
component, see Figure 19 a, subject to tensile static load (studied by Douty and Mc Guire, and
Aggerskov), and cycle loads. The results about the comparison between monotonically tested T-stubs
and cyclically tested T-stubs showed that the monotonic test data provided and accurate envelope of
the cycle results, see Figure 19 b.
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Figure 19. (a) Typical T-stub configuration tested; (b) Monotonic vs cyclic behaviour. [34]

In 2001, Piluso et al. [35] presented the results of an experimental program that was devoted to
validating a theoretical model, which was proposed in a previous investigation [36]. The
experimental program tested 12 T-tub to evaluate the plastic supply. The specimens were
characterised by different values of the ratio between the flexural resistance of the flanges and the
axial resistance of the bolts (notice that the flexural resistance of the bolt was not in account). The
results were compared with the theoretical model with the Force displacement curve. This
comparison reveals a satisfactory degree of accuracy and, as a consequence, constitutes the validation
of the proposed theoretical model.

TSTUB 4

400

Lot
2

LOAD (kN)
)
2

]m ST ,f.. PTTTREp—— -. e — \ et e

1 1 L I
! 0 20 40 60 80 1
DISPLACEMENT ( mm }

(b)

Figure 20. (a) Testing of specimen; (b) Comparison between the failure mode 1 of the experimental

result and the theoretical model. [35]

In 2001, Spyrou and Davison [37] studied the behaviour of T-stub connection that works at high
temperatures due to the ability of the joints to sustain loading is considerably impaired [38]. The tests
employed a furnace, where the T-stubs were heated at a temperature above 300°C and under 800°C,
and then tested. The displacement of the specimens was taken with a solid-state Charge-coupled
Device (CCD) camera. Even though when the investigation was focused on the suitability of the CCD
measurements, the results of the tests showed that the ultimate resistance at 600°C decreased more
than 56% of the resistance at ambient temperature.

In 2004, Girao et al. [39] carried out 32 tests on T-stub bolted connections made up of welded
plates at Delft University of Technology. The investigation provides insight into the behaviour of
different types of assemblies in terms of resistance, stiffness, deformation capacity and failure modes.
The variables that were taken into account are the follow:
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e  The weld throat thickness.

e The size of T-stub.

e  The steel grade.

e  The presence of transverse stiffness and the T-stub orientation.

These tests unveiled that the welding procedure is essential to develop a ductile behaviour in the
connection. The major contributions of the overall T-stub deformation are the deformation of the
flange and the bolt deformation. Most of the time, the maximum deformation is reached when the T-
stub flange cracking happens before the bolt cracking. However, flange cracking could happen before
the connection develops its theoretical deformation because the welding procedure could change the
microstructure of the flange in the HAZ. Therefore, the mechanical properties could decrease by 20%.
Finally, it was concluded that the thickness of the throat affects the stiffness and the resistance of the
connection in a direct proportion. The effect of the width affects the stiffness and the resistance
directly as well. Higher bolt diameter increases the bolt resistance and enhances the resistance,
stiffness and ductility of the connection; identical T-stubs yield higher resistance and lower
deformation capacity for higher steel grades. The stiffener decreases the deformation capacity.
Moreover, for stiffened T-stub, the orientation of the elements is not relevant at the stiffener side; in
the case of unstiffened T-stub, the two plates become in contact when a tensile load is applied to the
connection.

In 2008, Piluso et al. [40] performed a series of experimental testing at the Material and Structure
Laboratory of the Department of Civil Engineering of Salerno University to validate a new refined
theoretical model of the previous model (2001) that was aforementioned above [36]. Because of the
lack of precision of the original theoretical model to predict the plastic deformation capacity
according to failure mode 2, some improvements were implemented in the original model, such as
no disregarded the bolt preloading and the effects of bending on the bolts. The experimental results
were compared with the two theoretical models with the Force-displacement curve and showed that
the refined model's ultimate force coincident with the experimental value. However, the ultimate
displacement was not the same due to bolt ultimate strain was taken as the lower value provided by
the manufacturer.
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Figure 21. (a) Force-displacement curves TS HEA500; (b) Force-displacement curves TS HEB500; (c)
Specimen TS HEAS500 at collapse; (d) Specimen TS HEB500 at collapse. [40]

In 2012, Carazo published his doctoral thesis [41] which was focused on study of the behaviour
of T-stub connection by using optical methods to measure the stresses and strains in the elements by
three different manners: Digital image correlation (DIC), thermo-elasticity, and photo-elasticity. The
results of the measures validate the Eurocodes prescription, and also were used to calibrate and
validate a finite element model, which was developed for the research. However, the results of the
tests showed that the simplifications of the T-stub in the EC does not reproduce the behaviour well,
in some cases. The behaviour of the T-stub is well represented in the elastic zone, which is define by
the resistance and stiffness, but in the plastic zone the deviation of the results is higher.

In 2016, Jiménez de Cisneros et al. [21,42] started the studies of asymmetrical T-stub connection
by testing two types of T-stubs at the Civil department of Coimbra University (Portugal). The
experimental program tested a total of 2 T-stubs which were symmetrical and asymmetrical as well.
Furthermore, T-stubs were designed to fail according to the failure mode 3 of the Eurocode [1] since
the utmost characteristics that were pretending to be observed was the asymmetrical distribution of
bolt load and the premature bolt failure due to the asymmetric. The experimental testing results were
used to calibrate a finite element model and an analytical model. Also, the results demonstrated that
the asymmetric T-stubs fail for lower loads than the symmetric T-stubs because of the load
distribution on the bolts.

In 2016, Wang, Z.W. et al. [43] tested 69 T-stub connected to a Hollow Structural Section (HSS) under
a cyclic load to characterise the low cycle fatigue response. The specimens were adequately designed
to eliminate the flange's bending (tf=25mm), the brittle fracture of the weld and left only two sources
of plastic deformation: the flexibility of the HSS column profile and the bolts. The tests were
performed in a fatigue testing machine according to the cyclic testing guidance of ATC-24. Therefore,
the concept of "multi-specimens programme" was used, and the cyclic load was applied in
displacement control utilising constant amplitude sinusoidal cycles with a frequency of 0.35 Hz. The
characteristics of the connections under cyclic load were evaluated and compared in terms of typical
failures modes (Failure mode i flexural yielding of HSS column face without bolt failure) and failure
mode ii (moderate local yielding of HSS column wall and bolt fracture), hysteretic load-deformation
relation (failure mode ii was prone to exhibit a pinching manner in its hysteretic load-deformation
curve), and degradation of strength and energy dissipation capacity. Furthermore, the low cyclic
fatigue life was analysed according to Eurocode 3 part 1.9 [44] and then re-analysed by taking into
account the geometric details of the connection. Finally, a proposed model, which considered the
stiffness and energy dissipation, was compared with the commonly used damage models, and it was
showed that the new model could give a reasonable prediction of experimental evidence.
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In 2016, Cabaleiro M. et al [13] studied the behaviour of T-stub connected with clamps.
Therefore, three specimens were fabricated from IPE220 (steel 235) and connected to a rigid base
through two clamps by means of two high strength bolts (class 8.8). The specimens were tested under
a monotonic load, which vary from 0 to 40kN. In this tests the sizes of the front levers of the clamps
were for “n”=5, 15 and 25 mm, with a rear level “b” of 16.5mm, see Figure 11 a to check geometry.
These experimental tests were performed to validate an analytical model and for calibrate a FEM
model. The results of the tests showed that with the n=>5, the deformation and failure of the specimen
is produced by semi-rigid failure mode, in the case of n=15 the failure is produced in a combined
form, while for n = 25 failure is produced by failure of the bolts.

In 2017, Zhu Xulin et al. [17] carried out tests to studied the one-side bolted T-stub through
thread holes under tension strengthen with backing plates, and to propose a design method. These
tests were performed in a universal servo-controlled hydraulic testing machine. The specimens used
M20 8.8 bolts, the flange thickness varying from 6 to 20 mm, the backing plates had a thickness of 10
mm, and the T-stubs were connected to a T-stub base with a flange thickness of 30 mm and web
thickness of 20 mm to ensure the elastic zone in the base. In this research, two new failure modes
were proposed to might occur, and they should be investigated: (1) Mode 4 the hole thread failure,
see Figure 22 a, and (2) Mode 5, the T-stub flange yielding accompanied with hole thread failure, see
Figure 22 b. The results of the tests showed that two failure modes were observed during the test
with the change of the flange thickness, which were Mode 1 (according to EC3) and Mode 5.
Apparently, the backing plate increased the yield strength of the flange, see Figure 22 c¢. However,
the effect of increasing the flange thickness is of the utmost relevance, Figure 22 c. Furthermore, The
T-stub with a flange thickness of 16 mm is more ductile than the T-stub of flange thickness of 6 mm
and backing plate of 10 mm, see Figure 22 c.
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Figure 22. (a) Failure Mode 4; (b) Failure Mode 5; (c) T-stub with same flange thickness of 6 mm or
thread length of 16 mm. [17]
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In 2019, Bao et al. [45] studied the mechanical behaviour of bolts used to connect T-stubs. Six T-
stubs made of Q235B steel were connected with bolts grade 10.9 to a base plate and tested (T-stub
with great thickness), and strain gauges acquired the data of the behaviour of the bolts. The
experiments showed that the bending stress reached a value from 13% to 45% of the total tensile stress
when the bolts yielded. Therefore, it is not advisable to disregard the effects of bending moments in
the design. Furthermore, the authors observed that the increment of the flange thickness change the
failure mode from mode 1 to mode 2 (similar of EC3 failure modes). It should be mention that the
data that was obtained from the experimental part was then used to calibrate the finite element model
developed for this investigation.

In 2020, Bezerra et al. [46] studied the behaviour of T-stub connection connected to a rigid base,
see Figure 23. The researchers carried out 9 T-stub tests in the Laboratory of Structures at the
University of Brasilia. These T-stubs were tested under monotonic loading, and the specimens had
three different thickness flanges (7.9mm, 9.5mm and 12.7mm). During the tests, the researchers
recorded the applied load, the vertical displacement, and the reaction force on the bolts. The results
of the experimental testing showed that 2 failure modes were observed, see Figure 24 and: (1) the bolt
shank shear at the contact area with the T- stub flange; and (2) failure by the combination of the bolt
shank shear at the contact with the flange and bolt tension failure in the thread.
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Figure 23. T-stub connection attached to a rigid base [46].
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Figure 24. (a) Force-displacement curve of T-stub specimens of thickness flange equal to 9.5mm; (b)
Reaction-force vs applied load curves of the specimens of thickness flange of 9.5 mm. [ 46]

In 2020, Quin et al. [47] studied a new type of self-centring connection which solve the common brittle
damage problem of conventional steel connections under strong earthquake (Kobe and Northridge
[48, 49]). The main characteristic of the new connection is the use of friction T-stubs as energy
dissipation devices and the post-tensioning high strength strands, which offered the self-centring
capability. The study of this new connection was carried out by the experimental testing of five
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specimens that were tested under cyclic loads to understand the seismic behaviour of the connection.
After the tests were performed, it was observed that the friction T-stubs provided stable energy
dissipation ability, and the strands offer self-centring and eliminate the residual drift following a
strong earthquake. Furthermore, the investigation proposed an analytical model to determine the
yield and ultimate loads.

In 2020 as well, Zhu and Wu [50] published a study about the T-stub connection with inserted plates,
allowing the T-stub flange to yield under tensile or compression loads. i.e. these plates enhance the
dissipation of energy. The experimental part of this research work tested thirty T-stub connection at
the Structures Laboratory at the Fujian Academy of Building Research, which was divided into the
following three types of test: nine specimens were tested under monotonic tensile load, ten specimens
under compression load and eleven specimens under cyclic load. The experiments showed that two
inserted plates did not have a prominent effect on the tensile properties of the T-stub connection. The
compressive properties grew with the increase of the inserted plates width. The T-stub under cyclic
loads improved its energy dissipation capacity by 50% after the inserted plates are assembly.

Figure 25. (a) unstiffened T-stub bolted connection; (b) Stiffened T-stub bolted connection; (c)
Different orientation of the single T-stub. [50]

In 2020, You, Y. et al. [51] carried out 25 tests on T-stub (different flange thickness and bolt
diameter) connected by Thread-fixed One-side Bolts to investigate its tensile behaviour at ambient
and high temperatures (500°C and 700°) at steady-state and transient-state (material properties were
obtained at steady-state). In steady-state, the T-stub were heated first, and when the temperature
reached the wished value the load was applied until the force decline to 80% of the ultimate force.
On the other hand, in transient-state, the preselected load (a ratio of 0.5 or 0.7 of the ultimate load)
was applied first and kept 2 mins. Then, the T-stubs were heated. The tests were stopped when the
T-stub carrying capacity dropped to 95% of the applied load, and this state was defined as the failure
limit state. The tests showed that different four failures modes were observed at ambient temperature
and elevated temperature. After the experimental tests, in steady-state, an initial stiffness decrement
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and a ductility increment were identified, with the elevation of the temperature. In transient-state
tests, the temperature failure decreased with the increment of the load ratio (from 0.5 to 0.7). Besides,
the heating procedure degraded the material of the shape and the bolt differently. Thus, different
failure modes were observed at different temperatures (ambient and elevated temperature), e.g. four
of the five potential failure modes were recognised. The suitability of use TOB T-stub was analysed
by comparing the behaviour of the same T-stub but connected with standard bolts, and the results
demonstrated that the ductility and tension strength were nearly similar. Finally, the modified design
equations predict the behaviour of the TOB T-stub at ambient and elevated temperature.

In 2020, Wang et al. [52] studied the behaviour of T-stub with backing plates at ambient and
elevated temperature. Therefore, 30 tests on T-stub with backing plates (different flange thickness)
connected by Thread-fixed One-side Bolts were performed to investigate its tensile behaviour at
ambient and high temperatures (500°C and 700°) at steady-state and transient-state (material
properties were obtained at steady-state). In steady-state, the T-stub were heated first, and when the
temperature reached the wished value the load was applied until the force decline to 80% of the
ultimate force. On the other hand, in transient-state, the preselected load (a ratio of 0.5 or 0.7 of the
ultimate load) was applied first and kept 2 mins. Then, the T-stubs were heated. The tests were
stopped when the T-stub carrying capacity dropped to 95% of the applied load, and this state was
defined as the failure limit state. At ambient temperatures, the tests showed that the backing plate
could effectively increase the yield strength and the ultimate strength of bolted T-stubs but the
ductility is not affected. Also, two failures modes were observed during the tests, which were
completely flange yield and flange yielding accompanied with threads failure. At steady-state, it was
observed that the backing plates still offered a strengthen manner for TOB T-subs at high
temperatures (due to the hole threads could still be working) even when the yield strength and the
ultimate strength decreased at elevated temperatures. Also, the bending deformation of the T-stub
flange increased and lateral deformation of bolts at a high level of temperatures. The two failure
modes changed at high temperatures: complete flange yielding and flange yielding accompanied by
bolt failure. In transient-state, it was observed that the ductility of the TOB T-stub increased when
was compared with the same configuration but without backing plates at the same load ratio level.
When the load ratio increased to 0.75, it was observed that the failure temperature and failure
displacement decreased, which indicated the reduction of the ductility. Additionally, the failure of
the hole threads was not observed, and this demonstrated the reliability of the TOB T-stub. Finally,
the use of backing plates in TOB T-stubs improved its tension behaviour at ambient temperature,
steady-state, and transient-state.

4. Numerical model

The behaviour of the T-stub component can be predicted with reasonable accuracy by numerical
simulations. This numerical simulation requires that the geometry of the connection should be
adequate model, reliable data to reproduce the constitutive law, the boundary and load conditions
should be well assigned and idealised to reproduce de real behaviour [52]. Since the appearance of
the Finite Element Method (FEM) in 1943 [54] the FEM is accepted as the most reliable technique for
obtaining approximated results for structural mechanical problems [55].

In 1972, the first FEM study of welded beam-column connection was performed by Bose [56].
This investigation covers aspects of plasticity, strain hardening and buckling, and the study results
showed good accuracy compared with available experimental data. Since this research publication,
many other investigators have used the FEM to study structural joints behaviour.

In 1976, Krishnamurthy and Graddy [57] simulated the most typical moment connection, the
end-plate connection. Also, they were the firsts to use 8-nodes brick elements to model 3D-joints such
as the whole end-plate connection. Although many simulations employ brick elements, non all the
simulations were performed with brick elements due to the computational hardware limitations of



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 August 2021

31 of 48

the 70s. Therefore, the study was focused on founding a correlation factor between 3D elements and
2D elements. Furthermore, in this research work, the authors chose to simulate the whole end-plate
connection and not the "tee-hanger" analogy, which is similar to the T-stub component, because
according to the AISC, it was not directly applicable to the end-plate connection.

As the lector can notice, the researches carried out in 1972, and 1976 are related to T-stub simulations,
but not at all because the simulations were done in the complete beam to column connection.
Therefore, the following information will be about T-stub simulations. Many of the firsts research
works were part of the Numerical Simulation working group of the European research project COST-
C1, which has the task to do a benchmark for FE modelling of bolted steel connection. Jean Pierre
Jaspart (some material data of Jaspart test were missed) and Bursi afterwards provided the
experimental data for calibrating the T-stub simulations that were labelled as T1 and T2.

In 1995, Bursi and Jaspart [58] studied employing FEM two T-stubs connections (T1 and T2) that
were model using an eight-nodes brick element. These simulations were performed in the software
LAGAMINE and ABAQUS, and just a ¥4 of T-stub were model for each simulation. The results that
they obtained with the LAGAMINE software were used as a point of comparison to calibrate the
ABAQUS simulation because the COST-C1 was focused on semi-rigid design procedures.

BOLT M12
8.8 =45

(a) (b)

Figure 26. Bursi and Jaspart T-stub geometries: (a) T-stub T1; (b) T-stub T2.

In 1997, Jaspart and Bursi [4] continued investigating the same two T-stub connections (T1 and
T2). This work was focused on presenting the study of the plastic behaviour of elementary T-stub
and proposing these simulations as a benchmark for the validation of FE software packages.
Furthermore, in the same year, they also published an investigation [59] about the calibration of the
T-stub T1. The calibration was performed in ABAQUS code on test data results, and the parameters
that were considered are: the influence of the brick element type (C3D8, C3D8R, C3D8I), the influence
of friction coefficient between the flange and the foundation (mu=0, mu=0.25 and mu=0.5) and the
bolt model influence (3D model and spin model). As a result of the simulations, they concluded the
following:

e The C3D8I element reproduces the behaviour of the T-stub connection more precisely.
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o  The friction coefficient affects T-stub responses only on the large displacement regime.
e  The spin bolt model with two beam elements gives more accurate results than the model with
only one beam element when the models are compared with the results of the 3D bolt model.

In the same year, Mistakidis [60] proposed a numerical FE 2D model capable of describing plasticity,
large displacement and unilateral contact effects. The simulations results (force-displacement curve)
showed that they had not reached a good agreement with the experimental curve. However, the
simulations were improved by changing the constitutive law of the material because no data for the
ultimate stress value was available.

In 2002, Swanson studied the behaviour of T-stub connection [61] employing a robust FE model.
These simulations were intended to supplement the experimental part of the research work and
provide insight into the T-stub behaviour and the stress distribution. The simulation results were
used as a point of comparison to validate a 2D finite element model. Moreover, the authors analysed
the bolt responses (different pretension loads) and the prying effect. Even though the simulations
reached a good agreement with experimental results, the material law of the T-stub had been
considered with nominal values because the material characterisation had not been done until the FE
model was finished. Therefore, this procedure is considered questionable.

In 2003, Charis and Minas [62] performed an analysis of the influence of the equivalent bolt
length in finite element modelling of T-stub steel connections. The simulations were performed in the
software MSC/Nastran and calibrated with experimental data obtained from the experimental tests
of the T-stub labelled as T1 and T2 of Jaspart and Bursi investigation [4]. Because of a significant lag
in the maximum displacement observed in the calibrated simulations, a parametric analysis was
performed by changing the bolt length, which was initially determined by Aggerkov's expression.
The parametric study showed that the required correction in the bolt length is heavily dependent on
both the applied preload level and the developed failure mechanism. For instance, for the non-
preloaded T-stub T1, the experimental displacement was reached when the bolt length increased by
50% or for the preloaded T1, the experimental displacement was reached when the bolt length
increased by two times.

In 2004, Girao et al. [63] did a finite element model to study the non-linear behaviour of bolted
T-stub connections, which is the component that idealises the tension zone of the end-plate
connection. The simulations were performed in two different T-stub connections: rolled profiles cut
along the web and two plates, flange and web, welded to each other in a T shape with a continuous
fillet weld. The experimental test results, which were aforementioned in the experimental testing
section, were used to calibrate the simulations. The results of these simulations unveiled that the FEM
of the rolled T-stub, see Figure 27 a and Figure 27 b, reproduced accurately the behaviour of the
connection. However, the fillet welded T-stub simulations showed that the difference between
numerical and experimental results was considerable due to the residual stresses and the modified
material properties close to de welded toe (HAZ). Therefore, to reproduce the T-stub behaviour more
accurate, the material properties were softening around 20% in the HAZ zone in the numerical
simulations, see Figure 27 d. This research was also focused on the prediction of more T-stub
geometries. Therefore, after the calibration, a parametric studied was performed, see Figure 27 c.
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Figure 27. (a) FEM of the rolled T-stub; (b) bolt discretization; (c) FEM of the parametric study of the
fillet welded T-stub; (d) Force-displacement curve of the fillet welded T-stub. [63]

In 2007, Al-Khatab [64] investigated the effects of backing plates (BP) used to reinforce the beam
to column connection. The T-stub, which is the main component in bolted connection in bending,
was analysed in the non-reinforcement stage to calibrate the FEM, see Figure 28 a and b. This
calibration was done in two types of FE models (1) 2D model (2) 3D model, which both were
compared to define the limits of the 2D model. After the calibration, a parametric study was
conducted to examine the prying forces' relevance and the evolution of the contact areas under the
T-stub. Afterwards, the study was focused on investigating the effects of the BP thickness and the
bolts preloaded. On the one hand, the results of the 2D simulations showed that this type of model is
suitable to analyse the T-tub without backing, see Figure 28 ¢, plates and gave satisfactory results for
short T-stubs, see Figure 28 d and e, with backing plate. However, resistance is a little
underestimated. On the other hand, long T-stub, see Figure 28 f, is more suitable for being analysed
by 3D FEM. They concluded that the T-stub resistance and the initial stiffness increase with the
thickness of the backing plate, according to 3D models. EC3 prediction of the T-stubs with backing-
plates gives satisfactory results for the resistance compared to numerical results.

(b)
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Figure 28. Finite element models of the T-stub: (a) Non-reinforcement 2D T-stub; (b) Non-
reinforcement 3D T-stub; (c) Quarter of non-reinforcement 2D T-stub; (d) Quarter of Reinforcement
3D short T-stub; (e) Quarter of Reinforcement 2D short T-stub; (d) Quarter of Reinforcement 3D long
T-stub. [64]

In 2010, Wang, Z. et al. [14] investigated the T-stub connection with bling bolt Hollo bolt. This
research investigated the effects of this type of bolts on the initial stiffness, strength and ductility.
Thus, two 3D numerical models were developed. The first was the T-stub connection model with
Hollo bolt, which was reckoned for study the clamping effect, the force transfer mechanisms,
stiffness, strength and deformation capacity of the connection, and the other was developed for study
the standard bolt. The models were calibrated with experimental data (Hollo bolt T-stub model [65])
before the results of both models were compared to understand the behaviour changes. Afterwards,
a parametric study was performed, and the parameters that were taken into account are the
following: angle of the flaring sleeve (3), bolt shank diameter (dsh) and flange thickness (tf). The main
conclusions of the investigation are that the T-stub connections made with the blind-bolt results in
less initial stiffness than those with the standard bolt. According to the parametric study results, the
flange thickness most influences the strength and stiffness of the blind-bolted connection compared
to the flaring sleeve angle and the bolt shank diameter.

(b)
Figure 29. 3D finite element mesh: (a) Blind-bolted T-stub; (b) Standard bolted T-stub. [14]
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In 2010, A. Loureiro et al. [66] developed two different FEM models to determine important variables
of the T-stub, which were used to proposed an analytical model that took into account compatibility
requirements and prying forces. The first model was calibrated with the experimental result of Faella
(TS11) and was discretised using eight-nodes brick elements. This model was used to characterise the
deformation response and the distance between the plastic hinges in the T-stub flange. Thus, the
results showed that the m parameter was quite similar to the EC3. The second was a FEM plate model
of half T-stub geometry, which was validated with the experimental results of Faella (TS22, TS11).
After the calibration of the model, a parametric study was performed to determine the effective
length.

In 2011, N. Tanlak et al. [67] started an investigation with the objective of developing
computationally efficient and accurate finite element models for bolted joints under impact loading.
Therefore, a 3D detailed FEM model of the T-stubs was developed to analysed the T-stub behaviour
without considering the computational cost. The element type C3D8R of the detailed model was
chosen due to the large strain and large deflection capabilities. Additionally, the element allowed the
reduced integration for computational effectiveness. The reduced integration does not create stiffness
in some deformation modes and the hour glassing effect may occur. Afterwards, simplified models
were developed to reduce the computational cost. Therefore, (i) the full model with shell plate were
analysed (the same considerations for the bolt, but the flange was discretized using sell elements), (ii)
rigid shank with coupling constrains (shell elements for the flange, the bolt shaft was considered rigid
and coupling constrains were assigned to simulate the effect of bolt head and nut), (ii) deformable
shell bolt (shell elements for modelling the nut and bolt assembly), (iv) rigid shell bolt (the same of
iii, but the nut-bolt assembly is modelled with rigid shell), (v) Timoshenko beam with coupling
constrains (the bolt shaft is modelled with a Timoshenko beam 3D node quadratic element), (vi)
Timoshenko beam with coupling constraints without a hole (the flange did not have bolt hole, the
other elements are the same of v and the coupling constrain was assigned), (vii) tie constraint with
hole (the force transfer between the frame and the plate was achieved through a tie constraint defined
between the inner surfaces of the sheets in the region compressed by the washers), (viii) tie constraint
without a hole (the tie constrain was used to model the clamping effect of the bolt-nut assembly), (ix)
cross-coupling constraint (a kinematic coupling constraint is used to simulate the force transmission
between the sheets), (x) connector beams along the perimeter of the hole (beam type elements were
defined in the perimeter of the hole), (xi) connector beams along the perimeter of the hole and the
washer’s outer profile (similar to x, but beam elements were assigned to the edge of the washer’s
profile), (xii) cross connector beams (12 connector beam-type elements that joined the midpoint of the
line between the centres of the holes and nodes at the perimeters). Finally, all the models were tested
with the same mesh density and that showed that only the simplified model (i) did not save
computational time. Moreover, the simplified model (iii) was the most accurate to predict the T-stub
behaviour for different loading cases and mesh densities.

In 2014, Abidelah, Bouchair and Kerdal [68] investigated the relevance of influence of the bolt
bending on the behaviour of T-stubs. Therefore, a 3D numerical model was developed in the software
Cast3m and validated with experimental results found in the literature. These FE models were used
to predict the behaviour of T-stub connections, quantify the axial and bending loads in the bolts. The
numerical models took into account the non-linearity due to the plastic behaviour of the material and
the evolution of the contact area between the two flanges. A parametric study was performed to
evaluate the influence of the bolt bending moment on the behaviour of the T-stub by varying the
flange thickness and the bolt diameter. Afterwards, an analytical model was proposed, which
considered the bending of the bolt and the axial force. The main conclusion of this study was the
following: The FE analysis of the T-stub showed that the bending in the bolt starts since the beginning
of the load. When the bending load is taken into account, the ultimate resistance of the bolt is reached.
In the contrary case, the bolts reach about 70% of their ultimate resistance. The increase in T-stub
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flange thickness leads to the decrease in the value of the bending moment in the bolts that will,
therefore, develop their ultimate resistance.

In 2015, A. Francavilla et al. [69], because of the lack of information to predict the ductility of T-
stubs connection in the codes such as EC3 [1], developed a simplified 2D FEM model of a bolted T-
stub, with only one bolt row, in the widespread commercial software SAP2000 to estimate the plastic
deformation capacity. This model was made by using beam elements. The calibration of the FEM
model was done with experimental data of specimens tested at the Material and Structure Laboratory
of Salerno University in 2001. The authors concluded that the 2D FEM model is accurate enough to
predict the stiffness and resistance and the plastic deformation capacity. Furthermore, it allows of
been developed in commercial software such as SAP2000.

In 2016, M. Cabaleiro et al [13] studied the behaviour of T-stub connected with clamps by
changing the clamps geometric. This type of connection has the advantage of been dismountable and
reconfigurable. Nevertheless, the information that could be found in the literature about it was
insufficient. Therefore, a FEM model was performed to validate an analytical model that could
predict the behaviour of clamps joints. This new method is based on the EC3 method. The calibration
of the FEM model was performed against experimental tests results (T-stubs obtained from IPE220
profiles), and the most highlighted of the simulation was the used of tetrahedral finite elements (see
Figure 30 b) for meshing the T-stub and the clamps. The results of the investigation (IPE220
experimental, FEM analytical and HEA200 analytical and FEM) showed that the proposed method
was suitable for analysis this type of connection, depending of the geometry parameters of the clamps
(lever arms). According to this, a greater front lever “a” (see Figure 30 a) of the clamp improves the
T-stub behaviour and impair the bolt behaviour. Besides, the increment of the rear lever “b” (see
Figure 30 a) reduce the axial force in the bolt. Moreover, the comparison of the analytical results and
the FEM simulations showed that the analytical model values were 10% lower than those found in
the FEM.
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Figure 30. Clamp T-stub: (a) Geometric parameters; (b) Tetrahedral mesh. [13]

In 2016, J. Ribeiro et al. [70] studied the response of T-stubs connections under impact loads. This
assessment was developed by means of the finite element method. In the FEM model, the T-stub
assembly was simplified by employing symmetry conditions, and it was composed of a rigid base,
the T-stub (flange), the bolt (the head, shank, nut and washer), and the pulled out plate (web). The
constitutive law of the material is enhancement due to the impact load condition. This increment of
the constitutive law is obtained by adopting the dynamite increase factor (DIF), which basically gives
the relation of the dynamic strength to the strength obtained under static conditions. The principle of
Hooputra [71], which is included in the ABAQUS software package, predicts the failure of the FEM
model. This model assumed that two main relevant mechanisms induced fracture of a ductile metal:
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ductile fracture due to nucleation, growth and coalescence voids and the shear band localisation
cause the shear fracture. The authors considered only the ductile fracture for the investigation, and
the von Mises criterion was adopted. The validation of the FEM models was done against quasi-static
experiments performed by Barata et al. [26] and Ribeiro [18], and the dynamic calibration was
performed by comparing the experimental result of the first impact of 120 Bar of T-10-D120-160 and
the impact of 160 Bar of the test T-10-D160 (test of this investigation). Afterwards, a parametric study
was conducted to study the influence of the maximum applied load, the impact duration, and the T-
stub flange thickness. The investigation results showed that the dynamic load level value did not
significantly affect the force-displacement curve. However, the load application time has a larger
effect on the response. Finally, the increment of the T-stub flange result causes the increment in the
stiffness of the T-stub, but the decrement of the force-displacement enhancement, more precisely, for
T-stubs having failure Mode 3.

In 2017, Sliseris et al. [72] performed a numerical analysis and experimental validation of a type
of T-stub steel joint with preloaded bolts. The numerical analysis took into account large strains, non-
linear plasticity and contact mechanics. The calibration of the connection was conducted at the Riga
Technical University. The parametric study took into account the flange thickness (20,30 40 mm)
and the preloading of the bolt (0%, 25%, 50% and 70%). The investigators concluded that the level of
the bolt preloading and the flange thickness influence the failure modes. By increasing the thickness
of flanges up to 40 mm, nearly equal stress distribution in all bolts was obtained. The joint with 70%
preloaded bolts has around a 30% higher ultimate load than the joint with 0% preloaded bolts.

In 2018, Wulan et al. [16] analysed the failure mechanism of thread-fixed one-side bolted T-stubs
under tension by a finite element model to provide basic knowledge for its potential application in
bolted beam-column endplate connection. The FEM model was calibrated with the experimental
results carried out by Mei Liu et al. [15]. After the models were calibrated with the tests T16-14 and
T27-140, a parametric study was performed. It took into account the effects of the steel grade, the bolt
diameter, and the bolt spacing on the T-stub behaviour. The main conclusions of the investigation
were the following;:

e  The simulation was in good agreement with test results, which meant that the proposed FEM
could be applied to investigate the thread-fixed one-side bolted joints' behaviour.

¢  The proposed equations were in good agreement with the FEM simulation. However, the yield
strength calculated from the load-displacement curve was slightly higher than that predicted by
the proposed design equations, which means that the proposed design methods predictions are
on the safe side.

¢  The parameters that were taken into account in the parametric study (bolt diameter, bolt spacing,
and flange yield strength) affected the behaviour of the connection (the yield strength and the
failure mode). The FEM model and the design equations proved that an undesirable presence of
thread shear failure (Mode 3b) and the Mode 2b did not appear.

In 2019, L. Godrich et al. [73] were focused on a design approach of T-stub component by using
the Component Based Finite Element Method (CBFEM), which combines the analytical component
method and the Finite Element Method (FEM) (distribution of internal forces). The results of the
CBFEM model was verified with the component method. However, when the comparison between
both models had not reached a good agreement, the FEM model was used to verify the results. This
FEM model is called Research Oriented Model (ROM), which was calibrated with experimental data
performed by the authors and data found in the literature. After the validations of the CBFEM models
were done, the researchers concluded that this model reproduced with reasonable accuracy the
T-stub behaviour with an error of no more than 10%.
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In 2019, Bao et al. [45], as was mentioned above, studied the mechanical behaviour of bolts used
to connect T-stubs. Therefore, six tests were conducted and then one of the test results data was
utilised to verify a 3D FEM model. The calibration results showed that the model reproduced with
good accuracy the behaviour in terms of deformation, axial tensile stress, bending moment.
Afterwards, a parametric study of 17 simulations was performed to evaluate the influences of the T-
stub flange thickness, inner flange length, outer flange length and bolt diameter. The results of the
simulations showed that when the inner length of the flange increased, it improved the prying force
and the bending moment, and the increment of the flange thickness decreased the prying force and
the bending moment. Besides, increasing the bolt diameter provokes the increment of the prying
force. Finally, the parametric study results were used to verify a new T-stub connector model and a
calculation method, which not require the calculation of the prying force.

In 2020, Bezerra et al. [46] studied the behaviour of the aforementioned T-stub connection
connected to a rigid base. The calibration of the FE models was performed in the ABAQUS software,
and the experimental results were used for this purpose. After the calibration had reached a good
agreement with the experimental results, a parametric study was conducted to observe the effect of
the flange thickness on (a) the contact stress distribution between the flange and rigid base, (b) the
prying actions on bolts, and (c) the shear stresses on bolts. The simulations results showed that the
behaviour of the connections was reproduced with good accuracy (Force-displacement and applied
load-reaction force in the bolts), and the results in the parametric study concluded that the prying
action is higher for flange thickness of 7.8, 9.5 and 12.7mm, see Figure 31 a. However, for lower
values, the predominance of the shear stress on the bolts is notorious, see Figure 31 b.
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Figure 31. Result of the simulation: (a) Simulation of T-stub of flange thickness equal to 9.5 mm; (b)
Simulation of T-stub of flange thickness equal to 4.8 mm.

5. Informational model

Different methods of studying the T-stub were presented (Analytical, experimental testing and
numerical models). Since the recent advances in statistical, machine learning and artificial intelligence
techniques, more sophisticated approximation models were developed in the engineering domain
investigations [74].

Informational models could be developed based on different methods such as fuzzy logic
methods, Neuronal Networks (NN), Artificial NN (ANN), evolutionary algorithms, Support Vector
Regression (SVR), probabilistic reasoning, Bayesian methods and statistical learning procedures, Etc.
These methods are covered by Soft Computing (SC) techniques, which is an emerging and more or
less established family of problem-stating and problem-solving methods that aims to mimic natural
intelligence [75].

Artificial neural network (ANN) is among the most widely known approximation models.
Various studies were done about the beam to column connection. For instance, in 1996, Jadid and
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Fairbairn [76] estimate the response of a cast-in-situ beam to column joint based on 34 tests. This
research aimed to demonstrate a concept and a methodology of parallel distributed processing based
learning in artificial neural networks.

Another researcher, in 1997, Stavroulakis et al. [77] proposed a two-stage neural network
approach for the elastoplastic analysis of steel structures with semi-rigid connections. In the first
stage, the moment-rotation law is obtained as a Quadratic Programming Problem (QPP) by the first
neuronal network, based on the perceptron model, from the six experimental test results. In the
second stage, the second NN, based on the Hopfield model, resolve the resulting QPP. This research
work demotrated that ANN models are also able to accurately estimate the response of single web-
angle bolted con- nections.

In 1997, Anderson et al. [78] used ANN to predict the moment-rotation curve of the minor axis of
end-plate connection between the beam-to-column. The results of 20 test did the training of the ANN,
and the variables that were taken into account were the column depth of section, flange thickness
and web thickness. The beam flange breadth, depth of the section. The connection number of bolts
and plate thickness.

In 2005, Lima et al. [79] studied the behaviour of the welded en-plate and double angle connections
by ANN. The author addressed that the initial stiffness and the bending moment resistance were
accurately estimated with only two ANNSs for each connection type.

Most of the research studied the whole connection, such as the end-plate connection, since this
method appeared. However, in 2014, Ceniceros et al. [74] studied the T-stub component by
numerical-informational method and predicted the response of the component. This hybrid approach
constitutes a fusion between the FE method and metamodels based on soft computing (SC). The
numerical informational method's methodology starts when a representative dataset (geometrical
parameters and mechanical properties) of T-stub configurations are generating with the Design of
Computer Experiments (DoCE). Then this representative dataset is used as inputs in a refined FE
model to run a parametric simulation. Afterwards, the simulations provide the Force-Displacement
curves of the dataset and are stored then. These curves are characterised into a set of physical
meaning parameters, and this information is used in the following learning process. The last process
consists of training and testing metamodels by using a combination of SC techniques based on SVR
and Genetic Algorithms (GA), which were employed to achieve overall and parsimonious
metamodels. Finally, the parsimonious metamodels were tested against new data to assess both their
prediction capacity and generalisation ability, see Figure 32.
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Figure 32. Scheme of the proposes of the numerical-informational model. [74]
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6. T-stub of Non-conventional steel and other materials

In 2000, De Matteis et al. [80] was focused on the study of the behaviour of aluminium T-stubs.
Thus, the authors carried simulations that were calibrated with available data from the literature. At
that moment, no experimental test on aluminium T-stubs was carried out; thus, the 3D eight nodes
(C3D8R) FEM model was calibrated with experimental data of steel T-stubs. The numerical analyses
showed a wider range of failure mechanism for the aluminium T-stubs than steel T-stub. Failure
mode 2 was divided into three. Furthermore, the HAZ effect was taken into account because, for
some aluminium alloys, the mechanical properties are softening by 50% due to welding. The
simulations result that did not consider and considered the HAZ were compared. This comparison
showed that the strength of the material was reduced. The analysis also showed that the collapse
mechanisms were not different from the steel T-stub.

In 2006, Abolmaali et al. [81] studied the hysteresis behaviour of T-stub connections using Shape
memory alloy (SMA), the tee and the bolts were SMA, by comparing with the behaviour of steel T-
stub. The investigation was performed in two phases: phase I was focused on determining the
optimum heat treatment temperature to establish a superelastic effect. Therefore, the material was
heat-treated at 300 °C and 350 °C and three different testing protocols were employed: 1) monotonic
tensile testing; 2) cyclic testing, and 3) Tensile testing of the cycled parts. Phase I tested cyclic T-stubs
connection made of SMA and steel. The optimum temperature determined in phase I was employed
to treat the SMA fastener of phase II. The comparison of the experiments showed that the energy
dissipation of T-stub with SMA fastener was higher than those obtained with steel material for the
particular stress level under consideration. The steel test was stopped when it reached the same stress
level that the SMA specimens developed, which failed in early stages of loading at 28th and 22nd
strain cycles.

In 2006, De Matteis and Mazzolani [82] studied the behaviour of aluminium weld T-stubs with
different geometrical configurations and material properties. The T-stubs were obtained by welding
together three different wrought aluminium alloy, which are AW 6061 (t = 10mm), AW 6082 (t =
12mm) and AW 7020 (t = 12mm). 26 T-stubs were obtained by combining the different available
materials and were tested under a monotonic load and cyclic load. Afterwards, the results of the
monotonic tests were compared with the analytical k-method (found in EC9) and with the EC3
method. This comparison showed that many factors such as the geometrical, mechanical and factors
as the parasitic bolt bending, effects of the HAZ affect the prediction of the behaviour of the analytical
method. Despite the things mentioned, the analytical k-method can be considered fairly reliable,
conservative and suitable for design purposes due to its simplicity. Moreover, it was determined that
the appropriate choice of mechanical parameters the values of strength predicted with the k-method
are always on the safe side.

In 2009, De Matteis et al. [83] studied the behaviour of aluminium T-stubs welded T-stubs under
monotonic loads. The investigation was focused on developing a FEM model capable of reproducing
the behaviour of the T-stub. Therefore, 26 experimental tests [84,85] with different geometries (flange
thickness, bolt number and distribution), three different heat-treated wrought aluminium alloys (AW
6061 — AW 6082 — AW 7020), and three types of bolts (aluminium and steel bolts) were employed to
calibrate the model. This numerical model used hexahedral elements (C3D8R) for the T-stub and
tetrahedral elements for the bolts. Additionally, the constitutive law of the heat-affected zone and the
unheated-affected zone of materials were introduced as a multi-linear curve in the simulation. The
simulation results showed that the FEM model reproduced with good accuracy the tests in terms of
stiffness, resistance and ductility. Finally, the researchers evaluated the viability of the EC9 of
predicting the T-stub behaviour. Therefore, the EC9 predictions were compared against experimental
data. This comparison showed that the EC9 predictions were slightly conservative in predicting the
strength, and the prediction could be improved through a more precise evaluation of the effective
width.
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In 2012, De Matteis et al. [86] developed a FEM model which was calibrated with available
experimental data from the literature [82] and performed a parametric study of 43 simulations of
welded T-stubs made of aluminium, which had different configurations and types of bolts (grade 4.8,
10.9 and 7075 alloy bolts) to analysis all the possible failure modes. The simulations were carefully
developed to compare with the EC9 and to check the reliability of the design standard method. The
EC9 proposed 4 failures modes to describe the behaviour of welded T-stub made of aluminium. The
comparison of the parametric study results and the prediction of the EC9 showed that the EC9 k
method predicted with good accuracy the behaviour of aluminium-stubs connected with weak bolts,
and the EC9 overestimated the ultimate strength when thick T-stub flanges and large bolt pitches are
used, especially when failure mode 1 appears because it is quite related to the "effective length"
concept. Additionally, the authors proposed a further study to check the reliability of the EC3
formulation for the "effective length".

In 2017, C. Chen et al. [87] studied the effect of the welding on the tensile performance of the
High Strength Steel (HSS) RQT S690 T-stub Joints. Therefore, three types of T-stub (flange thickness
equal to 8mm, 12 mm and 16mm) made of RQT S690 and one type of T-stubs (flange thickness equal
to 16 mm) made of normal strength steel (NSS) S385 were fabricated twice (a total of eight T-stub)
according to AWS structural steel welding code. Additionally, to the experimental testing, the
investigation was focused on developing two FEM model (for each type) that could predict the
behaviour of the T-stubs. The first FEM model did not consider the effect of the welding, and the
second model took into account the effect of the welding (HAZ). Therefore, the first step was to
perform a transient thermal analysis employing a FEM model to obtain the time-depending
temperature distribution field, where the heat source that was utilised for the simulation was the
body heat source model base on Goldak's double ellipsoid heat source model theory [88]. Secondly,
the time-depending temperature distribution data was used as a thermal loading in the mechanical
analysis to simulate the alteration in the mechanical properties and subsequent tensile test. This
investigation determined that the experimental Force-displacement curves of the T-stub of two
different materials had the same pattern. Also, the suitability of the EC3 design resistance prediction
equation was evaluated, and it was observed that the EC3 accurately predicted the first yield
resistance of the T-stub made of S385 but overestimated the behaviour of the RQT S690 T-stub. This
overestimation was attributed to the changes in the material's mechanical properties due to the
welding process. The FEM analysis confirmed this attribution, and it was observed that the FEM
model that considered the effects of welding reproduced with more accuracy the T-stub behaviour
than the T-stub that not considered the welding effect.

In 2018, F.F. Sun et al. [89] studied the effect of welding and complex loads on T-stubs made of
High Strength Steel (HSS). The HSS main microstructure is composed of martensite and bainite,
which are not stable at high temperatures [90]. During the welding process, the material reached high
temperatures that affected the microstructure in the Heat Affected Zone (HAZ). Because of all the
aforementioned, the researchers performed six tensile tests on double T-stub and demonstrated that
the EC3 [1] formulae (Equation (1)), which are accepted for determining the failure modes of
conventional steel, cannot be used directly for design HSS T-stubs. Therefore, a FEM model that
considered the effect of the HAZ, was employed to predict the behaviour of the T-stub, and the results
showed that the alternative (Equation (2)) formula of the EC3 predicts with good accuracy the first
yield resistance. Furthermore, the T-stub under combined axial and shear loads were investigated by
the FEM. The results showed that the strain concentration is in the tensile side of the T-stub under
combined loads, and the compression side of the T-stub did not achieve Mpl,1. Besides, the ultimate
resistance and first yield resistance decrease with the decreases in the beam height. Moreover, the
investigation proposed a formula, which considered a factor of the combined axial and shear load, to
predict the T-stub behaviour.
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In 2019, D. Carazo et al. [91] studied the T-stub component obtained by Additive Manufacturing
(AM) of polymers. These T-tubs were printed by the Fused Deposition Modelling (FDM) technique
and made of four different materials: polylactide (PLA), acrylonitrile butadiene styrene (ABS), carbon
fibre reinforced polyamide (PA CF) and carbon fibre reinforced polyethylene terephthalate (PET CF).
This research aimed to study the behaviour of the components and compare the experimental Force-
displacement curves with the prediction of the Eurocode 3 [1]. As a result of this comparison, they
determined that the code prediction was not accurate enough.

In 2019, Zhongxing Wang et al. [92] carried out 30 tests of extruded aluminium T-stubs specimens
connected by swage-locking pins under monotonic load. The different specimens were designed by
varying the distance between the pins and the web (m + 0.8r), the flange thickness, the swage-locking
pin collar type and the diameter and layout of the fasteners. Before the T-stub tests were performed,
42 experimental tests on the swage-locking pins were carried out under tension, shear, and combined
load (shear and tension) to assess their load-carrying capacity. The tests showed that the swage-
locking pins developed a new failure mode (compared to standard bolts) that was called collar pull-
out. Additionally, the 42 tests were complemented by the tensile coupon tests on the T-stub plate and
pin material. Afterwards, the 30 experimental tests on T-stubs were performed, and the four failures
modes identified in EC9 were observed. The experimental tests result showed that the initial stiffness
and the ultimate resistance increase significantly when the distance from the pin to the web or the
thickness of the flange is increased. However, decreasing the distance between the pins and the web
reduced the deformation capacity. Additionally, it was also noticed that the swage-locking pins load-
carrying capacity, the collar type and the pin diameter affected the structural behaviour. Finally, a
new design method based on the Continuous Strength Method (CSM) was proposed, which was
validated with the experimental test results. Besides, the predictions of the EC9 method were
evaluated, and It showed that the method underestimates the load capacity of extruded aluminium
T-stub connections.

In 2020, Zhongxing Wang et al. [93] continued investigating the behaviour of extruded
aluminium T-stubs connected by swage locking pins. In the previous paper [73], the investigation
developed experimental tests on 30 T-stubs, which was then used to validate the FEM models of this
investigation. Before starting the T-stubs analysis, the researchers developed refined and simplified
FEM models of the swage-locking pins. The simulations were compared with experimental data, and
they showed that the refined model reproduced with good accuracy the behaviour of the pins but
with a high computational time of processing. Therefore, the simplified model was developed
through the application of a four-step calibration methodology. This methodology allowed to reduce
the computational time without lost sufficient accuracy. Afterwards, the FEM models, which used 8-
node bricks elements with reduced integration and hourglass control (C3D8R), of the extruded T-
stubs was validated by comparing the numerically derived load-carrying capacities, load-
displacement curves and failure modes with those obtained from the 30 experiments [73]. Then a
parametric study was performed to provide insight influence of four key parameters (the preloaded
in swage-locking pins, pin diameter, fillet radius at the web-to-flange junction and pitch distance of
the pins) on the structural behaviour. The simulation results showed that the T-stub's initial stiffness
increased when the preloading and the fillet radio increased, but the deformation capacity was not
influenced. Furthermore, load-carrying was not influenced by the preloading level. The pin diameter
affected the T-stub failure mode directly due to the change in the resistance area. Finally, the authors
proposed a design method that was more accurate than the EC9 formulae due to the improvement
in the prediction of 13%.

In 2020, Wang et al. [94] aimed to achieve a damage-controllable and earthquake-resilient steel frame
with more feasible and simple dissipative devices. Therefore, the authors studied an innovative
moment-resisting bolted connection, employing FEM, that used double replaceable T-stub fuses
made of Low Yield Point steel (LYP). Because of the higher ductility dissipation capacity and the
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fatigue performance [95] of the LYP steel, the connection ductility and energy dissipation capacity
are enhanced. The finite element model, which was used to study the cyclic behaviour, was calibrated
with available experimental data that were obtained by Iannone et al. [96] and Chou et al. [97]. Then
the seismic response (hysteresis curves) of the connection, with different weakening strategies in the
T-tub, were studied and optimise by considering the most relevant parameters, the weakened degree
and the free deformation length, which should be simultaneously analysed. Furthermore, the authors
proposed relevant suggestions for designing this kind of connections to behave as structural fuses
that can dissipate more than 90% of the system energy and how to avoid the buckling in the T-tub
stem.

In 2020, Yuan et al. [98] tested a total of 13 austenitic and duplex stainless steel T-stubs connected
with A4-70 and A4-80 stainless steel bolts to study the T-stub behaviour. This experimental tests
were replicated by a employing 3D FEM model. After the 13 simulations reproduced with good
accuracy the behaviour of the T-stubs, that were obtained in the experimental testing, a parametric
study was performed to predict the behaviour of 168 configurations and to investigate the importance
of key parameters such as the material grade, bolt preloading, bolt diameter and flange thickness on
the structural response. The test result data and the simulation results were used to determined the
suitability of the design standard EC3 and JGJ 82-2011 (Chinise standard) for steel, and was
determined that the stainless T-stubs had the same three failure modes of steel T-stubs, but the
resistance prediction was quite conservative. Therefore, the nominal yield strength value used in the
design standards to predict the T-stub behaviour was replaced by the 3.0% proff strain (due to strain
hardening) and the prediction were more accurate. Additionally the method of Faella predict more
precisely the initial stiffness than the other standards method.

4. Discussion

Now the lector understands that the T-stub component has been widely studied since Douty
and McGuire started their investigation of the T-stubs in tension. Nowadays, the study of the T-stub
behaviour covers components under tension, compression, cyclic and impact loads of different types
of connections. The different types of connections refer to the uses of backing plates, the type of bolt
(standard, blind bolt, one side bolt) and the material of the T-stub. Additionally, many studies of the
behaviour of the T-stubs at elevated temperature were developed.

The present review article divided three manners how the T-stubs were studied in order to
determine if there are new ways of approaching the problem and found (as was hope) that the firsts
researchers went into the problem by performing experimental tests due to the limitation of the
computational technology of the epoch. Therefore, analytical models were proposed to studied the
problem. For instance, Douty and McGuire proposed some semi-empirical formulae, Agerskov,
proposed an analytical model of the T-stub, Zotemeijer proposed formulae that employed similar
failure modes to the actual failure modes, Etc. The analytical models are still being in use due to their
predictions can be obtain without the necessity of high computational hardware. Moreover, the codes
such as Eurocode 8 and 9, AISC, Etc. proposed different formulae (according to the employed theory)
for predict the T-stub behaviour. However, as it was Aforementioned, the standards cannot cover all
the possibilities of configuration of geometries or materials (as the last part of the review cover).
Therefore, some proposed model base on EC3 (the beam theory) were presented in this review. These
not standarised models were validated against experimental data (the most reliable) and by
developing FEM models. The FEM models provided to the investigators the possibility of comparing
their models against numerical results of non-tested geometric configurations, which is the
advantage of the numerical FEM models tools. This comparison could result in the modification of
the proposed model due to the lack of accuracy for some scenarios, see Piluso [35,36] and [40]. This
lack of accuracy could be cause by different factors, such as internal forces that (bending or shear),
geometries simplification, Etc. that were not considered. Additionally, the comparison of the models
of Spyrou [23] and Heidarpour [24] against the EC3, experimental data and simulations showed that
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these proposed models should be improve with reliable (experimental and/or simulation) data to be
more accurate. The last manner, informational models, of studying the T-stub behaviour is the least
used and (considered by the authors newest) it is not common for traditional engineers that are more
accustom to analytical formulae found in the codes or by the employing FEM models. The
informational model that was found in the literature was the one developed by Ceniceros et al. [74],
and this is a hybrid approach between the FE method and metamodels based on soft computing (SC),
which predicts the T-stub behaviour thanks to employing the data of FEM model and parametric
study and experimetnal tests to teach and calibrate the informational model. As was mentioned, the
infomational models can developed their objective due to the neuronal networks that they employed,
wich is more common for researchers of computer science, mathematitian, Etc.

Finally, according to the information that the authors could found in the literature review, they
suggest that future investigation of T-stub connected by another kind of bolts such as the Ajax
Oneside ST (standard tension and shear resistance) and Oneside Hi shear (standard tension resistance
and high shear resistance). This type of bolts has one hardened split/collapsible washer, which could
cause that the behaviour of the connection change due to not use a solid washer. Additionally,
investigation about the influence of the uses of Ultra-Twist Bolt, the BOM fastener and the Huck Bolt
should be performed due to the singular manners that uses to fasten to different elements. About the
material, it is suggested to investigate the T-stub obtaining additive manufacturing of different steel
materials such as high strength steel, stainless steel, aluminium, Etc. and the influence of the type of
addictive manufacturing. Other important aspect of the T-stub behavior that should be further
improve is its behaviour at elevated temperatures because the analytical models are not accurate
enough. Besides, it is suggested to study the T-stub under impact and thermal load, which could
represent a possible scenario of storing hazardous material such as liquid and gas fuel. About the
new trends in processing-analysing information, the authors recommend to continue the
investigation of new informational models base on artificial neuronal networks in order to improve
the time of accurate predict the T-stub behaviour. It should be notice that institution like banks use
this technology and thousands of data is processing by their ANNs models.
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Appendix A

The following link contains relevant information of the T-stubs studied by some of the authors
that are presented in this review
https://drive.google.com/file/d/1cHcrTTuZgOxWb3hLCe5SNSwpUOD|8-b/view?usp=sharing
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