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The results of experimental tests and finite element (FE) simulations are used to develop a stiffness model that
predicts the behavior of bolted thick built-up T-stub connections including column flange deformation, and ac-
counting for primary and secondary prying effect. The model incorporates the overall T-stub and column flange
deformations of key component elements, and includes nonlinear material behavior of bolts and base material,
and accounts for pretension of fasteners and contact interactions. The stiffness model consists of linear and non-
linear springs which model deformations from tension bolt elongation, slip-bearing, bending of T-stub flange,
elongation of the T-stem, column flange deformation, and accounts for primary and secondary prying forces.
The behavioral characteristics of the T-stub/column flange system are examined including strength, stiffness, de-
formation, and energy dissipation. A proposed strength model that predicts the capacity of the column flange for
the failuremodeof full plastification at the flange-to-web connection of the column(K-zone) followedby interior
tension bolt fracture is developed. Furthermore, closed form expressions that are based on stiffness modeling
techniques are developed to predict the energy dissipation capacity of the T-stub/column flange system with
and without continuity plates. Comparison of the models predictions with experimental and FE data shows
that the proposed models accurately predict the connection and the column flange load-deformation response.
This study provides guidelines for engineers to account for the additional forces induced in the tension bolts
and for the maximum rotational capacity demand in the connection which are required for seismic analysis
and design.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Previous research work on the behavior of T-stub connections dealt
with estimating the strength, stiffness, and deformation using experi-
mental investigation [1–6], finite element simulations (FE) [2,3,6–9],
and stiffness and strengthmodeling [8,10–16] including primary prying
effect and assuming rigid column flange. The accuracy of the analytical
models was demonstrated to be acceptable by comparing the results
predicted with experimental results. Continuity plates in columns are
often used in connections to stiffen the column flange and web in
order to resist large forces transmitted by the beam flange. It was re-
ported that column flange bending displacements were relatively
small compared to those of T-stub flange when continuity plates were
provided. Also, the column flange deformation was considered negligi-
blewhen column flange thickness is larger than that of T-stubflange [8].
However, for thick flange T-stub connections that are connected to
a thinner column flange, the deformation from the column side is
significant when continuity plates are not provided. In such cases, the
column flange is subjected to bending, and may undergo significant
x: +961 1 744462.
ub.edu.lb (E.G. Hantouche),

ghts reserved.
deformations. This behavioral characteristic of the column flange causes
the secondary prying phenomenon as shown in Fig. 1(a). Secondary
prying refers to the additional forces introduced in the tension bolts
due to bending of the column flange. Fig. 1(b) shows a typical design
sketch for a built-up T-stub connection associated with a deep girder.
Investigation of the secondary prying effect in thick built-up T-stub con-
nections has been developed to predict only its strength and did not
account for its stiffness and ductility [8]. Therefore, a stiffness model of
the T-stub/column flange system that takes into account the effect of
secondary prying is needed to predict the force-deformation response.

The existing T-stem model available in the literature [11,12,15] is
based on broad assumptions regarding the stress concentrations around
the shear bolts and does not account for the contribution of the stresses
outside the bolt gage area when dealing with thick built-up T-stubs
where wide stems are supplied. Therefore, a modification of existing
models is needed to accurately predict the response of wide T-stems
associated with deep girders.

In this paper, a proposedmodel based on stiffness approach is devel-
oped to predict the built-up T-stub response including the column
flange deformationwith andwithout continuity plates.With its simplic-
ity in application when compared to other numerical methods (i.e. FE
analysis), the proposed model is capable of accounting for primary
and secondary prying; and allows the prediction of tension bolt
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Fig. 1. (a) Top view of the T-stub/column flange system, (b) Design sketch for a typical built-up T-stub connection associated with W24 × 76 beam.
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elongation, bending deformation of the T-stub flange, bearing deforma-
tion of the T-stem, and column flange deformation with and without
continuity plates. These ultimate deformation predictions can be used
to calculate themaximum rotational capacity of thick T-stub connection
including column flange. Furthermore, a column flange strength model
that predicts the capacity of full plastification at the flange-to-web con-
nection of the column (K-zone) followed by interior tension bolt frac-
ture is developed. Also, closed form equations are proposed to predict
the energy dissipation of thick flange T-stub connections/column flange
system including the secondary prying effect. In addition to the above
contributions, this research also provides a simplified and rational
method for theoretically predicting the strength, stiffness, and ductility
of T-stub connections including column flange bending and its effect on
the connection behavior. Note that the stiffness models developed in
this study were validated against the results of an experimental pro-
gram carried out earlier [2,8] in which thick flange T-stub connections
having material properties of A572 Gr. 50 steel for base material and
A490 steel for bolts were tested.

2. Stiffness modeling

In this study, the mechanisms that influence the behavior of thick
built up T-stub connection are accounted for. These include tension
bolt elongation, bending of T-stub flange, elongation of the T-stem, rel-
ative slip of the T-stub, bearing deformation of the T-stem, and column
flange deformation including primary and secondary prying effect.
Modeling the T-stub behavior is complex because all of these mecha-
nisms interact with one another and hence simple strength checks
cannot provide the necessary stiffness, ductility, and energy dissipation
information that is required for seismic design.

2.1. Proposed T-stem stiffness model

Modeling the behavior of the T-stem is complex due to the non-
uniform distribution of stresses along its cross section and its length,
the interaction between the T-stem and the shear bolts, and the friction
forces between the beam flange and the T-stem. The bilinear stiffness
model developed by Swanson and Leon [15] showed disagreement
when comparing with experimental and the FE results [2,8]. This dis-
agreement is due to the fact that the model does not account for the
contribution of the stresses whenever yielding occurs along the full
cross-section area. FE studies carried out in this study on thick built-
up T-stubs, for thickness of the T-stem ranging from ½ in. (1-1/4 cm)
to 2 in. (5 cm), showed that the main contribution of the deformation
along the length of the T-stem is a function of the thickness of the T-
stem as shown in Fig. 2(a) and (b). From the FE results, the following
equations is developed for describing the relationship between the ef-
fective T-stem length contributing to the deformation and the thickness
of the T-stem with a linear fit of R2 = 0.99:

Lsb
Lst

¼ −0:5661ts þ 1:3615 US unitsð Þ
−0:2228ts þ 1:3615 SI unitsð Þ

�
ð1Þ

where Lsb (in. or cm) is the effective T-stem length contributing to the
deformation, Lst (in. or cm) is the total length of the T-stem, and ts
(in. or cm) is the thickness of the T-stem.
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Fig. 2. (a) vonMises stress contours along the cross section and length of the T-stem for a 1 in. thick T-stem, (b) vonMises stress contours along the cross section and length of the T-stem
for a 1-1/2 in. thick T-stem, (c) Proposed T-stem stiffness model versus experimental and FE results (3/4 in. stem thickness) [4], (d) Existing T-flange stiffness model versus experimental
and FE results [4], (e) Existing slip and bearing stiffness model versus FE results for built-up T-stubs associated with W30 × 108 beams.
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Eq. (1) was incorporated into the stiffness model developed in this
study for predicting the behavior of the T-stem.
2.1.1. Elastic stiffness
Unlike the model developed by Swanson and Leon [15] where only

part of the cross-section of the T-stem was considered effective, the
total stem cross-section was assumed to contribute to its stiffness,
ductility and strength. This assumption is consistent with the FE results
performed in this study where the von Mises stresses were found to
propagate to the outer edges of the T-stem and along the full cross-
section as shown in Fig. 2(a) and (b). During the elastic range,
the load is assumed to be uniformly distributed along the width of the
T-stem, and therefore the elastic stiffness of the T-stem, Ke,stem, can be
written as follows:

Ke;stem ¼ WstemtsE
Lsb

ð2Þ

whereWstem (in. or cm) is thewidth of the T-stem, and E (ksi or MPa) is
the elastic modulus of the base material.
2.1.2. Yield load
The yield load, Py,stem, is calculated by multiplying the cross section

net area by the material yield stress as given by the equation below:

Py;stem ¼ Fy Wstem−2dhð Þts ð3Þ

where Fy (ksi or MPa) is the yield stress of the base material and dh (in.
or cm) is the hole diameter.

2.1.3. Plastic stiffness
The plastic stiffness is calculated based on the assumption that the

material, extending from the first to the nth row of bolts and around
the bolt holes (Fig. 2a and b), starts to strain-harden before the remain-
ing part of the cross sectionwhich ismainly dependent on the thickness
of the T-stem, ts. The plastic T-stem stiffness, Kp,stem, can be written as
follows:

Kp;stem ¼ 0:5Le þ gs−dhð ÞtsEs
Lsb

ð4Þ

where Le (in. or cm) is defined as the edge distance, and the factor 0.5 is a
constant representing the contribution of stresses outside the gage dis-
tance where the value was obtained from FE investigation, gs (in. or cm)
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is the spacing between successive rows of shear bolts, and Es (ksi or MPa)
is the tangent modulus of elasticity.

2.1.4. Ultimate load
The ultimate load of the T-stem, Pu,stem, was calculated by assuming a

uniform stress distribution along the cross section of the T-stem in ac-
cordance with Hu et al. [11] and Swanson and Leon [15]. The ultimate
load was calculated by multiplying the net cross sectional area by the
material ultimate stress. The following equation is used to calculate
the ultimate load at failure:

Pu;stem ¼ Fu Wstem−2dhð Þts ð5Þ

where Fu (ksi or MPa) is the ultimate stress of the material.

2.1.5. Results
The accuracy of theproposed stiffnessmodel of the T-stemdescribed

above is validated by comparing the model predictions against experi-
mental results generated by Hantouche et al. [2] and the predictions of
other existing models available in the literature [11,12,15]. This is
shown in the total force-deformation response of a ¾ in. (1.9 cm)
thick T-stem depicted in Fig. 2(c). It can be seen from the results
presented in Fig. 2(c) that the proposed stiffness model predicts exper-
imental results considerably better than existing models as far as
ultimate load and deformation (Swanson and Leon [15]). The stiffness
T-stem model predicted an ultimate load capacity in the T-stem of
278 kips (1234 kN) and ultimate deformation capacity of 0.6 in.
(1.48 cm) which are only 1% and 5% different from the experimentally
measured ultimate load and deformation capacities of 281 kips
(1250 kN) and 0.62 in. (1.55 cm), respectively. Note that the proposed
model does not account for the softening part in the experimental
results which is due to the partial yielding prior to full plastification of
the T-stem cross-section.

2.2. Thick flange T-stub/tension bolt stiffness model

The existing stiffness model developed by Hantouche et al. [10]
is used to determine the force-deformation response for thick flange
T-stub connections. Themodel is composed of a bolt model and a flange
model, and is able to predict partial yielding of the flange at the flange-
to-stem connection of the T-stub followed by bolt fracture. The model
uses geometrical and mechanical properties consistent with previous
stiffnessmodels that are based on incremental analysis [12–15]. Nonlin-
earmaterial behavior is accounted for in this formulation. Amulti-linear
force-deformation model is used for the bolts to idealize the behavior
obtained from tensile test conducted for the bolts [10]. The partial yield-
ing in the thick T-flange is accounted for by incorporating a nonlinear
torsion spring at the flange-to-stem connection of the T-stub. The bolt
model incorporates a variable bolt stiffness that captures the changing
behavior of the bolts as a function of the load that they are subjected to.

2.2.1. Results
The performance of the stiffness model for a thick built-up T-stub

flange was validated by comparing the model prediction with experi-
mental and FE results. The model was found [10] to accurately predict
the force-deformation response taking into account bolt pretensioning,
partial yielding of the flange, and contact phenomena as shown in
Fig. 2(d).

2.3. Slip and bearing stiffness model

The existing stiffnessmodel developed byHu et al. [11] is used to re-
produce the force-deformation response of the slip and bearingmecha-
nism. The model combines the bearing deformation of the T-stem, and
the relative slip between the T-stem and the beam flange. The model
predicts first deformation from the T-stem until the applied load
reaches the slip load. At the onset of the slip load, relative slip between
the beam flange and the T-stem occurs leading to a significant loss of
stiffness. As the load increases beyond the slip load, the shear bolts
start to bear against the beam flange, and thus the stiffness increases
again. Loading continues until yielding of the T-stem. Finally, at a certain
load level beyond yielding, net section fracture of the T-stem occurs.

2.3.1. Results
The slip and bearing stiffnessmodel is validated by comparisonwith

FE results performed by Hantouche et al. [8] for thick built-up T-stub
connections associated with W30 × 108 beam as shown in Fig. 2(e). It
is shown that the model accurately predicts the force-deformation
curve for the slip and bearing. Note that the slight difference in the
slip plateau between the existing model and the FE results is due to
stress concentrations that occurred around the bolt holes in the FE anal-
ysis which are not considered in the existing model.

2.4. Column flange stiffness model

2.4.1. Excluding continuity plates effect
In moment resisting frames, thick-flange T-stub connections are

needed with deep girders to resist the large moment expected. This
may lead to a connection in which the T-stub flange is thicker than
the columnflange. In such cases, the columnflange is subjected to bend-
ing, and may undergo significant deformations. This behavioral charac-
teristic of the column flange causes the secondary prying phenomenon.
A stiffness model for predicting the strength, stiffness, and ductility of
column flangewith andwithout continuity plates considering the effect
of secondary prying is needed for seismic design. The following
proposed stiffness model is based on the results obtained from the FE
and experimental results.

2.4.1.1. Bolt stiffness. The bolt stiffness model proposed by Hantouche
et al. [10] and Swanson and Leon [15] with some modification is used
to incorporate the change in stiffness of the tension bolts throughout
the loading history of the column flange. The only modification is relat-
ed to the plastic stiffness of the tension bolt. The plastic stiffness was
modified from 1% to 3% of the elastic stiffness. The model is composed
of four linear segments. The first segmentmodels the bolt in the preten-
sion step, the second segment models the bolt in the elastic range, the
third segment models the bolt after first yielding has been reached
and the fourth segmentmodels the bolt in the plastic range. The follow-
ing relationships are used to describe the bolt stiffness:
Bolt force (kip or kN)
 Bolt stiffness (kip/in. or kN/cm)

0 ≤ B ≤ B0
 Kb,1 = 5Kb
 (6)

B0 ≤ B ≤ 0.95Bn
 Kb,2 = Kb
 (7)

0.95Bn ≤ B ≤ Bn
 Kb,3 = 0.1Kb
 (8)

Bn ≤ B ≤ Bfracture
 Kb,4 = 0.03Kb
 (9)
where B (kips or kN) is the current force in the tension bolt, B0 (kips or
kN) is theminimum pretension force per bolt as specified by ANSI/AISC
360 [17], Bn (kips or kN) is the tensile capacity of the bolt, Bfracture (kips
or kN) is the fracture load of the bolt, and Kb (kips/in. or kN/cm) is the
stiffness of the bolt in the elastic range.

2.4.1.2. Elastic–plastic column flange stiffness model. A model that uses
geometrical and mechanical properties consistent with previous stiff-
ness models that are based on incremental analysis is presented. The
model predicts the response of the column flange as yielding starts
and the plastic zone penetrates through its thickness. Nonlinearmateri-
al behavior and shear deformation are accounted for in the formulation.

The column flange response is modeled analytically on the basis of a
beam representation for the flange, a multi-linear spring for the bolts,
and accounting for the contact phenomenon that occurs between the
T-stub flange (assumed rigid) and the column flange. Two assumptions
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were made to account for the degree of bending that occurred in
the tension bolts: (1) the resultant of the bolt force (for both interior
and exterior) was shifted a distance of db/2 from the bolt centerline as
presented in Swanson and Leon [15], and (2) the ultimate strength
was taken slightly lower than that of the bolt subjected to pure tension.
The model considers the limit states of fully plastic hinges forming near
the K-zone and at the bolt lines. The secondary prying force at the tip of
theflangewas simulated using pin supports. Fig. 3(a) shows the column
flange model proposed to characterize its force-deformation behavior.

The system is loaded by applying a vertical force at point A (K-zone).
The change of the reaction load at point C (column flange tip) at every
load increment is the prying gradient, and the reaction load at failure
of the bolts is the secondary prying force. The ratio of the applied force,
T, at point A (K-zone) to the displacement, Δ, of point A (K-zone) is
the stiffness of the column flange. The location of the linear spring is
assumed to occur at a distance of half bolt diameter (db/2) away from
the bolt centerline as shown in Fig. 3(a).

Several failure modes of the column flange are possible. Fig. 3(b)
shows the decision tree of the possible column flange states considered
in this study. Note that the subscripts used for the stiffness term in
the decision tree correspond to the state of the column flange at the
K-zone and bolt lines and to the state of the tension bolts. For example,
keee,kk, represents the stiffness of the column flange when it is still in its
elastic range with both tension bolts in the kth stiffness state. Whereas
Fig. 3. (a) Complete column flange geometry,
the term, kpee,kk, represents the stiffness of the column flange when
plastification has occurred at the K-zone and both tension bolts are in
the kth stiffness state.

According to the detailed FE investigation performed by Hantouche
et al. [2,8], full plastification of the column flange occurred only at the
K-zone, and both the bolt lines were still in their elastic range when
interior tension bolt fracture occurred for all the tested cases. Note
that the stiffness terms corresponding to the state of full plastification
of the bolt lines were not derived since they are not applicable for the
cases studied in this research.

The following series of equations represent the stiffness, Keee,kk, the
change in the interior and the exterior bolt force ΔBint and ΔBext respec-
tively, the change in themoment at the K-zone,ΔMK-zone, and the prying
gradient, ΔQ, terms for different column flange limit states:

(1) Elastic column flange limit state:

ΔQ ¼ ΔT

a3γ1

6EI
−a aþ bþ cð Þ2γ1

2EI
þ γ1γ2ac

2

2EIγ3
− f saγ1

GA
þ γ2

γ3
−1

 !

ð10Þ

ΔB int ¼
ΔQγ2

γ3
ð11Þ
(b) Decision tree for half column flange.



284 E.G. Hantouche, N.H. Abboud / Journal of Constructional Steel Research 95 (2014) 279–289
ΔBext ¼
ΔQa3

6EI
−ΔQa aþ bþ cð Þ2

2EI
þ ΔBintac

2

2EI
− f sΔQa

GA

 !
γ1

ð12Þ

ΔMK−zone ¼ ΔT bþ cð Þ−ΔBintb−ΔQa ð13Þ

Keee;kk ¼
1
γ7

ð14Þ

γ1 ¼ 1

1
Kb1;k

−a bþ cð Þ2
2EI

 ! ð15Þ

γ2 ¼ aþ bð Þ3
6EI

− a3b3γ1

36 EIð Þ2 þ
ab3 aþ bþ cð Þ2γ1

12 EIð Þ2

þ ab3 f sγ1

6EIGA
− aþ bð Þ aþ bþ cð Þ2

2EI

þ a3 aþ bð Þ bþ cð Þ2γ1

12 EIð Þ2 − a aþ bð Þ bþ cð Þ2 aþ bþ cð Þ2γ1

4 EIð Þ2
þ γ4

ð16Þ

γ3 ¼ 1
Kb2;k

þ ab3c2γ1

12 EIð Þ2 − aþ bð Þc2
2EI

−ac2 aþ bð Þ bþ cð Þ2γ1

4 EIð Þ2 − abc2 f sγ1

2GAEI

 !

ð17Þ

γ4 ¼ −a aþ bð Þ bþ cð Þ2 f sγ1

2GAEI
− aþ bð Þ f s

GA

þ a3bf sγ1

6EIGA
−ab aþ bþ cð Þ2 f sγ1

2GAEI
− f s

GA

� �2
abγ1 ð18Þ

γ5 ¼ a3γ1

6EI
− a aþ bþ cð Þ2γ1

2EI
þ γ1γ2ac

2

2EIγ3
− f saγ1

GA

þ γ2

γ3
−1 ð19Þ

γ6 ¼ a3

6EIγ5
− a aþ bþ cð Þ2

2EIγ5
þ γ2ac

2

2EIγ3γ5
− f sa

GAγ5
ð20Þ

γ7 ¼ aþ bþ cð Þ3
6γ4

−γ1γ6 bþ cð Þ3
6

− γ2c
3

6γ3γ4

 !
þ γ8

" #

� 1
EI

� �
þ γ9 ð21Þ

γ8 ¼ f s
GA

� �
− aþ bþ c

γ4

� �
þ γ1γ6 bþ cð Þ þ γ2c

γ3γ4

� �� �
ð22Þ

γ9 ¼ − aþ bþ cð Þ2
2γ4

 !
þ γ1γ6 bþ cð Þ2

2
þ c2γ2

2γ3γ4

 ! !

� aþ bþ cð Þ ð23Þ

(2) Plastic hinge formation at K-zone column flange limit state:

ΔQ ¼ ΔT 1− bþ c
bKb2;kγ10

−bþ c
b

 !
1
γ11

� �
ð24Þ

ΔBint ¼
ΔT bþ cð Þ

b
−ΔQa

b
ð25Þ
ΔBext ¼
 
ΔBint

Kb2;k
−ΔQ aþ bð Þ3

6EI
−ΔQ f s aþ bð Þ

GA

þΔQa2 aþ bð Þ
6EI

þ ΔQ f s aþ bð Þ
GA

!
1
γ10

� �
ð26Þ

Kpee;kk ¼
1
γ14

ð27Þ

γ10 ¼ aþ b
aKb1;k

− b3

6EI
þ f sb

GA

 !
ð28Þ

γ11 ¼ −a
bKb2;kγ10

− aþ bð Þ3
6EIγ10

þ a2 aþ bð Þ
6EIγ10

−2

 !
ð29Þ

γ12 ¼ 1− bþ c
bKb;2kγ10

− bþ c
b

 !
1
γ11

� �
ð30Þ

γ13 ¼
bþ c−aγ12

b
Kb;2k

− aþ bð Þ3γ12

6EI
− f s aþ bð Þγ12

GA

þ a2 aþ bð Þγ12

6EI
þ f s aþ bð Þγ12

GA
ð31Þ

γ14 ¼ aþ bþ cð Þ3γ12

6EI
− bþ cð Þ3γ13

6EIγ10
− c3

6EI

 !
bþ c−aγ12

b

� �
þ γ15 þ γ16 ð32Þ

γ15 ¼ f s
GA

� �

� aþ bþ cð Þγ12 þ bþ cð Þ γ13

γ10

� �
þ bþ c−aγ12

b

� �
c

� �
ð33Þ

γ16 ¼ 1
Kb1;ka

 !
γ13

γ10

� �
− a2γ12

6EI
þ f sγ12

GA

 !
aþ bþ cð Þ ð34Þ

where ΔT (kips or kN) is the change in the applied load, a (in. or
cm) is the length of a column flange measured from the inside
edge of the exterior bolt line to the outside edge of the column
flange, b (in. or cm) is the gage distance between the tension
bolts, c (in. or cm) is the length of the column flange measured
from the inside edge of the interior bolt to the location of occur-
rence of the plastic hinge at the K-zone of the column flange, γ1,
γ2, γ3, γ4, γ5, γ6, γ7, γ8, γ9, γ10, γ11, γ12, γ13, γ14, γ15 and γ16 are
constants used in the calculation of the column flange stiffness,
A (in2 or cm2) is the cross sectional area, fs is the shape factor
used in computing the shear deformations, G (ksi or MPa) is
the shear modulus of elasticity, I (in4 or cm4) is the second mo-
ment of inertia of a cross section, Kb1,k (kips/in. or kN/cm) repre-
sents the stiffness of the interior bolt in the kth range, and Kb2,k

(kips/in. or kN/cm) represents the stiffness of the exterior bolt
in the kth range. Note that from the FE investigation performed
by Hantouche et al. [2,8], it was determined that the plastic
hinge forms at a distance of ¼ in. away from the middle of the
column web.

The stiffness terms were derived to be applied in an incremental
computer automated iterative solution as shown in Fig. 4. At the begin-
ning of the loading step, the flange is still in its elastic state. An engineer
would start by determining the elastic stiffness of the flange keee,kk. Next,
several checks need to be made to determine which limit state will be
reached first. The possible limit states are: (1) full plastification of the
K-zone, (2) yielding of the interior bolt, (3) yielding of the exterior
bolt, and (4) separation of the column flange and T-stub flange. Then,



Fig. 4. Flowchart of the incremental stiffness column flange model.
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the prying gradient, the moment at the K-zone and the forces in the in-
terior and exterior bolts corresponding to the current load step are com-
puted. Finally, incremental displacement corresponding to the current
load step is calculated, and the new stiffness is determined and the pro-
cess is repeated again until the bolt force reaches Bfracture. The entire pro-
cedure is illustrated in Fig. 4. After determining the amount of secondary
prying using the stiffness model above, the tension bolt diameter is
recomputed to account for the additional force introduced to the bolts
due to secondary prying effect. This is done by increasing the applied
load by the amount of secondary prying and thus the new bolt diameter
can be computed. Note that limit states (3) and (4)were not included in
the analysis since the FE results shows that those limit states are not
possible for the cases studied.
2.4.1.3. Model performance. The performance of the column flange stiff-
ness model was assessed by comparing the model predictions with
the FE analysis results generated by Hantouche et al. [8] for thick
built-up T-stubs associated with deep girders. The FE results were vali-
dated against experimental results performed by Hantouche et al. [2]
and are deemed valid for comparison with the stiffness model results.
Note that the cases considered in this analysis cover all the range of
deep girders according to the current design practice.

Fig. 5(a) and (b) show a comparison of the proposed column flange
stiffness model versus the FE results for thick built-up T-stubs associat-
ed with W24 × 76 and W30 × 108 beams, respectively. The proposed
column flange stiffness model predicts interior tension bolt fracture
after full plastification of the column flange K-zone for both W24 × 76

image of Fig.�4
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and W30 × 108 beams at an applied load of 755 kips (3358 kN) and
787 kips (3500 kN), respectively. This is around 1% and 6% less than
the failure load predicted by the FE which are 765 kips (3403 kN) and
838 kips (3727 kN), respectively. The ultimate deformation predicted
by the proposed column flange stiffness model is 0.15 in. (0.36 cm)
and 0.14 in. (0.35 cm) forW24×76 andW30×108 beams, respectively.
This is around 11% and 14% less than the ultimate deformation
predicted by the FE models which are 0.16 in. (0.41 cm) and 0.15 in.
(0.38 cm), respectively. This difference can be due to the fact that the
column flange was modeled as a beam in the proposed column flange
stiffness model which results in additional bending in the bolts predict-
ed by the column flange stiffness model, and thus predicts the failure of
the tension bolts at a lower load, and therefore resulting in a stiffer
behavior. Furthermore, when applying the proposed column flange
stiffness model the parameter, p, corresponding to the tributary
area per bolt, was assumed to be equal to half of the breadth of the
T-flange which does not reflect the complexity of the stress distribution
in the column flange which propagates through the height of the
column flange as the load increases. The proposed column flange stiff-
ness model predicts full plastification of the column flange K-zone
followed by yielding of the interior tension bolts. Loading continues
until yielding of the exterior bolts occurs. Finally, at a certain load level
the interior tension bolts fracture.

Fig. 5(c) shows a comparison of the results obtained by the column
flange stiffness model and the FE analysis for a W24 × 76 girder having
a ratio of column flange thickness to T-stub flange thickness tcf/tTf equal
to 0.90. The proposedmodel predicts failure of the interior tension bolts
at an applied load of 658 kips (2927 kN) which conforms to the FE
results. This is around 5% less than the failure load predicted by the FE
analysis which is 698 kips (3103 kN). In addition, the model predicts a
deformation at failure of 0.06 in. (0.15 cm). It can be clearly seen that
the deformation predicted by the column flange stiffness model is
negligible compared to the deformation that occurs in the column
flange for the case where tcf/tTf is less than 1 which conforms to the
study performed by Hantouche et al. [8].
2.4.2. Including continuity plates effect
The presence of continuity plates in steel connections reduces the

overall ductility of the connection. Several experimental programs
[5,22–24] have been conducted on bolted T-stub connections including
continuity plates to study the behavior of the system under monotonic
and cyclic loading. The results of these studies show no significant
deformation from the column flange side. In addition, according to the
detailed FE investigation performed by Hantouche et al. [8] on bolted
thick built-up T-stub connections, it was shown that for the cases
where continuity plates are provided, the deformation from the column
flange is negligible and therefore secondary prying effect is not sig-
nificant. The cases investigated in the study above included deep
beamswith depth ranging from 24 in. (60 cm) till 36 in. (90 cm), having
tcf/tTf ranging from 0.60 to 1.33. In order to account for the additional
stiffness in the columnflange due to the continuity plates, a relationship
was developed to relate the elastic stiffness of the force-deformation
curve of the column flange with and without continuity plates as a
function of tcf/tTf. The study included 4 cases with tcf/tTf ranging
between 0.60 and 1.20. The following relationship has been obtained
with an R2 = 0.94:

Kcp;eee ¼ Keee;kk 1:5
tcf
tTf

 !
þ 0:7

 !
ð35Þ

where Kcp,eee (kips/in or kN/cm) is the elastic stiffness of the column
flange including continuity plates, tcf (in. or cm) is the thickness of the
column flange, and tTf (in. or cm) is the thickness of the T-stub flange.

2.5. Total assembly

After each of the different deformation mechanisms has been com-
puted, the total force-deformation curve of the connection is obtained
by assembling the contribution from individual components at common
incremental loads. Linear interpolation is used tomake sure that all load
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points from all the component stiffness models are included in the total
force-deformation curve. Fig. 6 shows a comparison of the total force-
deformation curve obtained from the stiffnessmodel and the FE analysis
results for thick built-up T-stubs associated withW24 × 76 girders with
a ratio tcf/tTf equal to 0.67. The proposed stiffness model predicts the
force-deformation response of the T-stub/column flange system with
excellent agreement when compared with FE results. In addition, the
model predicts an ultimate capacity of the connection of 755 kips
(3358 kN) which is around 1% lower than the actual capacity predicted
by the FE analysis which is 765 kips (3403 kN). The model also predicts
an ultimate deformation of 0.36 in. (0.91 cm) which is around 2% lower
than the actual deformation predicted by the FE analysis which is
0.37 in. (0.94 cm).

2.6. Model limitations

The proposed stiffness model is based on rational mechanistic
assumptions and experimental and FE results. Simplifications and as-
sumptions were made to reduce the complexity level of the problem.
Therefore, some limitations exist:

• The proposed T-stem model only applies to thick built-up T-stubs
associated with deep girders ranging fromW24 toW36 depth having
T-stem configurations similar to the one shown in Fig. 1. Also, the pro-
posedmodel is bilinear and does not account for the gradual change in
stiffness due to the partial yielding of the T-stem that occurs prior to
full-plastification of the cross-section.

• The column flange stiffness model is very sensitive to the material
properties of the tension bolts, thus accurate knowledge of the mate-
rial properties being used is preferable when using the proposed
column flange model to predict the force-deformation curve.

• When using the column flange stiffness model, the tributary area per
tension bolt was assumed to be located around the tension bolt holes
due to stress concentrations around the holes. Although this assump-
tion does not reflect the true complexity of the stress distribution in
the column flange, however, acceptable results were achieved.

3. Column flange strength model

The possible failuremodes of the columnflange are: (1) formation of
a plastic hinge at the K-zone followed by fracture of the interior tension
bolts, (2) formation of a plastic hinge at the 1st bolt line followed by
fracture of the interior tension bolts, (3) full plastification of the column
flange, and (4) pure tension bolt fracture. The FE analysis performed by
Hantouche et al. [8] thick built-up T-stub connections showed that
when the ratio tcf/tTf ranges between 0.6 and 1, failure mode (1) occurs.
A strength model that predicts the capacity of the column flange
including secondary prying effect when failure mode (1) occurs is
developed. Fig. 3(a) shows the state of the column flange at failure
when failure mode (1) occurs. Moment equilibrium of the column
flange results in the expression below:

T aþ bþ cð Þ ¼ B1ncþ B2n bþ cð Þ þMK−zone ð36Þ

where B1n (kips or kN) is the tensile capacity of the exterior tension bolt,
and B2n (kips or kN) is the tensile capacity of the interior tension bolt.

At failure of the interior bolts, the moment at the K-zone, MK-zone, is
equal to the plastic moment capacity of the column flange,Mp, and can
be written as follows:

Mp ¼ tcf p
2

4

 !
Fy ð37Þ

Eqs. (36) and (37) yield the ultimate capacity of the column flange.

T ¼ B1nc
aþ bþ c

þ B2n bþ cð Þ
aþ bþ c

þ Fytcf p
2

4 aþ bþ cð Þ ð38Þ

The performance of the column flange strengthmodel was validated
by comparing the model predictions with the FE analysis results per-
formed by Hantouche et al. [8] for thick built-up T-stubs associated
with W24 × 76 and W30 × 108 girders having a ratio, tcf/tTf, of 0.60
and 0.67, respectively. The proposed strength model predicts an ulti-
mate capacity of the column flange for W24 × 76 and W30 × 108
beams of 752.60 kips (3348 kN) and 967 kips (4301 kN), respectively.
This is around 2% less and 13% higher than theultimate capacity predict-
ed by the FE model.

4. Energy dissipation

Energy dissipation is defined as the area under the outer hysteresis
loop in a cyclic test. The prediction of the energy dissipation of a connec-
tion is important as it enables the designers to predict the overall
connection ductility [3]. Many research studies have been conducted
on bolted T-stub connections under cyclic loading aiming at identifying
the geometric and mechanical parameters affecting the behavior of
T-stub connections under cyclic loading [12,18,19,25]. According to
the experimental results obtained by Hantouche et al. [2], thick built-
up T-stub connections have similar behavior under monotonic and cy-
clic loading. Thiswas validated by computing the values for the stiffness
degradation, which is defined as the change in the initial stiffness of the
force-deformation curve under cyclic loading between the first and the
last cycle, which ranges between 3% and 11%, and thus it can be
neglected as shown in Fig. 7(a) and (b). Furthermore, the experimental
results reported by Hantouche et al. [2] show that thick built-up T-stub
connections have identical failure modes and almost equal ultimate
capacity under monotonic and cyclic loading. Finally, based on the
experimental results performed by Hantouche et al. [2], no sudden
slip was observed under cyclic loading. Fig. 7(a) and (b) show the cyclic
versus the monotonic curve for thick built-up T-stub component
having stem thicknesses of 3/4 in. (1.90 cm) and 1.25 in. (3.13 cm),
respectively.

4.1. Energy dissipation T-stub/column flange system: A closed-form model

4.1.1. Energy dissipation from the T-stub
From the FE investigation and experimental results performed by

Hantouche et al. [2,8], two failure modes were associated with thick
built-up T-stub connections associated with deep girders: (1) T-stem
fracture, and (2) tension bolt fracture. Based on these failure modes,
eight scenarios were identified depending on: (1) the limit state of the
T-flange and T-stem at failure of the connection, and (2) the occurrence
of the relative slip between the beam flange and the T-stem. The
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following equations are used to predict the T-stub energy dissipation
capacity, ED, depending on the governing yielding mechanisms and
the failure modes of the connection:

Case 1.

ED ¼ 1
2

Pu
2

Ke;stem
þ 1
2
Py;flange

2

Ke;flange
þ λ1 ð39Þ

Case 2.

ED ¼ 1
2

Pu
2

Ke;stem
þ 1
2
Py;flange

2

Ke;flange
þ λ1 þ λ2 ð40Þ

Case 3.

ED ¼ 1
2
Py;stem

2

Ke;stem
þ 1
2Kp;stem

Pu
2−Py;stem

2
� �

þ 1
2
Py;flange

2

Ke;flange
þ λ1 ð41Þ

Case 4.

ED ¼ 1
2
Py;stem

2

Ke;stem
þ 1
2Kp;stem

Pu
2−Py;stem

2
� �

þ 1
2
Py;flange

2

Ke;flange
þ λ1 þ λ2 ð42Þ

Case 5.

ED ¼ 1
2
Ke;stemPy;stem þ 1

2Kp;stem
Pu

2−Py;stem
2

� �
þ 1
2
Ke;flangePu ð43Þ

Case 6.

ED ¼ 1
2
Ke;stemPy;stem þ 1

2Kp;stem
Pu

2−Py;stem
2

� �
þ 1
2
Ke;flangePu þ λ2 ð44Þ

Case 7.

ED ¼ 1
2
Py;stem

2

Ke;stem
þ 1
2Kp;stem

Pu
2−Py;stem

2
� �

þ 1
2
Py;flange

2

Ke;flange
þ λ3 ð45Þ

Case 8.

ED ¼ 1
2
Py;stem

2

Ke;stem
þ 1
2Kp;stem

Pu
2−Py;stem

2
� �

þ 1
2
Py;flange

2

Ke;flange
þ λ2 þ λ3 ð46Þ

λ1 ¼ 1
L

� �
Fy

tTf
2

4

 !
θu−θy
� �

Lð Þ þ Fyεy
2tTf

2

θuL
−

Fyεy
2tTf

2

3θuL
ð47Þ

λ2 ¼ 1
2

Pslip þ Pslip þ 0:04Ke;stemPslip

� �h i
Δslip

þ 1
2Kbearing

Pu
2− Pslip þ 0:04Ke;stemPslip

� �2� �
ð48Þ

λ3 ¼ 1
L

� �
Fy

tTf
2

4

 !
θc−θy
� �

Lð Þ þ Fyεy
2tTf

2

θcL
−

Fyεy
2tTf

2

3θcL
ð49Þ

where Pu (kips or kN) is the ultimate load of the T-stub, Py,flange (kips or
kN) is the yield load of the T-flange, tTf (in. or cm) is the thickness of the
T-flange, θu (rad/in. or rad/cm) is the rotation of the flange atwhich bolt
fracture occurs, θc (rad/in. or rad/cm) is the rotation of the flange at
which stem fracture occurs, θy (rad/in. or rad/cm) rotation of the flange
atwhichpartial yielding of the T-flange occurs, εy is the strain at yielding
of the steel, Pslip (kips or kN) is the load that causes relative slip between
the beam flange and the T-stem, Δslip (in. or cm) is the relative slip
between the beam flange and the T-stem which is equal to the hole
clearance, L (in. or cm) is the moment arm for the T-flange, stiffness
model, Ke,flange (kips/in. or kN/cm) is the initial stiffness of the T-flange
stiffness model, Kbearing (kips/in. or kN/cm) is the bearing stiffness of
the slip and bearing stiffness model, and λ1, λ2, and λ3 are constants
used for the calculation of the energy dissipation capacity of the T-stub.

The prediction of the energy dissipation capacity, ED, of thick built-
up T-stub connections associatedwith deep girders requires the follow-
ing steps:

(1) Prediction of the T-stem force-deformation curve using the
proposed stiffness model in Section 2.1;

(2) Prediction of the T-flange force-deformation curve using the
flange partial yielding stiffness model developed by Hantouche
et al. [10];

(3) Prediction of the slip and bearing force-deformation curve using
Hu et al. [11] stiffness model;

(4) Assembly of the monotonic force-deformation curve using the
above component stiffness models;

(5) Identifying the T-stem and T-flange state at failure of the connec-
tion;

(6) Computation of the energy dissipation capacity of the T-stub
using Eqs. (39) to (46);

The performance of the energy dissipation model was validated by
comparing the model predictions with the energy dissipation capacity
values predicted from the experimental results having T-stem thickness
of¾ in. (1.90 cm) and 1-1/4 in. (3.13 cm). Themodel accurately predicts
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the energy dissipation capacity of the thick built-up T-stubs. The model
predicts a value of 67 kips-in. (746 kN-cm) for thick built-up T-stubs
with T-stem thickness of 1-1/4 in. (3.13 cm) which is around 12%
lower than the value obtained from the experimental results which is
77 kips-in. (854 kN-cm). The model also predicts an energy dissipation
capacity of 146 kips-in. (1622 kN-cm) for thick-built-up T-stubs
with T-stem thickness of ¾ in. (1.90 cm) that is around 1% higher than
the value obtained from experimental results which is 145 kips-in.
(1611 kN-cm).

4.1.2. Energy dissipation from the column flange side without continuity
plates

After identifying the major parameters that impact the energy
dissipation which was found to be tcf/tTf, cases were selected and
modeled using ABAQUS. For cases where tcf/tTf is larger than 0.76 or
when continuity plates are supplied, the contribution of the column
flange side to the total energy dissipation of the T-stub/column flange
system is considered negligible [8].

The results obtained showed that for cases where tcf/tTf ranges be-
tween 0.60 to 0.76, the energy dissipation capacity from the column
flange without continuity plates ranges between 66% and 54% of the
total energy dissipated, respectively. The results showed that the
column flange side has a significant contribution to the overall energy
dissipation capacity of the connection.

5. Conclusions

In designing thick flange T-stub connections associated with deep
girders, all yieldingmechanisms and failuremodes need to be identified
including the secondary prying phenomenon due to column flange
bending which is considered a potential failure mode in connections
studied in this research. A proposed stiffness model that predicts the
force-deformation curve of thick T-stub/column flange system with
and without continuity plates including secondary prying effect is
developed. Also, a proposed strength model that predicts the capacity
of the column flange for the failure mode of full plastification at the K-
zone followed by interior bolt fracture is developed. The proposed stiff-
ness and strength models show excellent agreement when comparing
with experimental and FE results. Closed form expressions that predict
the energy dissipation capacity of the connectionwith andwithout con-
tinuity plates were developed and showed excellent agreement when
comparingwith experimental results. The results show that the column
flange contributes significantly to the overall ductility of the connection.
This study provides engineers guidelines to design for the additional
load induced in the tension bolts and for themaximum rotational capac-
ity demandof the connectionwhich are required in seismic analysis and
design. It also provides guidelines to detail connections without conti-
nuity plates (if other requirements were satisfied) which result in
gaining additional ductility while satisfying the strength requirements.
One of the main advantages of the proposed stiffness model is that, in
addition to its accuracy, it requires much less computational effort
than that required using FE analysis, and can be used as well in more
advanced modeling applications for seismic analysis and design.
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