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A mechanical model is developed to predict the time-independent (fast) and time-dependent (due to thermal
creep) force-rotation characteristics of shear tab connections subjected to fire. The time-independent behavior
of the connection is modeled using a group of springs that can predict the rotational stiffness and the strength
of the connection when subjected to fire temperatures. A modified Burgers model is incorporated in the
mechanical model to include the thermal creep effect. The modified Burgersmodel is composed of linear springs
and viscous dashpots that can predict the time-dependent behavior of the shear tab connection before and after
beam-column contact, and bolt bearing. The proposed model shows excellent agreement when compared
with experimental results and finite element (FE) simulations. Furthermore, isochronous curves are developed
to study explicitly the effect of different parameters, on the strength and rotational capacity of shear tab connec-
tions. The proposedmodel can be considered an important step toward the inclusion of thermal creep in fire de-
sign of shear tab connections.
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1. Introduction

Steel structures can be exposed to hazardous fire accidents, leading
to partial or total collapse of the structure. One of the reasons for struc-
tural failure underfire conditions, is that the steelmaterial becomes vul-
nerable and loses its strength and stiffness at elevated temperatures. In
addition to material degradation, thermal induced forces are developed
in the beam-end connections that result in structural instability of the
system during fire events. One of the most common types of connec-
tions used in structural frame systems, specifically in the US, are shear
tab connections. Shear tab is considered a simple shear connection, de-
signed to mainly resist vertical shear forces with small beam-end mo-
ments. However, additional thermal forces are also applied on the
connection during fire, which significantly affects the resistance and
the behavior of steel connection. Moreover, for long fire durations, the
behavior of steel connections is highly influenced by the effect of ther-
mal creep. Thermal creep of steel is defined as the time-dependent plas-
tic deformation of steel material under sustained loads and
temperatures.

Steady-state experimental tests were conducted on isolated shear
tab connections to investigate their behavior (time-independent) at fire
temperatures [1,2]. During these fast-loading rate tests, the specimens
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were subjected to either axial or combined shear-axial forces. The test
results showed that the capacity and failuremodes of the shear tab con-
nections are affected by temperature. Furthermore, transient-state ex-
perimental tests were conducted on full-scale steel frames using
different types of connections (shear tab, double angle, and endplate)
and column sizes, to study their impact on the thermal behavior of axi-
ally restrained beam-column sub-frames [3]. Numerical investigations
were also conducted to study the effect of different connection param-
eters on the behavior of shear tab connections under steady-state and
transient-state conditions [4]. The FE modeling can be used to investi-
gate and predict accurately the overall behavior of connections. How-
ever, it requires very high computational effort. Another alternative is
to develop a mechanical model (known as component model in
Eurocode 3 [5]) to predict themoment-rotation and force-rotation char-
acteristics of steel connections in fire. These models also provide a deep
understanding of the overall response and help designing steel connec-
tions in fire. Mechanical models were developed by [6] to predict the
force-displacement characteristics of different types of lap joints at am-
bient temperature, (composed of steel plates and shear bolts). More-
over, mechanical models were developed for shear tab connections
under inclined and tensile loads to predict the force-rotation
and force-displacement characteristics at ambient and elevated
temperatures [1,7].

The National Institute of Standard and Technology (NIST) recog-
nized the importance of thermal creep of steel in its study ofWTC build-
ing collapse [8]. Thus, creep effect was included in all the simulations of
WTCbuilding collapse to both columns andfloor beams. It is known that
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the behavior of steel is highly influenced by the thermal creep effect,
when the temperature reaches around one-third of the melting point
of structural steel material [9]. Limited studies were conducted to
study the thermal creep behavior of steel structural elements when ex-
posed to elevated temperatures for long durations. This includes the
work performed by Kodur and Dwaikat [10] where the effect of thermal
creep on the behavior of restrained steel beams were investigated. The
results showed that neglecting the thermal creep of steel leads to unsafe
predictions in the behavior of restrained beams, such as smaller deflec-
tions and larger thermal induced axial forces. Also, Morovat et al. [11]
investigated experimentally the buckling behavior of steel columns
under the effect of thermal creep. Moreover, it was observed that the
buckling load for a columndoes not dependonly on column slenderness
andmaterial degradation, but also on the duration of the applied load. In
addition, a series of FE simulations are conducted, by Jabotian and
Hantouche [12], under steady-state conditions (usingABAQUS) and val-
idated against the experimental work available in the literature [1].
Moreover, additional simulations were performed to study the time-de-
pendent behavior of the same shear tab connection under steady-state
creep analysis.

Very limited studies have been conducted on developing a mechan-
icalmodel to predict the time-dependent response of steel material at el-
evated temperatures. Torić and Burgess [13] developed a unified
rheological model to predict the creep strain of S275 and S355 steelma-
terials under steady-state and transient-state fire conditions. Moreover,
a mechanical model was developed to further predict the thermal creep
behavior of flush-endplate connections by using modified Burgers
model [14,15].

A mechanical model is developed to predict the overall response of
shear tab connections including the effect of thermal creep. First, a me-
chanicalmodel is assembled to predict the time-independent behavior of
shear tab connections at ambient and elevated temperatures. To include
the effect of creep, a modified Burgers model is developed [14] and in-
corporated in the mechanical model to predict the time-dependent re-
sponse of the shear tab connections. Finally, the proposed model is
validated against the experimental results [1] and FE simulations [12],
and is used to develop a series of isochronous curves, under the effect
of different parameters such as desired temperature, fire duration, and
applied stress level.

2. Mechanical modeling of shear tab connections

A mechanical model is developed to predict the behavior of the
shear tab connections under the effect of thermal creep subjected to
fire. To achieve this, a group of springs and dashpots are connected in
series and in parallel. Fig. 1 presents the rotation of the connection at
different creep stages, under a constant applied load and temperature,
Fig. 1. Typical creep curve under constant applied load and temperature.
where each stage is represented by a spring, dashpot or combination
of both.

2.1. Geometric properties and configuration

The connection specimen, selected for the mechanical modeling, is
composed of a FP 200 × 100 × 8 mm shear tab connected to a UB 305
× 165 × 40 mm beam using three bolts of grade 8.8 M20, and welded
to a UC 254 × 254 × 89 mm column. Further details of the connection
dimensions and boundary conditions are presented in Fig. 2.

2.2. Material properties

In all the models, mechanical properties of the steel beam and shear
tab are that of S275 material as stated in [1]. The strength of grade 8.8
bolts is assumed to be 900MPa. At elevated temperatures, themechan-
ical properties of the steel material and structural bolts are calculated
using the retention factors proposed by Lee et al. and Hu et al. [17], re-
spectively. To study the thermal creep behavior of the shear tab connec-
tion, a power law creep model proposed by Fields and Fields, is
incorporated in the mechanical properties of the steel material. This
creep model represents creep strain, εc, in the form of a Norton-Bailey
equation [19]:

εc ¼ atbσ c ð1Þ

where, t is the time,σ is the applied stress, and the parameters a, b and c
are the temperature-dependent material properties. Field and Fields
[18] derived equations for these temperature-dependentmaterial prop-
erties for ASTM A36 steel. In this study, the Fields and Fields creep
model is used to investigate the time-dependent behavior of shear tab
connections subjected to long fire durations.

3. Thermal creep analysis procedure

Two types of FE simulations (time-independent and time-dependent)
were performed to investigate the thermal creep effect on the behavior
of the shear tab connection at long fire durations [12]. First, a series of
fast steady-state (time-independent) FE simulations were conducted to
predict the strength and rotational capacity of the shear tab connections
at ambient and elevated temperatures. Note that, these FE tests are con-
sidered to be time-independent, due to the fast loading rate, where the
effect of thermal creep is not significant. During the steady-state FE sim-
ulations, the specimen is heated up to a specific temperature, and a con-
centrated inclined load is applied monotonically at the tip of the beam
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Fig. 2. Shear tab connection specimen (University of Sheffield 2007).
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Fig. 3. Time-independent mechanical-model assembly of shear tab connection.
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until connection failure occurs as per [1]. The results of the FE simula-
tions [12] were compared with the experimental data [1] for validation
purposes. The thermal creep effect is usually not included in the fast
steady-state FE simulations since it is considered to be not significant
for short durations. Additional FE simulations are conducted to further
investigate the behavior of the connection at different temperatures
ranging from 450 °C to 600 °C at 25 °C intervals.

In the second phase of the analysis, time-dependent FE simulations
were conducted to study the thermal creep response of the shear tab
connection under steady-state thermal conditions [12]. During the
time-dependent FE simulations, an inclined load is applied on the con-
nection and held constant for 120 min. The value of this load corre-
sponds to a fraction of the peak load applied in the time-independent
FE simulations (fast). This time-dependent test procedure was repeated
for different temperatures ranging from 450 °C to 600 °C at 25 °C inter-
vals, and for each temperature the value of the applied load ranges from
50% to 95% of the peak load at an increment of 5%. These tests are limited
up to a temperature of 600 °C, since Field and Fields [18]model can pre-
dict the creep in the temperature range of 350 °C to 600 °C. The objec-
tive of these FE simulations is to study explicitly the effect of
temperature and applied load on the thermal creep behavior of the
shear tab connection. Moreover, the results and the detailed procedure
of the thermal creep analysis procedure are further explained in thepre-
vious paper [12].

The time-dependent connection rotations resulting from the FE sim-
ulations [12] are further used to develop amechanical model capable of
predicting the thermal creep behavior of the shear tab connections
when subjected to constant loading at different elevated temperatures.

4. Time-independent mechanical model

The time-independent shear tab connection response ismodeled by a
group of springs as shown in Fig. 3. The components that contribute to
the overall stiffness of the shear tab connection are: the stiffnesses of
shear tab and beam web in bearing, the shear bolt stiffness, and the
axial stiffness of the beamwhen the beam is in contact with the column
flange, as shown in Fig. 3. Retention factors proposed by Hu et al. [17]
and Lee et al. [16] are incorporated in these equations to account for
the material degradation at elevated temperatures. Each of these com-
ponents is modeled using a spring stiffness equation as follows:

4.1. Shear tab/beam web in bearing

The bearing stiffness of shear tab/beamweb, kbr, is computed as per
Sarraj [20]:

kbr ¼ Ωtt f yt db=25:4ð Þ0:8 ð2Þ

where tt and fyt are the thickness and the material yield strength of the
shear tab respectively, Ω is a temperature-dependent parameter de-
fined by Yu et al. [1], and db is the diameter of the bolt.

4.2. Bolt in shear

The shear bolt stiffness, ksb, for one shear bolt in a single bolt-row is
defined as per Wuwer et al. [6]:

ksb ¼
8nbdb

2 f ub
dM16

ð3Þ

where nb is the number of bolt rows, fub is the ultimate strength of the
bolt, and dM16 is the diameter of an M16 bolt.
4.3. Axial stiffness of beam in contact with column

The stiffness of beam in contact with column flange, kab, is modeled
using the axial stiffness of a beam element:

kab ¼
EAf

L
ð4Þ

where E is the elastic modulus of steel material, Af represents the area of
the beam bottom flange and part of the beam web located below the
bottom shear bolt, and L is the length of the beam. This spring is
added to the assembly only when contact occurs between the beam
and the column after a specific degree of rotation.

4.4. Equivalent and rotational stiffnesses of the shear tab connection

The equivalent stiffness of the shear tab connection, Ke, is deter-
mined by assembling the stiffnesses of each component as shown in
Fig. 3. Moreover, the stiffness of each bolt-row is determined based on
the following equation:

1
Kbolt row

¼ 1
kbr;tab

þ 1
ksb

þ 1
kbr;beam

ð5Þ

To calculate the equivalent rotational stiffness of the connection, Kr,
the following equation is used:

Kr ¼ Keh
2 ð6Þ

where h is the distance between the end components connecting the
shear tab to the column (length of the weld).

Furthermore, the shear tab connection rotation is determined based
on the equation presented below:

θ ¼ M
Kr

ð7Þ

whereM is the resultant moment calculated from the applied shear and
tensile forces at the tip of the beam, and is calculated based on the loca-
tion of center of rotation of the connection.

4.5. Behavioral characteristics

The behavioral characteristics of shear tab connections is shown in
Fig. 4, representing different phases of the force-rotation curve. First,
the behavior of the connection is linearly elastic when subjected to
monotonic loading, until bolt-slip occurs (slip phase (I)). During this



Fig. 4. Time-independent force-rotation characteristics of shear tab connection.
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phase, bolts start to slip when the applied forces on the bolts exceed the
slip resistance force, which is defined as per ANSI/AISC 360 [21]:

Rslip ¼ μDuhf Tbns ð8Þ

where μ is themean slip coefficient, Du is the ratio of themean installed
bolt pretension to the specified minimum bolt pretension and has a
value of 1.13, hf is taken as 1, Tb is theminimumpretension force applied
on the bolt, and ns is the number of slip planes required to permit the
connection to slip [21]. The bolts continue to slip until they come in con-
tact with the edge of the bolt holes. This is known as the second phase
(II) of the connection, and the angle at which bolt contact occurs is de-
fined by the following equation:

θbolt‐contact ¼
sslip
p

180
π

� �
ð9Þ

where sslip is the summation of the gaps between the bolt shank and
edge of bolt hole for shear tab and beam web, and pis the distance be-
tween the farthest bolt-row and the center of rotation of the connection.
Once contact occurs between the bolts and edge of bolt holes, the stiff-
ness of the connection increases progressively, until the beam comes in
contact with the column flange. At this point, the connection is consid-
ered to be in the third phase (III) and the angle at which contact occurs
between the beam and column flange is calculated using the following
equation:

θbeam‐contact ¼
sþ sslip

D
180
π

� �
ð10Þ

where s is the setback between the beam and the column, and D is the
distance between the beam bottom flange and the center of rotation
of the connection prior to contact. After the beam-column contact, the
center of rotation shifts from the middle bolt (point c) to the point at
which the beam flange comes in contact with the column (point c’)
and the lever arm h (distance between top end bottom edges of the
weld) changes to h’ (distance between top edge of the weld till point
c’), as shown in Fig. 2, and the connection becomes stiffer. The final
phase of the connection is the failure phase (IV), where one of the com-
ponents of the connection reaches its capacity and failure occurs.

The resistance capacity of each component of the shear tab connec-
tion can be calculated as follows:
4.5.1. Shear tab and beam web bearing strength
To define the strength of shear tab and beam web in bearing, the

equation provided by ANSI/AISC 360 [21] is used:

Rbearing ¼ 1:5lcttkut f u ð11Þ

where lc is the clear edge distance parallel to the direction of the force
between the edge of the hole and the edge of thematerial, kut is thema-
terial retention factor, and fu is the ultimate strength of the material.

4.5.2. Bolt shear strength
To determine the shear resistance per shear plane of a bolt the fol-

lowing equation is used as per Yu et al. [1]:

Rshear ¼ 0:6kbt f ubAb ð12Þ

where, kbt is the bolt material retention factor, and Ab is the area of the
bolt shank subjected to shear.

4.5.3. Weld strength
Theweld strength,Rnw, can be calculated as per the AISC Specification

[21]:

Rnw ¼ 0:6kwt FEXX 1þ 0:5 sin1:5θ
� �

Awe ð13Þ

where kwt is the weld material retention factor [22], while Awe, θ, and
FEXX are defined as per AISC Specification [21].

4.5.4. Shear yielding of the shear tab/beam web
The capacity of shear yielding of the element is determined by using

the following equation as per the AISC Specification [21]:

Rvy ¼ 0:6kyt f yAgv ð14Þ

where kyt is the retention factor for the yield strength of the base mate-
rial, Agv are defined in Chapter J of the AISC Specification [21].

4.5.5. Shear rupture of the shear tab/beam web
The capacity of shear yielding of the element is determined by using

the following equation as per the AISC Specification [21]:

Rvy ¼ 0:6kut f uAnv ð15Þ

where Anv is defined in Chapter J of the AISC Specification [21].

4.5.6. Block shear rupture of shear tab/beam web
The block shear capacity of the plate can be calculated by using the

following equation, as per the AISC Specification [21]:

Rbs ¼ Ubskut f utAnt þ min
0:6kut f uAnv

0:6kyt f yAgv

� �
ð16Þ

whereUbs and Ant are calculated as per Chapter J of the AISC Specification
[21].

4.5.7. Flexural yielding of shear tab
The flexural yielding capacity of the plate and the web angle leg,

My, is determined by using the following equation, as per the AISC
Specification [21]:

My ¼ kyt f yZx ð17Þ

where Zx is the plastic section modulus of the plate or angle leg.

4.5.8. Flexural rupture of shear tab
The flexural moment yielding capacity,Mu, of the plate and the web

angle leg is determined by using the following equation, as per the AISC
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Specification [21]:

Mu ¼ kut f uZx ð18Þ

4.6. Automated procedure of time-independent mechanical model

The mechanical model is developed and applied in an incremental
automated iterative procedure as shown in Fig. 5. First, the geometric
and material properties of the shear tab connection are assigned. Next,
the stiffness and the resistance of each component of the connection
are calculated based on the equations shown in Fig. 5. The component
with the least strength capacity is considered to be the governing capac-
ity of the connection. Then, computations are performed to determine
the equivalent rotational stiffness of the connection. At each load incre-
ment, the applied moment, the rotation of the connection and the
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Fig. 5. Flowchart of the incremental time-independ
applied bolt forces are calculated, for different contact cases. The applied
bolt forces are compared with the governing limit state of the connec-
tion. This procedure is repeated until one of the components reaches
its strength capacity.

4.7. Time-independent performance of mechanical model

The proposed model is compared with the experimental and FE re-
sults, to examine the accuracy of the model in predicting the time-inde-
pendent (fast loading rate) behavior of the shear tab connection at
ambient and elevated temperatures (see Fig. 6(a) and (b)). The purpose
of these additional FE simulations, shown in Fig. 6(b), is to provide a set
of data in developing time-dependent mechanical models that account
for the effect of thermal creep on the behavior of shear tab connections.
Fig. 6(a) and (b) show that themechanical model predicts with reason-
able accuracy the experimental and FE results. Furthermore, the
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Fig. 6. Time-independent performance of mechanical model: (a) experiment [1] vs. FE vs. mechanical model, (b) FE vs. mechanical model.
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proposed model can predict the ultimate strength, the connection rota-
tion, and all the behavioral phases of the shear tab connection.
5. Time-dependent mechanical model

To predict the time-dependent rotation of the shear tab connection
under the effect of thermal creep, amodified Burgersmodel is proposed.
Thismodel consists of Kelvin-Voight andMaxwellmodels [14]. Note that,
the term modified is used to differentiate the proposed model with the
basic Burgers model. The modification is in the method of calculating
the constants that define the viscosity of the dashpots,whichwill be fur-
ther explained in this study. The proposed model predicts the total
(time-independent and time-dependent) connection rotation, θTotal, and
can be expressed using the following equation:

θTotal ¼ θtime‐independent þ θKV þ θMaxwell ð19Þ

where, θtime‐independent is the rotation of the connection when subjected
to fast-loading, θKV and θMaxwell are the time-dependent rotations of the
primary and secondary stages of creep, respectively.

5.1. Kelvin-Voight model

The Kelvin-Voight model consists of a spring and a viscous dashpot
that are connected in parallel, and is used to predict the primary creep
stage of the time-dependent connection rotation, θKV (see Fig. 1), based
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Fig. 7. Time-dependent mechanical model of shear tab connections.
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on the following differential equation:

_θKV þ K
η
θKV ¼ σ

η
ð20Þ

The solution of Eq. (20) under a constant stress σo applied at t = 0,
can be expressed in the following form [14]:

θKV tð Þ ¼ σo

K
1‐e−

K
ηt

� �
ð21Þ

5.2. Maxwell model

The Maxwell model consists of a spring and a viscous dashpot con-
nected in series. This spring represents the equivalent stiffness of the
shear tab connection that predicts the time-independent stage of the
connection rotation, while the dashpot predicts the secondary creep
stage of the time-dependent connection rotation, θMaxwell (see Fig. 1).
The following equation is used to express the stress-rotation rate rela-
tionship for the Maxwell model:

_θMaxwell ¼
_σ
Ke

þ σ
η
t ð22Þ

By solving Eq. (22) under a constant applied stress σo at t = 0, the
following equation is obtained:

θ tð Þ ¼ σo

Ke
þ σo

η
t ð23Þ

where thefirst term of Eq. (23),σo
Ke
, represents the time-independent con-

nection rotation, θtime‐independent, which is calculated using Eq. (7). The
second term of Eq. (23) is used to compute the time-dependent connec-
tion rotation, θMaxwell, and can be expressed as follows:

θMaxwell tð Þ ¼ σo

η
t ð24Þ

As discussed in [12], the results of the FE simulations show that spe-
cific peak load curves donot follow the typical time-dependent rotation re-
sponse. This is due to the contact that occurs between the beam and the
column, and between the middle bolt shank and bolt hole, during the
creep stage (primary and secondary creep stages). To characterize this be-
havior, additional Kelvin-Voightmodels and Maxwell dashpots are incor-
porated in the modified Burgersmodel, as shown in Fig. 7. The assembly
of the model presented in Fig. 7 can be divided into three terms (A, B,
and C), where each term is composed of aKelvin-Voightmodel and aMax-
well dashpot. Term “A” predicts the time-dependent behavior of the con-
nection before the contact of the beam flange with the column flange.
Term “B” predicts the time-dependent behavior of the connection after
contact occurs between beam flange and column flange. Term “C” pre-
dicts the time-dependent behavior of the connection due to the effect of
bolt bearing (i.e. bolt shank in contact with the bolt hole). Furthermore,
the equation used to predict the total (time-independent and time-depen-
dent) rotation of the connection ismodified and can bewritten as follows:

θTotal tð Þ ¼ σo

Ke|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
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B

þγ
σo

K3
1−e−

K3
η3

t−tmidboltð Þ
� �	 


H t−tmidboltð Þ þ β
σo

η5

� �
tmidbolt− t−tbeamð Þð Þ þ
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C

where α, β, and γ are assigned based on the contact cases presented in
Table 1. In this equation, H(t − tbeam) and H(t − tmidbolt) are Heaviside
functions, used to predict the change in the time-dependent rotational be-
havior of the connection due to different contact cases. Note that, a Heav-
iside function represents a signal that switches “on” the dashpots and
springs based on the time at which the beam-column contact and bolt
bearing (bolt shank in contact with bolt hole) occur. The conditions of
the Heaviside functions are further explained in the equations below:

H t−tbeamð Þ ¼ 1 if t≥tbeam
¼ 0 if tbtbeam

���� ð26Þ

H t−tmidboltð Þ ¼ 1 if t≥tmidbolt
¼ 0 if tbtmidbolt

���� ð27Þ



Table 1
Contact coefficients used in the time-dependent mechanical model equation.

Contact cases α β γ

θtime-independent b θbeam-contact 1 1 1
θbeam-contact b θtime-independent b θmidbolt-contact 0 1 1
θtime-independent N θmdibolt-contact 0 0 1
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where tbeam and tmidbolt are the time atwhich beam-contact and bolt bear-
ing (bolt-shank in contact with bolt hole) occur, respectively. The con-
stants, K1, K2, K3 and η1, η2, η3, η4, η5, η6, available in the modified
Burgers model equation (Eq. (25)) represent the stiffness of the springs
and the viscosity of the dashpots, respectively (see Fig. 7). These constants
can be calculated based on the following equations:

σo

K1
¼ h1eh2X ð28Þ

σo

η1
¼ h3X−h4 ð29Þ

K1

η1
¼

σo

η1
σo

K1

ð30Þ

σo

η4
¼ h5X‐h6 ð31Þ

σo

K2
¼ h7eh8X ð32Þ

σo

η2
¼ h9X‐h10 ð33Þ

K2

η2
¼

σo

η2
σo

K2

ð34Þ

σo

η5
¼ h11eh12X ð35Þ

σo

K3
¼ h13eh14X ð36Þ

σo

η3
¼ h15eh16X ð37Þ

K3

η3
¼

σo

η3
σo

K3

ð38Þ
Table 2
Parametric study tests matrix.

Test ID Beam
section

Column
section

tf
(mm)

Bolt
size

tp
(mm)

g1
(mm)

g2
(mm)

W18-tc W460x82
(W18x55)

W360x382
(W14x257)

48 M24 19 170 340
W18-m 19
W18-tn 15
W21-tc W530x92

(W21x62)
48 M27 22 165 330

W21-m 22
W21-tn 18
W24-tc W610x113

(W24x76)
48 M30 22 160 320

W24-m 22
W24-tn 10
σo

η6
¼ h17eh18X ð39Þ

where X is the ratio of applied load to peak load, which ranges from 0.5 to
0.95. The temperature-dependent coefficients, h1 to h18, are obtained by
conducting a regression analysis on the time-dependent FE simulation re-
sults at different elevated temperatures and applied loads. The coeffi-
cients, h1 to h6, h7 to h12, and h13 to h18, are tabulated in Tables 2, 3, and
4, respectively.

5.3. Automated procedure of time-dependent mechanical model

The time-dependent mechanical model is developed and applied in
an incremental automated iterative procedure as shown in Fig. 8. First,
the temperature-dependent constants are calculated based on
Eqs. (28)–(39). Next, the values of the contact coefficients (α, β, and
γ) are assigned based on the comparison between the time-independent
connection rotation and the angles at which the beam-column contact
and the bolt bearing (bolt shank in contact with bolt hole) occur. Ini-
tially (at t = 0 min), the total connection rotation, θTotal, is equal to the
time-independent connection rotation (see Eq. (25)), once the load is ap-
plied (fast loading). At each time increment, Δt, the total connection ro-
tation is comparedwith different contact angles, θbeam‐contact and θmidbolt‐

contact, to assign the values of the Heaviside functions, H(t− tbeam)and H
(t− tmidbolt), and recalculate the connection rotation. Note that, θmidbolt‐

contact is the angle of contact between the middle bolt shank and the
edge of the bolt hole in the shear tab, and can be calculated using the fol-
lowing equation:

θmidbolt‐contact ¼ θbeam‐contact þ
sslip
T

� �
180
π

� �
ð40Þ

where T is the distance between the center of the middle bolt and the
point of contact between the beam and column. This procedure is re-
peated until the time reaches the required duration, ttarget.

5.4. Time-dependent performance of mechanical model

The mechanical model is compared with the time-dependent FE re-
sults to show the capability of the proposed model in predicting the
time-dependent behavior of shear tab connections under the effect of
thermal creep. Fig. 9(a), (b) and (c) show that the mechanical model
predicts with good agreement the time-dependent connection rotation
FE results for 475 °C, 550 °C, and 600 °C, respectively.Moreover, the pro-
posed model predicts with good accuracy the primary and secondary
stages of thermal creep before and after contact (such as 50% and 60%
peak load curves at 550 °C and 600 °C). To further evaluate the time-in-
dependent and time-dependent performances of the proposed mechani-
cal model, the total rotation of the connection, predicted by the
mechanical model, is compared with its corresponding FE simulations
[12] under different elevated temperatures and applied loads. The
total connection rotation is the summation of the time-independent and
time-dependent rotations of the connection. Fig. 10(a) shows the total
rotation of the shear tab connection predicted by the FE andmechanical
models, at 500 °C, subjected to different peak-to-load ratios. The results
show that the mechanical model predicts well the time-dependent be-
havior of the shear tab connection throughout the contact phases.

Furthermore, isochronous rotation-temperature curves were devel-
oped based on the data provided by the time-dependent FE simulations
[12], where the values of the connection rotation are selected based
on different applied loads and durations (time). The isochronous curves
are used to examine the time-dependent behavior of the shear tab con-
nection when either the applied load or temperature changes (tran-
sient-creep analysis). Fig. 10(b) shows a sample of isochronous
rotation-temperature curves at different durations under a constant



Table 3
Strength model results.

Test ID Load at failure (kN) Total prying force (kN)

Abaqus/Experiment Strength model Error (%) Abaqus/Experiment Strength model Error (%)

M1, M2, C1 (average) 695 672 5 63 66 5
M3 and C2 (average) 588 553 6 – 83 –
M4, M5, C3 (average) 507 505 0 112 115 3
W18-tc 1106 1100 1 100 105 5
W18-m 869 845 3 131 142 8
W18-tn 595 596 0 131 136 4
W21-tc 1734 1702 2 155 151 3
W21-m 1162 1188 2 180 172 4
W21-tn 830 822 1 185 191 3
W24-tc 1906 1932 1 181 173 4
W24-m 1294 1283 1 190 182 4
W24-tn 953 957 0 204 211 3
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applied load of 26 kN. This value represents the peak load at which the
time-independent connection failure occurs at 600 °C. The results show
that the proposed mechanical model predicts with good accuracy the
isochronous curves as shown in Fig. 10(b). Also, it can be concluded
from Fig. 10(b) that the rotation of the shear tab connection increases
as the applied load duration, heating duration and temperature level
increase.

6. Summary and conclusions

A mechanical model is developed using linear springs and viscous
dashpots to predict the force-rotation characteristics of the shear tab
connections in fire, with and without thermal creep effect. To predict
the time-independent (fast) connection behavior at ambient and ele-
vated temperatures, the stiffness of the connection is defined and calcu-
lated based on a group of springs connected in series or parallel. The
time-independent mechanical model is validated against experimental
data available in the literature, and FE simulations (conducted in the
previous paper [12]) at ambient and elevated temperatures, where the
effect of creep is not significant due to fast loading rate. The results
show that the proposedmodel can predict the time-independent behav-
ior of the connection through different phases (slip, bolt bearing, and
beam-column contact). Also, the proposed model is capable of
predicting the failure of the shear tab connection, which is governed
by shear bolt failure at ambient and elevated temperature under fast
loading rate.

A modified Burgers model is incorporated in the mechanical model
to determine the time-dependent behavior of the connection under the
effect of thermal creep. The modified Burgers model is a combination
of Kelvin-Voight andMaxwellmodels that take into consideration the ef-
fect of thermal creep on the behavior of the steel material. The thermal
creep is explicitly included in the analysis to study the effect of temper-
ature and applied load separately on the time-dependent behavior of the
connection. The results show that themechanical model can predict the
Table 4
Design example: summary of results.

Flexural yielding of
endplate and B1 & B2
fracture

Flexural yielding of endplate
and column flange and B4
fracture

Flexural yielding of
column flange and B4
fracture

de = 50 mm, pb = 90 mm, pfi = pf0 = 50 mm, s= 125 mm, h1 = 305 mm, h2 =
393 mm, h3 = 511 mm, h4 = 600 mm

g1 = g1′ = 162 mm, g2 = g2′ = 324 mm
p = p′ = 191 mm, δ = δ′ = 0.875
a1 = 41 mm, b1 = 121 N 1.25a1 = 51 → b1 = 51 mm
a1′ = 5 mm, b1′ = 121 N 1.25a1′ = 6 → b1′ = 6 mm
Mpl = 4920 kN. mm, Mpl′ = 78, 700 kN. mm
T/beam1 = 100 kN, T/bolt = 272 kN, T/beam1′ = 15, 400 kN
T1 = 1490 kN T2 = 62, 400 kN T3 = 62, 000 kN
Q = BT − T1 = 472 kN
time-dependent behavior of the connection with good accuracy when
compared with the FE results. Also, the proposed model is capable of
predicting the time-dependent behavior of the connection before and
after the contact between the beam and column, and bearing of the
Fig. 8. Flowchart of the incremental time-dependent mechanical model of shear tab
connection.



Fig. 9. Time-dependent performance of mechanical model vs. FE: at (a) 475 °C, (b) 550 °C, and (c) 600 °C.
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Fig. 10. Overall performance of the mechanical model vs. FE: (a) total connection rotation (b) isochronous curves.
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bolt. However, the failure of the connection changes from shear bolt fail-
ure to beamweb bearingwhen exposed to fire for long durations under
constant loading. Furthermore, it can be concluded that the time-depen-
dent connection rotation is highly affected by themagnitude and thedu-
ration of the applied load and temperature. Transient-state creep
analysis is performed by developing isochronous curves based on
steady-state creep analysis. The isochronous curves can be further
used to study the effect of different parameters (heating duration, target
temperature, and applied stress level) on the thermal creep behavior of
the connection.

The proposed model is considered to be a practical tool in the anal-
ysis and design of shear tab connections exposed to fire, and to predict
the thermal creep behavior of the connection with less computational
effort when compared with FE simulations. The results of FE and me-
chanical models clearly indicate the importance of including thermal
creep effect in fire-resistant design guidelines. Moreover, the proposed
mechanical model can be used to provide performance-based design
procedures to predict the thermal creep effect on the behavior of
shear tab connections subjected to fire. It is important to mention that
there are certain limitations in the models. First, the mechanical
model predicts only the behavior of the isolated connection at steady
state temperatures. Further research is needed to develop a model to
predict the behavior of the beam-to-column connection under transient
state analysis. Also, mechanical and FE models cannot predict the time-
independent behavior of the connection after first component failure
and the failure of the connection during its time-dependent behavior,
since fracture model is not incorporated in these models. Additional
FE simulations are needed to be conducted in order to better understand
the thermal creep effect of certain geometric parameters (setback dis-
tance, shear tab location, and shear tab thickness) by widening the ap-
plicability of the proposed mechanical model in predicting the
behavior of the connection under the effect of thermal creep. More re-
search work is needed to improve the accuracy of the model in order
to predict the behavior of beam-to-column shear tab connections.
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Furthermore, the effect of thermal creep in the structural bolts and
welds should also be taken into consideration to further enhance the
performance of the connection.
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