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ABSTRACT

A methodology is developed for designing simple steel connections (shear tab and double angle) subjected to fire. The proposed meth-
odology is based on quantifying the strength and stiffness of steel framed simple connections at elevated temperatures. To achieve this,
first, a stiffness-based model that characterizes the rotational stiffness of simple steel connections when subjected to fire temperatures is
developed. The model is capable of predicting the behavior of two widely used simple steel connections (shear tab and double angle) when
subjected to fire temperatures. It incorporates the connection rotation of key component elements and the nonlinear behavior of both bolts
and base materials at elevated temperatures. The model is validated against experimental results available in the literature under steady-
state temperature analysis. The model covers all possible limit states and governing failure modes under different loading and temperature
conditions. It can be considered a practical tool for designing simple steel connections for professional structural fire engineers in the United
States. Step-by-step design examples of simple steel connections in an isolated frame are provided to illustrate the incorporation of the devel-
oped stiffness model in a fire design procedure. The presented design procedure accounts for the additional load demand on the connection

during fire. This includes the load demand due to thermal expansion and beam sagging.

Keywords: Stiffness-based model, steady-state temperature, fire, simple connections, fire design.

INTRODUCTION

S teel connections play an important role in maintaining
the stability and integrity of steel building frames espe-
cially when exposed to fire temperatures. Failure of steel
connections under fire loading can lead to total structural
collapse. This was confirmed through the investigation of
many fire disasters (Sunder, 2005) which reported that pro-
gressive structural collapse is mainly initiated by connection
failure. In fire events, the behavior of steel connections is
more complex due to geometrical and material nonlineari-
ties. Almost no structural design guideline can be found that
provides an adequate performance of steel connections in
fire from a structural perspective. Instead, the available U.S.
standards rely on the applied insulation to reduce the expo-
sure of steel connections to fire temperatures, mitigating fire
risks to an acceptable level.
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Simple steel connections are extensively used in steel
structures for their ease of use and low fabrication cost. The
two commonly used simple steel connections in the United
States are the shear tab and the double-angle connections.
They are ideally designed as pin connections that resist
shear forces resulting from gravity loads only. However, in
fire events, these connections are subjected to higher load
demands due to the thermal expansion and sagging of the
steel beam, in addition to the degradation of the steel prop-
erties at high temperatures. Therefore, it is of paramount
importance to find reliable and practical tools that can pre-
dict the changes in the stiffness and behavior of these con-
nections at elevated temperatures. That is, understanding the
behavior of steel connections in such severe conditions is
necessary for the fire design of steel connections to prevent
any structural instability.

Characterizing the connection performance and behav-
ior at elevated temperatures forms the basis for fire design
of steel connections. Experimental research programs have
been conducted in the past few years to investigate the robust-
ness of simple steel connections in fire (Hu and Engelhardt,
2012; University of Sheffield, 2007, Wald et al., 2006; Wang
et al., 2011). Experimental work was conducted by Wald et
al. (2006) to examine the global structural behavior of an
eight-story composite steel-concrete building under fire.
Two types of simple steel connections—flexible end plate
and shear tab connections—were tested. The results showed
that the structure did not lose its global stability when sub-
jected to fire. Note that the beams and the connections were
not protected against fire temperatures. Similar findings
were observed in the experimental program conducted by
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Wang et al. (2011) that investigated the robustness of differ-
ent types of steel connections in restrained steel frames sub-
jected to fire. The results showed that simple connections,
specifically double angle, performed well in fire by provid-
ing high ductility and rotational capacity. The fire resilience
of the double-angle connection, when subjected to thermally
induced loading, was also experimentally tested by Pakala
et al. (2012). Owing to its inherent rotational ductility, the
double-angle connection was able to survive the fire test
without experiencing any failure.

Numerical investigations were also conducted previously
to study the behavior of simple steel connections under fire
(Garlock and Selamet, 2010; Hantouche et al., 2016; Wuwer
et al., 2012; Selamet and Garlock, 2010). Selamet and Gar-
lock (2010) proposed, based on finite element (FE) studies,
simple modifications on the shear tab connection detailing
that improves the performance of such connections dur-
ing fire scenarios. Furthermore, Hantouche et al. (2016)
performed FE simulations to identify the key parameters
affecting the behavior of double-angle connections at ele-
vated temperatures. The results showed that the main factors
affecting the connection behavior are load ratio, initial cool-
ing temperature, location of the double angle, and gap dis-
tance. It was also concluded that double-angle connections
have better performance at elevated temperatures when
compared with shear tab connections. Seif et al. (2013; 2016)
conducted an extensive numerical investigation to examine
the effect of elevated temperature on simple shear tab con-
nections. It was found that the change in failure modes is not
only caused by the degradation of the steel material when
subjected to fire, but also on the deformations that can be
accommodated prior to fracture due to restraint thermal
expansion or contraction. Over the past few years, several
studies were conducted to develop mechanical (stiffness)
models capable of predicting the load-deformation response
of steel connections at ambient and elevated temperatures.
As an example, Yu et al. (2009a; 2009b; 2009c¢) developed a
mechanical (stiffness) model based on numerical and exper-
imental studies for shear tab and double-angle connections
under fire temperatures.

Previous studies showed that the survival of unprotected
steel beams depends on the ability of the steel connections
to withstand the additional fire loadings, especially at late
stages of fire. Very limited research, however, focused on
developing a design-oriented guideline that quantifies the
load demand on simple steel connections under transient-
state conditions of fire. To address this shortcoming, this
study combines the characterization of simple steel connec-
tion behavior at elevated temperatures with fire design pro-
cedures. First, the study proposes a stiffness-based model
that can be considered as a practical and simple tool to be
used by structural fire designers. The proposed model is
capable of predicting the overall rotational stiffness and
strength of shear tab and double-angle connections under
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steady-state temperature conditions. The developed stiff-
ness model is used in a step-by-step connection design pro-
cedure to predict the moment demand caused by the beam
sagging in fire. Moreover, the additional fire loadings are
incorporated in the calculation of stresses to reach a robust
fire design of simple steel connections to withstand the fire
temperatures.

STIFFNESS-BASED MODEL

A stiffness-based model is developed to predict the force-
rotation characteristics of shear tab and double-angle
connections at elevated temperatures. The proposed stiff-
ness model consists of a series of linear and nonlinear
springs that are combined together to predict the rota-
tional stiffness and capacity of the whole connection. The
following equations are based on ambient temperature
formulations while considering the material properties as
temperature-dependent. The retention factors incorporated
in the stiffness-based model for steel materials, bolts, and
welds are proposed by Lee et al. (2013), Hu et al. (2007), and
Eurocode 3 (CEN, 2005a), respectively.

Joint Component Stiffness Coefficients

The stiffness coefficients of the springs that are incorpo-
rated in the proposed stiffness model are defined based on
equations available in the literature. The stiffness compo-
nents for each bolt row are presented below.

Web Angle in Bending

The stiffness of the web angle in bending, k., is deter-
mined using this equation from Eurocode 3 (CEN, 2005b),
Section 6.3.2:

0'9leﬁ',abt3

kap = KpE——L:l (m)
m

where K is the temperature-dependent retention factor for
the stiffness of the base materials; E is the elastic modulus of
the steel material at ambient temperature; [os .5 is the effec-
tive length of the double angles in bending in each bolt-row,
using the same approach in calculating the effective length
of the equivalent T-stub in bending as proposed by Euro-
code 3 (CEN, 2005b); ¢ is the thickness (of the angle leg);
and m is the distance from the center of the bolt to the fillet
of the angle leg.

Bolt in Tension

The stiffness of the bolt in tension, k,;, can be calculated as
proposed by Eurocode 3 (CEN, 2005b), Section 6.3.2:

1.6A,
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where A, is the effective area of the bolt shank in tension,
and L, is the elongation length of the bolt shank, which con-
sists of the grip length (thickness of material and washers) of
the bolt and half the sum of the height of the bolt head and
the height of the nut.

Beam Web/Angle Leg in Bearing

The stiffness of beam web or angle leg in bearing, k,,, is
taken from Eurocode 3 (CEN, 2005b), Section 6.3.2:

kpp = 12n,kpkdp K F oy 3)

where n,, is the number of bolt columns, while &, and &, are
defined as:

ky = min{O.ZSe—bJrO.S; 0.2522 10,375 1.25} @
dp dp

k= min{l.sL; 2.5} ®)
MI16

where e, is the distance from the bolt to the free edge of the
plate in the direction of the load transfer, d, is the diameter
of the bolt shank, p,, is the spacing of the bolt in the direction
of the load transfer, and d¢ is the diameter of an M 16 bolt.
K,; s the temperature-dependent retention factor for the ulti-
mate strength of the base material, and F),; is the ultimate
strength of the steel base material at ambient temperature.

Shear Tab Plate in Bearing

The bearing stiffness of the shear tab plate, &, is computed
using this equation from Yu et al. (2009b):

0.8
d
kep = QK Fy (ﬁ) 6)

where Q is a temperature-dependent parameter defined in
Yu et al. (2009b), K, is the temperature-dependent retention
factor for the yield strength of the steel base material, and
F,, is the material yield strength of the steel base material at
ambient temperature.

Bolt in Shear

The shear bolt stiffness, &, is defined in Wuwer et al. (2012)
as:

 8mydi Ky Fop

kb:
dmis
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where K, is the temperature-dependent retention factor for
the bolt strength, and F,;, is the ultimate strength of the bolt
material at ambient temperature.

Beam Flange in Contact with Column

The stiffness of the beam flange in contact with the column,
kpee» 1s modeled using the axial stiffness of a beam element:
_ KpEA;

Kpeo = g
b 7 ®)

where A represents the effective area of the beam lower web
and the beam bottom flange in contact with the face of the
column, and L is the length of the beam. This spring is acti-
vated only when the beam comes in contact with the column
after a specific degree of connection rotation.

Equivalent Stiffness of Simple Connections

The equivalent stiffness of the shear tab and double angle
connections can be defined by assembling the stiffness
of each component as presented in Figures 1(a) and 1(b),
respectively. As seen in Figures 1(a) and 1(b), the equivalent
stiffness of each of the shear tab and double-angle connec-
tions is presented by a group of bolt-rows composed of many
component springs. The stiffness component of a single
bolt-row of the shear tab connection can be expressed by:

1 1 1 1
=—+—+

kbolt row ktb kbs kpb,beam

&)

The stiffness component of a single bolt-row of the double
angle connection can be expressed by:

1 1 1 1
—— (10)
kbolt row kbt kub kbeam-ungle lapjoint

where Kpeam-angle 1apjoin Fepresents the stiffness of a double-
lap joint and is calculated by the following equation:

1 2 1
= + an
kbeam-angle lapjoint ( 1 L) k pb,beam

+
k pb,angle kbs

Rotational Stiffness of Simple Connections

To predict the connection rotation, the equivalent rotational
stiffness of the connection, k,, needs to be calculated and is
defined as:

ky= kpois rowh2 12)
where £ is the distance between the end components con-
necting the shear tab plate or double-angle leg to the col-
umn, as shown in Figures 1(a) and 1(b), respectively. The

connection rotation, 6., of the shear tab or double-angle con-
nections can be calculated as follows:

0.=— (13)
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Fig. 1. Connection configuration and stiffness model.
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where M is the moment resulted from the shear and tension
forces applied on the beam and is affected by the location of
the center of rotation.

LIMIT STATES AND FAILURE MODES

The ultimate capacity of each spring component is incor-
porated in the stiffness model by identifying all limit states
and failure modes in simple steel connections. The potential
limit states of the shear tab and the double-angle connec-
tions are presented below.

Weld Strength

The weld available strength, R,,, can be calculated using
AISC Specification (2016) Section J2.4:

Ry = 0.6 Fxx Ky (1+0.5sin'°0) A, (14)

where K, is the temperature-dependent retention factor for
the strength of the weld material, Fgxy is the filler metal
classification strength at ambient temperature, 0 is the angle
between the line of action of the required force and the weld
longitudinal axis, and A, is the effective area of the weld.

Bolt Slip Resistance

To represent the inherent friction strength between steel
plates due to the normal force exerted by bolt tightening, the
bolt slip resistance, R;, is calculated using AISC Specifica-
tion Section J3.8:

R, = },LDul’lfTbl/l (15)
where U is the mean slip coefficient, D, is the ratio of the
mean installed bolt pretension to the specified minimum
bolt pretension, T}, is the minimum pretension force applied

on the bolt, /; is a factor of fillers, and n is the number of
slip/shear planes.

Bolt Shear Strength

To determine the shear resistance per shear plane of a bolt,
R,, AISC Specification Section J3.6 is used:

R, = 0.625KF,,Ap (16)

Bolt Tensile Strength

To predict the tensile strength of a bolt, R,, subjected to a
combined tensile and shear forces, the following equation is
used from AISC Specification Section J3.6:

R, = 0.83K,,F.pAp a17)

Plate or Angle Leg Bearing and Tearout Resistance

To define the available strength of the plate or angle leg in
bearing and tearout, R,,, the following equation is used from
AISC Specification Section J3.10:

Ry, =3.0K,,F,dpt <1.51.tK,,F,, (18)
where [, is the clear distance between the edge of the hole
and the edge of the adjacent hole or edge of the material.
Punching Shear Resistance

The shear resistance of the plate against bolt punching, R,,,,
can be determined using the following equation from Euro-
code 3 (CEN, 2005b), Section 3.6:

R,,=0.6nd,,tK,,Fy; (19

where d,, is the mean of the across points and across flats
dimensions of the bolt head or the nut, whichever is smaller.

Shear Yielding of Plate or Angle Leg

The available shear strength for shear yielding of the ele-
ment, R,,, is determined using AISC Specification Section
J4.2:

Ryy = 0.6K,, Fy, A (20)

where A; is the gross area subject to shear.

Shear Rupture of Plate or Angle Leg

The available shear strength for shear rupture of the element,
R,,, is determined using AISC Specification Section J4.2:

Ry, = 0-6KutFulAs,nel (21

where Ag ., is the net area subject to shear.

Block Shear Rupture of Plate or Angle Leg

The available strength for block shear of the plate, Ry, can
be calculated using AISC Specification Section J4.3:

Ry = Up Koy Fop Ay 4 min ] 0 rFuntbn 22)

bs = YUbsBout L'ut Ant O-6Kthvagx7
where Uy, is the tension stress distribution factor, A, is the
net area subject to tension, A,, is the net area subject to
shear, and A,, is the gross area subject to shear.

Angle Leg in Bending

The bending behavior of the bolted connections is similar to
that of the T-stub during tension. Consequently, the capacity
of the angle leg in bending is similar to that of an equiva-
lent T-stub in tension. Therefore, the bending capacity of the
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angle leg, R, for each bolt-row is represented by the follow-
ing equation from Eurocode 3, Section 6.2.4:
4M,

Ry=—F (23)
m

where M, is the plastic moment capacity and can be calcu-
lated using the following equation:

My = 025051 Ki Py 24)

Flexural Yielding of Plate or Angle Leg

The available flexural strength in flexural yielding of the
plate and the web angle leg, M,, is determined using AISC
Specification Section J.4.5:

M,=K,F,Z, (25)

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

Flexural Rupture of Plate or Angle Leg

The available flexural strength in flexural rupture, M,, of
the plate and the web angle leg is determined using AISC
Specification Section J.4.5:

M, =K FyZyer (26)

where Z,,; is the net plastic section modulus of the plate or
angle leg.

BEHAVIOR OF SIMPLE
CONNECTIONS IN FIRE

In this section, the general behavior of simple connections
(shear tab and double angle) is divided into several phases
shown in Figure 2. The phases are as follows:

Phase 1: Pre-Slip

During the initial phase, the bolts are pretensioned and
the loading is applied. The response of the connection
at this phase is linear and has a relatively high stiffness
until the forces applied on the bolts reach the value of the
slip-resistance force (Equation 15).

Phase 2: Slip

During the slip phase, the applied force on the bolts reached
the bolt-slip resistance force, and slippage of the shear
bolts starts having a value of sy, = d, — dj, where sg;, is
the horizontal distance that allows the bolt to slip freely
before having contact with the edge of the bolt hole, and d,
is the diameter of the bolt hole. The angle at which the bolt
is in contact with the bolt hole, 0,/ conrer» €an be calculated
using the following equation:

Sgiip [ 180
ebolf—contacl = 2 (_] 27
p T

where p is the vertical distance between the center of rota-
tion and the farthest bolt-row of the connection.

V' N
| I |
3 | LI 5l |
= | g3 | E <5
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Fig. 2. Idealized behavior of shear tab and double-angle connections.
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Phase 3: Bolt Contact

During this phase, the top and bottom bolts are in con-
tact with the bolt holes, and the stiffness of the connection
decreases gradually up to a degree of rotation where the
contact occurs between the beam and the column flange.
The angle at which the contact occurs between the beam and
column can be calculated by the following equation:

s+ Sgi, [ 180
Opeam-contact = D‘lp (T) (28)

where s is the setback distance between the beam and the

lumn
Colu Beam
O
Center of N/
rotation
®
— F bottom
\\

ok
-/

Before contact

column, and D is the distance between the beam bottom
flange and the center of rotation of the connection before
contact.

Phase 4: Beam Contact

Once the beam is in contact with the column, the stiffness
of the connection increases and the center of rotation shifts
from the middle bolt to the contact between the beam flange
and the column. Moreover, the major differences in the
behavior of the connection before and after beam-column
contact are illustrated in Figure 3.

Column
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rotation

M
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(a) Connection force distribution and center of rotation
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(b) Stiffness model assembly and lever arm, h

Fig. 3. Simple connections response before and after beam-column contact.
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Table 1.

Failure Modes of Simple Connections at Different Temperatures (Experiment vs. Stiffness Model)

Temperature Failure Mode Capacity
o,
Type o_f . . Experiment | Stiffness Model fo
Connection °C °F Experiment Stiffness Model - - Error
kN kips kN kips
Bolt punching the .
20 68 | angle leg followed Bolt g:”l‘;hlg’g the 1 o043 | 546 | 179 | 402 | 263
by block shear ge'eg
Double 450 842 Flexural rupture Flexural rupture of 113 5.4 108 043 4.4
angle of angle leg angle leg
550 1020 Flexural rupture Flexural rupture of 50.7 | 13.4 575 | 12.9 3.7
of angle leg angle leg
650 1200 Shear bolt failure Shear bolt failure 31.6 7.10 39.6 8.90 | 25.3
20 68 Shear bolt failure Shear bolt failure 185 41.6 142 31.9 23.2
Shear 450 842 Shear bolt failure Shear bolt failure 84.0 | 189 72.3 | 16.3 13.9
tab 550 1020 Shear bolt failure Shear bolt failure 38.5 8.66 42.9 9.64 | 11.4
650 1200 Shear bolt failure Shear bolt failure 19.3 | 4.34 19.1 4.29 1.04

Incremental Technique

The load-rotation response of the connections is predicted
using an incremental analysis technique. The connection
rotation is computed at an increment of 1.5 kN (0.34 kip)
from the total applied force; thus force control is used in the
analysis. The increment size is chosen to be small in order to
obtain accurate results specifically when the center of rota-
tion shifts from the middle of the shear bolts to the center
of the bottom flange (contact phases). In this case, the lever
arm h increases, and consequently the bolt forces are redis-
tributed as shown in Figure 3. The connection is considered
to fail when one of the connection components reaches its
maximum capacity. Note that the tangent modulus is used in
the components’ material properties to account for material
yielding.

Comparing Results

The two sets of experiments performed at the University
of Sheffield (Yu et al., 2009a, 2009¢) are used to examine
the ability of the proposed model to predict the behavior of
the shear tab and the double-angle connections. The details
of the connections used in the experiment are shown in
Figures 4(a) and 4(b). Figures 5(a) and 5(b) show that the
proposed stiffness models are in good agreement with the
experimental results of shear tab and double-angle connec-
tions, respectively, at ambient and elevated temperatures.
Furthermore, the stiffness models are able to predict the
ultimate strength, failure modes, and rotational capacities of
the isolated simple connections.

Table 1 summarizes the comparison of failure capacities
observed in the experiments and predicted using the stiff-
ness model for each connection at ambient and elevated
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temperatures. It can be seen that the stiffness model can
predict the failure modes and capacities when compared
with experimental tests performed at elevated temperatures
on the shear tab and double-angle connections (University
of Sheffield, 2007).

Limitations and Assumptions of the Proposed
Stiffness Model

* The excessive ovalization of the shear bolt holes was not
taken into consideration in the proposed model, which
underpredicts the full strength and ductility of the shear tab
and the double-angle connections at ambient temperature
as shown in Figures 5(a) and 5(b) and Table 1.

» The proposed stiffness model is able to predict the behavior
of the simple connections up to the first component failure.
The following fracture mechanism was not included in the
proposed model. However, failure was predicted as the
steel material reaches its ultimate strength.

» The stiffness model is developed for fast heating cases,
thus the time-dependent properties of steel (thermal creep
effect) are not considered.

FIRE DESIGN EXAMPLES OF
SIMPLE CONNECTIONS

A step-by-step procedure that incorporates the developed
stiffness model in the fire design of steel connections is pre-
sented. The procedure is thoroughly explained in the two
examples: shear tab and double-angle connections in an
isolated frame. Some assumptions are made to propose a
simple and conservative fire design guideline. The examples
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Fig. 4. Details of the isolated connections (University of Sheffield, 2007).

ENGINEERING JOURNAL / THIRD QUARTER / 2020 / 153



illustrate the different key aspects in designing both shear
tab and double-angle connections when subjected to fire.
Afterward, a comparison between the two connections’
design is duly made based on the results and conclusions
are drawn.

Design Criteria

The primary goal of the presented study, which is illustrated
in the following two examples, is to design the shear con-
nection to maintain the load transfer between the beam and
the column at least before the failure of the steel beam in
fire events. The beam failure in most cases resembles the
beam catenary action initiation (formation of plastic hinges),
which occurs at very high fire temperatures. Consequently,
and due to excessive beam sagging, tensile forces are exerted

on the connections, causing them to fail. However, the study
focuses on designing the connection to maintain the load
transfer as long as the beam remains intact. This will pre-
vent or at least delay the failure of the system; allowing more
time for occupants to evacuate the building.

Three factors need to be taken into consideration when
designing simple steel connections under fire conditions:
gravity loads, induced axial load due to thermal expansion,
and moment demand exerted by the beam on the connection.
It is worth mentioning that transient-state conditions of fire
are considered. The temperature is increased from ambient
temperature, 20°C (68°F), up to the target temperature. The
slip of shear planes is implicitly included in the stiffness
model. The connection and the beam are uniformly heated.

In many fire tests, the columns were observed to remain
in the elastic region during fire. As the primary structural

200 o TH
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(b) Double-angle connection

Fig. 5. Comparison between results from experiments and stiffness model.
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Table 2. Material Properties Retention Factors at Different Temperatures
Temperature (°C)
Retention Factor Reference 20 400 500 600 700
Modulus of elasticity, Kg Lee et al. (2013) 1.0 0.89 0.77 0.57 0.26
Base material yield strength, Ky Lee et al. (2013) 1.0 0.72 0.66 0.44 0.21
Base material ultimate strength, K Lee et al. (2013) 1.0 0.97 0.64 0.37 0.18
Bolt ultimate strength, Ky Hu et al. (2007) 1.0 0.66 0.379 0.19 0.06
Weld ultimate strength, K Eurocode 3 (CEN, 2005a) 1.0 0.876 0.627 0.378 0.13

element in steel structures, columns are usually protected
using insulating material to reduce the column temperature
increase during fire. Thus, the columns are assumed to be
insulated, and the column temperature can be roughly esti-
mated to reach 60% of the (unprotected) beam temperature
as shown in previous studies (Zhang and Usmani, 2015).
Columns are assumed to be fixed from both ends against
rotation and translation. The frame is perfectly symmetrical
in loading and geometry.

Design Steps

First, the connection is designed to meet both serviceabil-
ity and strength requirements prescribed in the structural
design codes at ambient temperature and under gravity loads
only. The applied loads, due to fire, are calculated, and the
stresses on each component of the connection are obtained.
These additional stresses are the induced axial forces due to
the restrained thermal expansion and the moment demand
on the connection due to beam sagging and rotation. It is
well known that the column stiffness is the controlling factor
in determining the magnitude of the induced axial force in
the beam by providing the beam end axial restraint (Wang et

al., 2011). Therefore, when calculating the thermal induced
axial forces, only the column flexural stiffness is consid-
ered for simplicity. This assumption is valid and considered
conservative because the beam axial stiffness is relatively
high when compared with the column flexural stiffness.
The induced axial force is calculated first by quantifying
the change of the beam length due to thermal expansion and
including it as an imposed horizontal deflection at the mid-
span of the column. Then, by knowing the column stiffness,
the induced axial force can be easily calculated.

The moment applied on the connection is obtained by a
simple graphical solution, where the beam end rotational
stiffness (beam-line) and the connection rotational stiffness
(based on the developed stiffness model) are plotted and the
moment demand (intersection between the two curves) is
obtained. After obtaining the new stresses, all the connec-
tion limit states are checked, while multiplying each equa-
tion by its corresponding retention factor. These retention
factors are in function of temperature and they are summa-
rized in Table 2. The connection is redesigned accordingly.
These steps are repeated until reaching a final connection
configuration that can withstand the additional stresses
while considering strength degradation.

DESIGN EXAMPLE 1— SINGLE-PLATE SHEAR CONNECTION IN FIRE

Given:

Check the single-plate shear connection shown in Figure 6 when subjected to fire conditions. The beam is an ASTM A992
W16x40 with a length of L =20 ft. The column is an ASTM A992 W10x49 with a height of H = 20 ft. The column is assumed
to be fixed at both ends with a floor height of 10 ft. The beam and connection are unprotected; the column is protected.

The beam is connected to the column using an ASTM AS572 Grade 50 single plate with one column of three %-in.-diameter
Group A bolts. The threads are not included in the shear plane (thread condition X). The beam setback is 0.4 in.

The beam and the connection are uniformly heated from an ambient temperature of 20°C (68°F) up to 500°C (932°F). The beam
is assumed to carry a maximum of half its plastic moment strength at ambient temperature. The beam top flange is laterally
supported along its length. Thermal creep effect is not included.
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Solution:

From AISC Manual (2017) Tables 2-4 and 2-5, the material properties are as follows:

Beam and column
ASTM A992
Fy,=50Kksi
F,=65ksi

Plate

ASTM 572, Grade 50
Fy,=50Kksi
F,=65ksi

From AISC Manual Table 1-1, the geometric properties are as follows:

Beam
W16x40

d =16.01in.
t,, =0.305 in.
S, =647 in.
Z,=73.0in*

10 ft.
W (kips/ft.)
L -~i~i}lllllllllllllllllllllllllllllllllll
= . / W16x40 .
\ L=20ft
) 10 ft.
Column ‘_ﬁ’_| Beam
© [~ Shear
- @ Tab P
E o H-
S _m:. . M

Fig. 6. Example I configuration of column-beam frame system connected with a single plate.
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Column
W10x49
1,=272in*

From Table 2, the material property retention factors at 500°C (932°F) are:

Kg =0.77
Ky =0.66
K. =0.64
K =0.379
K, =0.627

Step 1—Compute the Applied Distributed Load

The maximum moment developed at mid-span of the beam is determined using AISC Manual Table 3-23, Case 1:

The beam plastic moment is determined from AISC Specification Equation F2-1:
M,=Z.F, (Spec. Eq. F2-1)
(73.0 in.*)(50 ksi)

12 in./ft
=304 kip-ft

The applied load should exert a maximum moment of 50% of the beam plastic moment capacity at ambient temperature;
therefore:
8(0.5M,)
Tz
_8(0.5)(304 kip-ft)
(20 ft)?
=3.04 kip/ft

w=

Use w = 3 kip/ft

Step 2—Single-Plate Shear Connection Configuration

The single-plate shear connection is designed following the AISC Manual Part 10, Single-Plate Shear Connections—
Conventional Configuration. Try a ¥%-in.-thick plate with /,, = 142 in., [, =2 in. and s = 2'% in.

From AISC Specification Table J3.4, the minimum vertical edge distance, for a ¥-in.-diameter bolt is 1 in.:

l,,=1%in.>11in. o.k.

From AISC Manual Part 10, the minimum horizontal edge distance is: 2d = 2(% in.) = 1V in.

ley=21in.>1%in. o.k.

The maximum plate thickness is determined using AISC Manual Table 10-9. For three bolts in STD holes:
d
by max = —+ Y16 in.
D, 2 16

¥ in.

+ Y6 in.
=0.438in.>3% in. o.k.
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With a setback distance equal to 0.4 in., use a = 2% in. From AISC Manual Table 10-9, with three bolts in STD holes, the eccen-
tricity is:
e=—
2
_2%in.
2
=1.251n.

The minimum length of the plate should be greater than half the depth of the beam. The minimum bolt spacing is determined
as follows:

o en

_ 1 16.0 1n._2(11/2 in)
3-1 2
=2% in.

From AISC Manual Part 10, the required fillet weld size for a ¥3-in.-thick plate is:
Y%t,=(%)(¥ in.)
=0.234 in.

Use Y4-in. fillet welds.

Step 3— Check the Beam Strength

Step 3a—Check for beam catenary action

The maximum moment in the beam (at mid-span) is determined using AISC Manual Table 3-23, Case 1:

wL* _ (3 kip/ft)(20 fi)*

8 8
=150 kip-ft

The beam elastic moment capacity is:

0.66(50 ksi)(64.7 in.
KR ( ) )

pEyeox = 12 in/ft
= 178 kip-ft > 150 kip-ft

The beam will remain in the elastic zone; no catenary action will occur.

Step 3b— Check beam shear strength

The maximum shear applied on the beam (at the support) is determend using AISC Manual Table 3-23, Case 1:
_wL
)
(3 kip/ft)(20 ft)
2
=30.0 kips

Vv
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The shear yielding strength of the beam is determined as follows:
Ay=dt,
=(16.0in.)(0.305 in.)
=4.88in.2

0.6K,,Fy Ay = 0.6(0.66)(50 ksi)(4.88 in.?)
=96.6 kips >30.0 kips o.k.

Step 4—Determine the Forces on the Connection

Step 4a—Shear force on the connection due to gravity load

The shear force at the connection is determend using AISC Manual Table 3-23, Case 1:

yovL
2
(3 kip/ft)(20 ft)
2
=30.0 kips

Step 4b— Compressive force on the connection due to thermal expansion of the beam

The coefficient of thermal expansion coefficient is:
a=1.2(107)/°C
=6.67(107%)/°F

The elongation of the beam due to thermal expansion is:
Al = L(AT)(ov)
=(20 ft)(932°F - 68°F)(6.67/°F)(107°)(12 in./ft)
=1.38in.

Because the frame is symmetrical, the horizontal displacement at the column mid-span is:
Al

2
_ 1.381in.

2
=0.690 in.

A

The column temperature is roughly estimated to be 300°C (572°F), which is 60% of the beam temperature. From Table 3, the
Kg at 300°C (572°F) is estimated at 0.90. Thus, the thermal compressive force applied to the connection is:

3
Ao _PH
48KEEI,
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Solving for P:
P 48AK§~EIX
H
48(0.690 in.)(0.90)(29,000 ksi)(272 in.*)
B (20 ft)* (12 in/ft)?

=17.0 kips

Step 4c—Moment applied at the connection

At ambient temperatures, designers consider the shear tab connection an ideally pinned connection where its moment demand
is negligible. However, as temperature increases, the flexural stiffness of the connected beam decreases, and thus an increase
in the connection rotation can be observed. Due to this excessive rotation, the bending moment applied on the shear plate can-
not be ignored, and it is important to take it into consideration in fire design. A simple way to calculate the applied moment is
by getting the intersection between the beam line (also called load line) and the connection stiffness by which the moment and
end rotation are obtained. The beam line is a straight line that can be plotted from the moment and end rotation for a fixed-
end beam and simply supported beam.

For a simply supported beam:

wI?
" 24Kyl
(3 kip/t)(20 f0)*(12 in/ft)?
~24(0.771)(29,000 ksi)(518 in.*)

=0.0124 rad

¢

M = 0 kip-in.

For a fixed-end beam:
0.=0rad
12
(3 kip/ft)(20 ft)* (12 in./ft)

12
=1,220 kip-in.

The beam-line and moment-rotation characteristics (using stiffness model) of the connection are plotted in Figure 7. The
moment applied to the connection is determined at the intersection of these two lines. Use M = 17.7 kip-in.

M is used to check the strength of the shear tab connection when subjected to beam-end moments.

Step 5— Compute the Applied Shear Force on the Bolts
Step 5a—Bolt shear force due to gravity load

_30.0 kips
3 bolts
=10.0 kips/bolt
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Step 5b—Bolt shear force due to thermal expansion

_ 17.0 kips

"~ 3 bolts
=5.67 kips/bolt

Step S5c—Bolt shear force due to the applied moment on the connection

M
(n—1)s
17.7 kip-in.
(3-1)(2% in.)
=3.54 kips/bolt

m =

Step 5d—Applied shear force on each bolt

Vzop = (Vm_ Vp)2 +(Vv)2

= /(3.54 Kips —5.67 kips)® +(10.0 kips)®
=10.2 kips

Viniddle = (Vp)z +(V)

= /(5.67 kips)? +(10.0 kips)?
=11.5 kips

2 2
Viottom = (Vp + Vm) + (Vv)

= /(3.54 Kips+5.67 kips)® +(10.0 kips)®
=13.6 kips

1400 ~ - - -Stiffness Model

Beam Line

£l
&
<
=
o
g 1 /
= DD S ! M=17.7 kip-in.
0.04 0.06 0.08
Rotation (rad.)
e LR R Lttt
1
———— 1
- |
- 1
i
. —r—— E )
V06T 008~ 0.1

Rotation (rad.)

Fig. 7. Moment demand on the shear tab connection using beam-line theory.
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Step 6—Determine the Strength of the Plate
Step 6a—Shear yielding

Ay =1t,
=(8.00 in.)(% in.)
=3.00 in?

R, =0.6K,,F, Ay
=0.6(0.66)(50 ksi)(3.00 in.?)
=59.4 kips >30.0 kips  o.k.

Step 6b—Shear rupture

A, =[l-n(d+Ys in.)]t,
=[8.00 in.—3(*¥s in.+ Y6 in.)](% in.)
=2.02 in.?
Ry, = 0.6K, F,A,
=0.6(0.64)(65 ksi)(2.02 in.?)
=50.4 kips >30.0 kips o.k.

Step 6¢c—Flexural yielding

l’

T4

(% in.)(8.00 in.)?
R
=6.00 in.?

Zy

My = KytEthx
=0.66(50 ksi)(6.00 in.})
=198 kip-in. >17.7 kip-in.  o.k.

Step 6d—Flexural rupture
The net plastic section modulus is not calculated here. Use Z,,; = 3.56 in.?
M, = KyFuZne
=0.64(65 ksi)(3.56 in.)
=148 kip-in. > 17.7 kip-in. o.k.
Step 6e—Block shear rupture
R,=0.60A,, Ky Fy; +Ups A Ky Fyt £ 0.60Ag, Ky Fyp + Upg Ay Kyt By
where
A =[2.00 in.—0.5('%6 in.+ Vs in.)](3% in.)
=0.586 in.”

162 / ENGINEERING JOURNAL / THIRD QUARTER / 2020



Agy =(5.00 in.+1% in.)(% in.)
=244 in?

Ay =[(5.00 in.+1% in.) = 2.5(%s in.+ e in.)|(¥% in.)

=1.62 in.?
Ups=1.0

0.60 A Ko For = 0.60(1.62 in.2)(0.64)(65 ksi)

=40.4 kips

0.60A, K, Fy = 0.60(2.44 in.2)(0.66)(50 ksi)

=48.3 kips

Ups A Kt Far = 1.0 (0.586 in.2)(0.64)(65 ksi)

=24.4 kips

Rn = 0~60AanmFut + beAntKutFut < 0~60AgvatFyt + beAnthFut

=40.4 kips+24.4 kips < 48.3 kips+24.4 kips

= 64.8 kips >30.0 kips  o.k.

Step 7—Weld Strength

_v
21
_30.0 kips

2(8.00 in.)
=1.88 kip/in.

I

The moment applied to the weld is:

M +Ve=17.7 kip-in. + (30 kips)(1.25 in.)
=55.2 kip-in.

Maximum stress perpendicular to the weld is:

(M +Ve)l
fi=t—
4(Iweld)
B 12(55.2 kip-in.)(8.00 in.)
4(8.00 in.)?
=2.59 kip/in.

Therefore, the maximum resultant force is:

Ji2+ £2 =J(2.59 kips/in.)? +(1.88 kips/in.)?

=3.20 kip/in.

0 =tan"’ (L]
S

_1 2.59 kips/in.
=tan | ————
1.88 kips/in.

=54.0°
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Table 3. Summary of the Limit State Avalable Strength
of a Single-Plate Shear Connection in Fire [500°C (932°F)]
Mode Available Strength

Shear yielding of plate = 59.4 kips

Shear rupture of plate = 50.4 kips

Flexural yielding of plate = 198 kip-in.

Flexural rupture of plate = 148 kip-in.

Block shear of plate = 64.8 kips

Weld strength = 6.35 kip/in.

Bolt shear strength = 12.6 kips/bolt
Shear plate bearing and tearout strength = 24.8 kips/bolt
Beam bearing and tearout strength = 28.5 kips/bolt

Ry = 0.6K,, Fexx (14+0.5sin'° 0) A,

=0.6(0.627)(70 ksi)[l +0.5sin" (54.00)](0.707)(% in.)
= 6.35 kip/in. > 3.20 kip/in.  o.k.

Step 8—Check Shear Transfer at Bolts

Step Sa—Bolt shear strength

Rv = 0.625nKb,F,,;,Ax
3 i )2
—0.625(1)(0.379)(120 ksi)[@}

=12.6 kips/bolt

Step 8b—Plate bearing and tearout strength

Ry =3.0K, Fydpt <1.50.tK , F,
=3.0(0.64)(65 ksi)(¥ in.)(¥% in.)< 1.5(1.06 in.)(% in.)(0.64)(65 ksi)
= 24.8 kips/bolt

Step 8c—Beam web bearing and tearout strength

Ry =3.0K,, Fydpt <1.51.tK,,F,
=3.0(0.64)(65 ksi)(% in.)(0.305 in.) <1.5(1.66 in.)(0.305 in.)(0.64 )(65 ksi)
= 28.5 kips/bolt

Step 8d—Shear transfer at bolts

The shear transfer strength at the bolts is the minimum of the bolt shear strength, bearing and tearout strength at the plate, and
bearing and tearout strength of the beam web.

R, =min{12.6 kips/bolt, 24.8 kips/bolt, 28.5 kips/bolt}
=12.6 kips/bolt

Viop =10.2 kips <12.6 kips  o.k.
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Vmiddle =11.5 klpS <12.6 klpS o.k.
Viortom =13.6 kips >12.6 kips n.g.

The connection will fail by shear rupture of the bottom bolt. Neglecting the thermal compressive forces, generated due to the
expansion of the beam, and the moment demand leads to unsafe design. Increasing the bolt diameter or using a stronger bolt
grade will produce a safe design.

A summary of the limit state capacities is presented in Table 3. The final design of the shear plate connection is shown
Figure 8.

DESIGN EXAMPLE 2—DOUBLE-ANGLE CONNECTION IN FIRE

Given:

Check the double-angle shear connection shown in Figure 9 when subjected to fire conditions. The beam is an ASTM A992
W16x40 with a length of L =20 ft. The column is an ASTM A992 W10x49 with a height of H = 20 ft. The column is assumed
to be fixed at both ends with a floor height of 10 ft. The beam and connection are unprotected; the column is protected.

The beam is connected to the column using an ASTM A572 Grade 50 double angle. The beam is connected to the double angle
through a single column of three bolts, and the double angle is connected to the column through two columns of three bolts. Bolts
are Y4-in.-diameter Group A with the threads not included in the shear plane (thread condition X). The beam setback is 0.4 in.

The beam and the connection are uniformly heated from an ambient temperature of 20°C (68°F) up to 500°C (932°F). The beam
is assumed to carry a maximum of half its plastic moment strength at ambient temperature. The beam top flange is laterally
supported along its length. Thermal creep effect is not included.

Solution:
From AISC Manual Tables 2-4 and 2-5, the material properties are as follows:

Beam and column

ASTM A992
Fy=50ksi
F, =65 ksi

04" 2 PLYx415x0'-8"

%
v =
%> _

N
X W16x40
= X
= \
\ % dia. Group B,
thread condition X,

bolts std. holes

Fig. 8. Detailed design for W16x40 beam connected to W10x49 column through a single-plate connection.
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Angle

ASTM 572, Grade 50
Fy,=50Kksi

F, =065 ksi

From AISC Manual Table 1-1, the geometric properties are as follows:

Beam
W16x40

d =16.01in.
t,, = 0.305 in.
S, =647 in’
Z,=73.0in.>

Column
W10x49
1,=272in*

From Table 2, the material property retention factors at 500°C (932°F) are:

Kg =0.77
Ky = 0.66
K, = 0.64
K, =0.379
K,;=0.627
10 ft.
W (kips/ft.)
eI

@‘ 1/ \\\\

o / - e \ o =

? é L ‘E o =

= \\ e ,," o =

\ J/ W16x40
\\\\\\\ i ‘\ L =20 ft.
10 ft.
Column Beam
& |I ] [~~~ Double
% IE H angle P
§ & || | © —LL "
—'iLeh’__I_ 4

Fig. 9. Example 2 configuration of column-beam frame system connected with a double angle.
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Step 1—Compute the Applied Distributed Load
The maximum moment developed at mid-span of the beam is determined using AISC Manual Table 3-23, Case 1:
wL?
Mypax = T
The beam plastic moment is determined from AISC Specification Equation F2-1:
M,=Z.F, (Spec. Eq. F2-1)
(73.0 in.®)(50 ksi)

12 in./ft
=304 kip-ft

The applied load should exert a maximum moment of 50% of the beam plastic moment capacity at ambient temperature;
therefore:
8(0.5M,)
12
_ 8(0.5)(304 kip-ft)
(20 ft)*
=3.04 kip/ft

w=

Use w = 3 kip/ft

Step 2—Double-Angle Connection Configuration
Try L5x3Y2x%s angles with [,, = 14 in., ., = 1'/2 in. and s = 2V% in.
From AISC Specification Table J3.4, the minimum edge distance, for a 34-in.-diameter bolts is 1 in.:

l,=1%in.>1in. o.k.

The minimum length of the angles should be greater than half the depth of the beam. The minumum bolt spacing is determined
as follows:

e

=( 1 ][16.0 in. o1 in.)]
3-1 2
=21 in.

The horizontal edge distance of the beam is:
Sin.—1% in.—0.4 in.=3.10 in.

Step 3— Check the Beam Strength

Step 3a— Check for beam catenary action

The maximum moment in the beam (at mid-span) is determined using AISC Manual Table 3-23, Case 1:

wL* (3 kip/ft)(20 ft)

8 8
=150 kip-ft
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The beam elastic moment capacity is:

0.66(50 ksi)(64.7 in.%)

12 in./ft
=178 kip-ft > 150 kip-ft

Kthjvt Sy =

The beam will remain in the elastic zone; no catenary action will occur.

Step 3b—Check beam shear strength

The maximum shear applied on the beam (at the support) is determend using AISC Manual Table 3-23, Case 1:

yovL
2
(3 kip/ft)(20 ft)
2
=30.0 kips

The shear yielding strength of the beam is determined as follows:
A =dt,
=(16.0 in.)(0.305 in.)
=4.88 in.?

0.6K,,Fy,As = 0.6(0.66)(50 ksi)(4.88 in.%)
=96.6 kips >30.0 kips o.k.

Step 4—Determine the Forces on the Connection

Step 4a—Shear force on the connection due to gravity load

The shear force at the connection is determend using AISC Manual Table 3-23, Case 1:
yovl
2
(3 kip/ft)(20 ft)
2
=30.0 kips

Step 4b— Compressive force on the connection due to thermal expansion of the beam
The coefficient of thermal expansion coefficient is:
a=1.2(107)/°C
=6.67(10°)/°F
The elongation of the beam due to thermal expansion is:
Al=L(AT)(a)

= (20 ft)(932°F — 68°F)(6.67/°F)(10~°)(12 in./ft)
=1.38 in.
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Because the frame is symmetrical, the horizontal displacement of the column mid-span is:

_Al
2
_1.38in.

2
=0.690 in.

A

The column temperature is roughly estimated to be 300°C (572°F) which is 60% of the beam temperature. From Table 3, the
value of K at 300°C (572°F) is estimated at 0.90. Thus, the thermal compressive force applied to the connection is:

3
A=_PH
48KpEI,
Solving for P:
pe 48AKI§EIX
H

48(0.690 in.)(0.90)(29,000 ksi)(272 in.*)
(20 ft)* (12 in/ft)?

=17.0 kips

Step 4c—Moment applied at the connection

The beam line is a straight line that can be plotted from the moment and end rotation for a fixed-end beam and simply sup-
ported beam.

For a simply supported beam:

_ wL?

24K:ElI,
(3 kip/ft)(20 ft)* (12 in/ft)’
~24(0.771)(29,000 ksi)(518 in.%)
=0.0124 rad

(o

M =0 kip-in.

For a fixed-end beam:

0.=0 rad
et
12
(3 kip/ft)(20 ft)* (12 in /ft)
- 12
=1,220 kip-in.

The beam-line and moment-rotation characteristics (using the stiffness model) of the connection are plotted in Figure 10. The
moment applied to the connection is determined at the intersection of these two lines. Use M = 20.0 kip-in.

M is used to check the strength of the double-angle connection when subjected to beam-end moments.
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Step 5—Compute the Applied Shear Force on the Bolts

The double angle is connected to the beam web by one column of three bolts.

Step 5a—Bolt shear force due to gravity load

_30.0 kips

"~ 3 bolts
=10.0 kips/bolt

Step 5Sb—Bolt shear force due to thermal expansion

Vo=—
n

~ 17.0 kips
"~ 3bolts
=5.67 kips/bolt

Step S5c—Bolt shear force due to the applied moment on the connection

oM
(n—=1)s
_20.0 kip-in.
~(3=1)(2% in.)
=4.00 kips/bolt

1400 - = = Stiffness Model
1 Beam Line
1200
1000
k=
é-i ,/
g 800 ;
g 60094 \ ol A —===" M= 20 kip-in.
]
= 1 N o
400 0.02 0.04 0.06 0.08 0.1
Rotation (rad)
1200 |
| 0 dmmospdzssosoooszonog e —— — ,
: 0.04 0.06 0.08

Rotation (rad)

Fig. 10. Moment demand on the double-angle connection using beam-line theory.
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Step 5d—Applied shear force on each bolt

2
Vmp = (V;r _Vp) +(Vv)2

= \/(4.00 kips —5.67 kips)” +(10.0 kips )
=10.1 kips

2
Viniddie = (Vp) +(Vv)2

= /(5.67 kips)? +(10.0 kips)?
=11.5 kips

2
Vbottom = (% + Vm) +(VV)2

= \/(4.00 kips +5.67 kips)” +(10.0 kips)*
=13.9 kips

Step Se—Applied axial force on each tension bolt (connecting the column to the angle)

The compression load applied on each bolt due to the beam thermal expansion is:
P _17.0 kips
6 6
=2.83 kips/bolt

To obtain the tension applied to the bolts due to the applied moment, the elastic method of distributing forces can be used.
The moment applied on each angle is:

M _20.0 kip-in.
2 2
=10.0 kip-in.

For the system of angle leg in bearing and bolts in tension, the tension applied on the top bolt (critical bolt) due to M is:
M
P,=—A
21, P
_10.0 kip-in.
17.7 in.*
=1.27 kips/bolt

(0.442 in.?)(5.1in.)

P
Potar = Bn — g
=1.27 kips —2.83 kips
=—1.56 kips/bolt (compression)

Because all the bolts are in compression, there is no need to check the tensile bolt capacity (including prying effects), angle
leg in bending, and bolt punching for the double angle.

Step 6—Determine the Angle Leg Strength

Shear applied on each angle leg is:

vV _30.0 kips
2 2
=15.0 kips
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The moment applied on each angle leg is:

M _ 20.0 Kip-in.
2 2
=10.0 kip-in.

Step 6a—Shear yielding
Ag=1t
=(8.00 in.)(3% in.)
=3.00 in.”
R,y =0.6K,, F}, Ay
=0.6(0.66)(50 ksi)(3.00 in.?)
=594 kips >15.0 kips  o.k.

Step 6b—Shear rupture
A,=[l-n(d+"Ys in.)]z,
=[8.00 in.—3("¥s in.+ Y6 in.)](% in.)
=2.02 in.”
Rou = 0.6K, FuA,,
=0.6(0.64)(65 ksi)(2.02 in.%)
=50.4 kips >15.0 kips  o.k.

Step 6¢c—Flexural yielding

tl°

T4

(% in.)(8.00 in.)*
SRS
=6.00 in.’

Zy

M, =K, FyZ,
=0.66(50 ksi)(6.00 in.})
=198 kip-in. >10.0 kip-in. o.k.

Step 6d—Flexural rupture

The net plastic section modulus is not calculated here. Use Z,,; = 3.56 in2
M, =K FuZne
=0.64(65 ksi)(3.56 in.%)
=148 kip-in. >10.0 kip-in. o.k.

Step 6e—Block shear rupture

Rn = 0-60AanutE¢t + beAntKutEtt < 0-60AgvatFyt + beAntKutFut
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where

Ap =[1% in.—0.5(¥6 in. + s in.)] (3% in.)
=0.398 in.?

Agy=(5.00 in.+1" in.)(3 in.)
=244 in?

Ap=[(5.00 in.+1% in.) = 2.5("¥s in.+ Vs in.)](3% in.)
=1.62in.”

Ups=1.0

0.60A,,K, Fyy = 0.60(1.62 in.?)(0.64)(65 ksi)
=40.4 kips

0.60A,,K,,F, = 0.60(2.44 in.2)(0.66)(50 ksi)
=48.3 kips

UpsApK i Fyr =1.0(0.398 in.?)(0.64)(65 ksi)
=16.6 kips

Rn = 0~60AanutFut + UbsAm‘KutFut < 0~6OAgVKthS't + UbsAmKutFut
=40.4 kips+16.6 kips < 48.3 kips+16.6 kips
=57.0 kips >15.0 kips o.k.

Step 7—Check Shear Transfer at Bolts

Step 7a—Bolt shear strength

R, =0.625nK,Fp A (2)

= (0.625)(1)(0.379)(120 ksi)|:n(3/4Tm')2:|(2)

= 25.1 kips/bolt

Step 7b—Angle leg bearing and tearout resistance
Rbr = 3.OKM[FM[dbt < 1-SlctKutFut

=3.0(0.64)(65 ksi)(% in.)(% in.) <1.5(1.06 in.)(3% in.)(0.64)(65 ksi)
=24.8 kips/bolt per angle

For the two angles:

2Ry, =2(24.8 kips/bolt)
=49.6 kips/bolt

Step 7c—Beam web bearing and tearout resistance
Ry =3.0K,,F,dpt <1.50.tK,, Fyy

=3.0(0.64)(65 ksi)(% in.)(0.305 in.) <1.5(1.66 in.)(0.305 in.)(0.64)(65 ksi)
=28.5 kips/bolt
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Table 4. Summary of the Limit State Available Strength
for a Double-Angle Connection in Fire [500°C (932°F)]
Mode Available Strength
Shear yielding of angle leg = 59.4 kips
Shear rupture of angle leg = 50.4 kips
Flexural yielding of angle leg = 198 kip-in.
Flexural rupture of angle leg = 148 kip-in.
Block shear of angle leg = 57.0 kips
Bolt shear strength = 25.1 kips/bolt
Angle leg bearing and tearout strength = 24.8 kips/bolt
Beam web bearing and tearout strength = 28.5 kips/bolt

Comparing the strength of the bolts in shear to the angle leg and beam web in bearing and tearout, the bolt in shear has the
minimum strength.

R, = min{25.1 kips/bolt, 49.6 kips/bolt, 28.5 kips/bolt}
= 25.1 kips/bolt

Viep  =10.1kips<25.1kips o.k.

Viniaare =11.5 kips <25.1 kips  o.k.

Viortom =13.9 kips < 25.1 kips  o.k.
A summary of the limit state available strength is presented in Table 4. The designed connection can withstand the applied grav-
ity loads at 500°C (932°F), in addition to the exerted moment by the beam on the connection and the compressive forces due to

restrained thermal expansion. Further details of the final geometric configuration of the double-angle connection are given in
Figure 11.

> 2L5x3Y%x%x('-8" (LLBB) % dia. Group A,

- thread condition X,
bolts std. holes

i
©
|
|

“
fimi|
@)

z@ﬁl/z"
_§ [

-
j

L

% dia. Group A, 5"
\
thread condition X,
bolts std. holes

X W16x40

W10x49

Section A-A

Fig. 11. Detailed design for W16x40 beam connected to W10x49 column through a double-angle connection.
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CONCLUSIONS

The goal of this study is to propose fire design—oriented
guidelines that aim at designing robust simple steel con-
nections (shear tab and double angle) at low to medium
temperatures of fire. To reach this aim, first, a simple tool,
which can be used by professional structural fire engineers,
is developed to characterize the stiffness and capacity of
simple steel connections in fire. Thus, a stiffness-based
model, which is considered to be a simple and practical tool,
is proposed. The developed model is based on stiffness and
strength equations available in the literature. Materials and
geometric nonlinearities are incorporated in the proposed
model to ensure accurate predictions of the connection
response. Geometric nonlinearity can be observed through
the complex interaction between connection components by
surface to surface contact and slip of shear planes, whereas
material nonlinearity is included through material yielding
and steel retention factors. The proposed model is validated
against experimental data available in the literature to test
its prediction capabilities. It is able to capture—with reason-
able accuracy—the force-rotation behavior of the connec-
tions when compared with the experimental results. Further,
the ultimate capacities and failure modes from the experi-
mental work results are identified and well predicted.

The study further incorporates the proposed stiffness
model in fire design procedure of unprotected simple steel
connections under transient-state conditions of fire. The
design procedure is presented in two fire design examples
illustrated as step-by-step design guidelines for simple steel
connections. It accounts for the three main sources of stresses
on the steel connections in fire: (1) the sustained gravity
loads, (2) the induced axial load due to restrained thermal
expansion, and (3) the moment demand exerted by the beam
material (stiffness) degradation. Simplifications are identi-
fied and implemented to reach a simple and conservative
design procedure to be used by professional structural fire
engineers. Comparing the two design examples, it can be
concluded that the double-angle connection exhibits a better
performance than the shear tab connection when subjected
to fire. The fact that the double-angle connection provides
double shear planes to resist the applied loads, compared to
one shear plane in the shear tab connection, makes it more
flexible and resilient when subjected to fire. This is consis-
tent with previous findings in the literature (Hantouche et
al., 2016). Moreover, this study showed that the bolts are the
most vulnerable element in the connection during fire, espe-
cially for shear tab connections with a single shear plane.
This was also observed in the fire tests of Yu et al. (2009a,
2009c), where the failure mode was governed by shear bolt
failure at high temperatures. This can be attributed to the
severe reduction in the bolt ultimate strength (e.g., relatively
low retention factor) when exposed to fire. Therefore, in
such cases, it is advised to use A490-X bolts to increase the

strength and ductility of simple steel connections. The bolts
in steel connection should be given exceptional care in both
design and construction phases.

This study should be extended to cover other aspects and
load demands that the simple steel connections are sub-
jected to at later stages (high temperatures) of fire—most
importantly, tension stresses due to beam catenary action.
Studies should be also conducted to ensure the survival of
the connection during cooling phase where the connection
is subjected to additional tension stresses. Moreover, the
design of connections surrounded by a cooler structure in a
full building system should be also considered. Creep mate-
rial should be accounted for in the fire design to include
the time-dependent effects. It is noteworthy that quite a bit
of ongoing research is proving that steel connections and
beams can survive fire events without having fire protection
(insulation). These findings will eventually lead to establish-
ing both safe and economic design of steel structures.

SYMBOLS

Ay Effective area of the bolt shank, in.>

Ay Effective contact area of the beam, in.?

Agy Gross area subject to shear for block shear
failure mode, in.

Ay Net area subject to tension for block shear
failure mode, in.

A, Net area subject to shear for block shear
failure mode, in.

Ay Effective shear area (e.g. web area in
beams), in.2

Ae Effective area of the weld, in.

D Distance between the beam bottom flange
and the center of rotation c, in.

D, Ratio of the mean installed bolt pretension
to the specified minimum bolt pretension

E Elastic modulus of steel material at
ambient temperature, ksi

Fexx Filler metal classification strength at
ambient temperature, ksi

Fu, Ultimate strength of steel bolt at ambient
temperature, ksi

F Ultimate strength of base material at
ambient temperature, ksi

Fy Yield strength of base material at ambient

temperature, ksi
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Kllt

KH/t

Ky

Column height, ft
Moment of inertia about the x-axis, in.*

Temperature-dependent retention factor for
the elastic modulus of the base material

Temperature-dependent retention factor for
the ultimate strength of steel bolt

Temperature-dependent retention factor the
ultimate strength of the base material

Temperature-dependent retention factor for
the ultimate strength of the weld

Temperature-dependent retention factor the
yield strength of the base material

Length of the beam, ft

Elongation length of the bolt shank, in.
Horizontal edge distance, in.

Vertical edge distance, in.

Resultant moment on the connection
calculated from applied shear and tensile
forces, kip-in.

Plastic moment capacity, kip-in.
Rupture moment capacity, kip-in.
Yielding moment capacity, kip-in.

Axial force due to thermal expansion of the
beam, kips

Axial force due to applied moment, kips
Total axial force, kips
Capacity of angle leg in bending, kips

Strength of plate/angle leg/beam web in
bearing/tearout, kips

Shear resistance of plate/angle leg against
block shear, kips

Weld strength, kips

Shear resistance of plate/angle leg against
bolt punching rupture, kips

Bolt slip resistance, kips
Bolt shear resistance, kips

Shear resistance of plate/angle leg against
shear rupture, kips

Shear resistance of plate/angle leg against
shear yielding, kips
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T,

Ubs
\%4

Vbattum

Vin

Viniddie

€p

fi

fo

Bolt tensile resistance, kips

Elastic section modulus about the x-axis,
in.?

Minimum pretension force applied on the
bolt, kips

Tension stress distribution factor

Applied shear force on the connection, kips

Applied shear force on the bottom bolt,
kips

Bolt shear forces due to applied moment,
kips

Applied shear force on the middle bolt,
kips

Bolt shear forces due to compressive force,
kips

Applied shear force on the top bolt, kips
Bolt shear forces due to gravity load, kips

Applied uniformly distributed gravity load
on the beam, kip/ft

Net plastic section moduli about the x-axis,
in.}
Plastic section moduli about the x-axis, in.?

Distance from the bolt line to the weld
line, in.

Diameter of M 16 bolt shank, in.
Diameter of bolt shank, in.
Diameter of bolt hole, in.

Mean of the across points and across flats
dimensions of the bolt head or the nut,
whichever is smaller, in.

Shear force eccentricity, in.

Distance from the bolt to the free edge
of the plate in the direction of the load
transfer, in.

Shear stress perpendicular and parallel to
the weld line, ksi

Shear stress parallel to the weld line, ksi

Distance between the end components
connecting shear tab/double angle to
column, in.

Factor of fillers



kab

kp

kbcc

kbeam-angle lapjoint

kbolt row

leﬁ‘,ab

np

Pb

Sslip

AT
Al

Stiffness of the web angle in bending,
kip/in.

Parameter as defined in Equation 4

Stiffness of the beam flange in contact with
the column, kip/in.

Stiffness of a double-lap joint in double-
angle connections, kip/in.

Stiffness of a single bolt row, kip/in.
Stiffness of the bolts in shear, kip/in.
Stiffness of the bolts in tension, kip/in.

Stiffness of beam web/angle leg in bearing,
kip/in.

Rotational stiffness, kip-in.
Parameter as defined in Equation 5
Stiffness of steel plates in bearing, kip/in.

Clear distance between the edge of the bolt
hole and the edge of the material, in.

Effective length of the double angles in
bending in each bolt-row, in.

Distance between the center of the bolt and
the angle leg fillet, in.

Number of slip/shear planes
Number of bolt columns

Distance between the farthest bolt-row and
center of rotation ¢, in.

Spacing of the bolt in the direction of the
load transfer, in.

Setback distance, in.

Sum of the gaps between the bolt shank
and the edge of the bolt hole, in.

Thickness of shear tab plate, double-angle
leg, or beam web, in.

Horizontal deflection at the mid-span
of the column due to beam thermal
expansion, in.

Change in temperature, °F
Thermal elongation of the heated beam, in.

Temperature-dependent parameter defined
by Yu et al. (2009c)

Coefficient of thermal expansion of
steel, °F

0 Angle between the line of action of the
required force and the weld longitudinal
axis, degrees

0. Connection rotation, rad

Angle of contact between the beam flange
and the column flange, rad

ebeam-contact

Angle at which the farthest bolt comes in
contact with respective bolt hole edge, rad

ebolt-conzact

u Mean slip coefficient
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