
Journal of Constructional Steel Research 160 (2019) 402–410

Contents lists available at ScienceDirect

Journal of Constructional Steel Research
Prying effect in unstiffened extended endplate connection with circular
bolts configuration
Sana N. El Kalash, Elie G. Hantouche ⁎
Department of Civil and Environmental Engineering, American University of Beirut, Lebanon
⁎ Corresponding author at: Department of Civil and
American University of Beirut, P.O.Box 11-0236, Riad El-S

E-mail addresses: sne08@mail.aub.edu (S.N. El Kalash)
(E.G. Hantouche).

https://doi.org/10.1016/j.jcsr.2019.05.043
0143-974X/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 February 2019
Received in revised form 30 May 2019
Accepted 30 May 2019
Available online 13 June 2019
The behavior of eight-bolt extended endplate connection with circular bolts configuration under monotonic and
cyclic loadings was experimentally investigated. The results of a series of component experimental tests and fi-
nite element (FE) simulationswere used to develop a strengthmodel to predict the connection capacity and pry-
ing forces. The effect of the column flange thickness, the endplate thickness, and the bolt diameter on the
connection performance and the prying forces were investigated. Three failure modes were identified. Based
on the experimental and FE results, a design procedure and an example were proposed. The results showed
that a minimum of 7.4 bolts out of the 8 bolts present in the investigated connections were effective in carrying
the applied load and reached their full capacity at the point of ultimate. This leads to a higher design capacity of
the connection. Compared to the rectangular bolt configuration, the circular configuration requires less fabrica-
tion when omitting stiffeners but requires thicker endplate.
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1. Introduction

Steel beam-to-column connections used in special (SMF) and inter-
mediate (IMF)moment resisting framesmust be prequalified by testing
prior to their use. Extended endplate connections are prequalified for
use in SMF and IMF in the ANSI/AISC 358-16 [1] due to their large
inter-story drift rotation capacities and ductile failure modes. Phase 2
of the SAC Joint Venture aims at improving the seismic performance of
steel moment frame connections [2]. For this purpose, ongoing analyti-
cal and experimental research is being performed to enhance the
strength and ductility of extended endplates using innovative solutions.

For beams with significant plastic moment capacity, eight-bolt ex-
tended endplate connection is used to resist the largemoment demand.
Extensive FE, experimental, and analytical research have been per-
formed on eight-bolt stiffened extended endplates [3–6] to show their
good performance under seismic loading.

For the prequalified eight-bolt extended endplate connection, stiff-
ener plates are welded between the end plate and the beam flanges:
(1) to strengthen the extended portion of the end plate, (2) to force
plastic hinging of the beam to occur away from the connection region,
and (3) to promote uniform distribution of beam flange forces to the
tension bolts. However, it was shown that rupture of the beam flange
at the toe of the stiffener occurs due to the high stress concentration
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in this region [7]. Furthermore, Murray [8] showed that only 6.8 bolts
out of the 8 bolts carry the connection load effectively till failure.

It is necessary to improve the seismic performance of the eight-bolt
stiffened extended endplate connection to accommodate for the two
afore-mentioned limitations. Recent research suggested the following:
(1) removing the stiffeners to eliminate the stress concentration and
(2) redistributing tension bolts in a circular pattern to increase the num-
ber of effective bolts and allow for an equal distribution of demands in
the bolts.

Kiamanesh et al. [9] were the first to propose the circular bolt distri-
bution. The authors performed one component experiment on the
monotonic behavior of T-stubs with circular bolt configuration and
studied the effect of various bolt diameters and endplate thicknesses
on the bolt-force distribution using FE analysis. It was concluded that
the circular distribution of tension bolts enhances themoment capacity,
reduces pinching, and increases the energy dissipation capacity of the
connection. Similarly, Schweizer [10] performed one full scale experi-
ment to study the effect of circular bolt configuration on the cyclic be-
havior of the connection. An even distribution of beam flange force
between all eight bolts was achieved.

Prying is defined as the amount of tensile force that is added to the
bolts due to a significant deformation of the endplate and column
flange. Investigating the prying force induced by both the endplate
and the column flange deformation was the focus of Hantouche and
Mouannes [11]. The authors studied, using FE analysis, the effect of
bolt configuration (circular or rectangular) and column flange thickness
on the prying phenomenon and developed strength and stiffness
models to predict the failure capacity and the response characteristics
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of the connection. Most recently, Morrison et al. [12] studied the cyclic
behavior of stiffened and unstiffened extended endplate connection
having circular and rectangular bolts configuration using FE analysis.
An improved strength and post yielding stiffness were achieved as
well as more uniform bolt-force distribution when having a circular
bolts arrangement. The authors concluded that although thicker
endplatesmay be required, the fabrication cost of the proposed connec-
tion is less than that of the conventional one due to the omission of
beam flange stiffener plates.

Despite all the experimental tests and analytical models con-
ducted on eight-bolt unstiffened extended endplate connections
with circular bolt pattern, all researchers mentioned the need to
perform comprehensive experimental tests. Also, the influence of
column flange size on the response of the connection and the
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Fig. 1. (a) Typical eight-bolt unstiffened extended
associated prying forces were investigated using FE analysis only.
Moreover, the available strength model covers only specific failure
modes and steel grades.

To address thementioned shortcomings, component testswere con-
ducted on eight-bolt unstiffened extended endplates with circular bolts
configuration subjected to monotonic and cyclic loadings. The strength
and prying forces of the proposed connection were evaluated and the
different failuremodeswere identified. Also, FEmodels were developed
and validated against the experimental results. More importantly, FE
parametric studies were performed in which the column flange thick-
ness was varied for different beam sections, endplate thicknesses, and
tension bolt diameters. The data collected from the experimental and
FE studies lead to the development of a strength model to predict the
strength and prying forces of the proposed connection covering the
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failure modes encountered in the experiment. Finally, a design proce-
dure and an example were presented.

2. Experimental program

2.1. Component tests

The scope of this experimental program is to study the effect of
omission of stiffeners, the distribution of tension bolts in a circular pat-
tern, and the column flange thickness on the strength and prying forces
of the eight-bolt extended endplate connection. The experimental tests
were limited to the component level.

Fig. 1(a) shows the side and front views of the designed connection.
The circular bolt patternwas designed as per Hantouche andMouannes
[11] recommendations. Fig. 1(b) shows the experimental setup of the
tested specimens. As shown in Fig. 1(b), a Tee section (S355 steel
(A572-50)), representing half the column, was connected using eight
M16 tension bolts (grade 8.8 (A325)) to the endplate which was in
turn welded (using fillet welds (E70XX)), to a Tee section representing
half the beam. Fig. 2 shows a test specimen. Two LVDTs were attached
to the column flange to record its deformation and two LVDTs were at-
tached to the endplate to record its deformation. Also, four load cells
were attached to the four tension bolts (B1 to B4 in Fig. 1(a)) tomeasure
the bolt-force variation and prying forces throughout the tests. Load
cells were only attached to specimens M2 and M5 as they represent
Table 1
Test parameters and results.

Test
ID

tcf
(mm)

tp
(mm)

Beam
section

Testing
procedure

Failure mode Maximum
load (kN)a

Column
deform
(mm)b

M1 40 16 W410x39
(W16x26)

Monotonic Endplate yield
mechanism
with B1&B2
fracture

719 0
M2 Monotonic 669 0

C1 Cyclic 696 0
M3 16 Monotonic Column flange &

Endplate yield
mechanism with
B4 fracture

573 41
C2 Cyclic 603 44

M4 13 Monotonic Column flange yield
mechanism with B4
fracture

512 44
M5 Monotonic 501 37

C3 Cyclic 508 45

a Maximum tensile force experienced during the test (not the load at failure).
b Maximum tensile deformation at failure in the column flange. Obtained by averaging disp
c Maximum tensile deformation at failure in the endplate. Obtained by averaging displacem
d Summation of endplate and column flange deformation at failure.
e Not Applicable.
the extreme cases (thick column flange - expected lowest prying forces,
and thin column flange - expected highest prying forces).

Table 1 shows the geometric parameters of the tested specimens.
The endplate thickness and bolt diameter were held constant while
the column flange thickness was varied to study its effect on the behav-
ioral characteristics of the connection. The beam section was chosen
based on the capacity of the Tinius-Olsen machine of 2000 kN. The
endplate was designed as per the ANSI/AISC 358-16 [1] for the rectan-
gular bolt configuration and including beam flange stiffeners. The stiff-
eners were removed and the bolts were arranged in a circular pattern
as per Hantouche and Mouannes [11] to study the effect of these
changes on the behavior of extended endplates and prying forces. The
thick column flange was chosen to ensure a rigid response, while the
medium column flange was chosen to match the endplate thickness,
and the thin column flangewas designed to eliminate theflexural yield-
ing of the column as per ANSI/AISC 358-16 [1]. That is, the thin column
flange is the minimum required column flange thickness to eliminate
flexural yielding. The beamand column sections usedwere built-up sec-
tions. However, they behaved similar to rolled sections and no distress
was observed in the welds after testing.

Tension bolts in all specimens were pre-tensioned, using direct
torque control, according to the minimum pretension load specified
by the ANSI/AISC 360-16 [13] and Eurocode [14]. The specimens were
subjected to either a monotonically increasing load to failure (loading
rate of 4 mm/s) or a cyclically variable load in tension similar to the
ATC24 [15] seismic load history.

2.2. Component results

2.2.1. Failure modes
Three failure modes were encountered in this series of component

tests. SpecimensM1,M2, and C1 (having thick column flange thickness)
failed due to flexural mechanism and bolt fracture in the endplate/bolt
system. This type of failure is characterized by B1 and B2 (Fig. 1(a)) frac-
turewith simultaneous yielding of the endplate at the k-zone and at the
bolt line. The failure of the endplate proves that the use of circular bolts
distribution requires thicker endplates. This was previously shown by
Morrison et al. [12] using FE analysis. Thus, a new design equation is
needed for the flexural yielding of the endplate with circular bolt
pattern.

Specimens M3 and C2 (having medium column flange thickness)
failed by flexural mechanism in the column flange/endplate system
flange
ation

Endplate
deformation
(mm)c

Total
deformation
(mm)d

B at
ultimate
(kN)

Total
prying
(%)

Primary
prying
(%)

Secondary
prying (%)

17 17 NAe NA NA NA
16 16 B1 = B2

= 200
B3 = B4

= 180

9 9 0

20 20 NA NA NA NA
1 42 NA NA NA NA
1 45 NA NA NA NA

2 46 NA NA NA NA
2 39 B1 = B4

= 200
B2 = 180
B3 = 160

22 9 13

2 47 NA NA NA NA

lacements of LVDTs 1 and 2.
ents of LVDTs 3 and 4.
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Fig. 3. Load-Total displacement: Experiment vs. FE (a) Monotonic tests, (b) Cyclic tests.
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and bolt fracture. This type of failure is characterized by simultaneous
plastic hinge formation at the k-zone and at the bolt line of both the col-
umn flange and the endplate with simultaneous fracture of bolt B4. Bolt
B4 is the closest bolt to the beamweb as shown in Fig. 1(a). Large tensile
forces were induced in this bolt due to the separation of the endplate
and column flange.

Specimens M4, M5, and C3 (associated with thin column flange)
failed due to flexural mechanism and bolt fracture in the column
flange/bolt system. This type of failure is characterized by B4 fracture
with simultaneous yielding of the column flange at the k-zone and at
the bolt line.

2.2.2. Load-displacement
The load-total displacement curves of all monotonic tests are shown

in Fig. 3(a). The total displacement is the summation of the column
flange and endplate deformations, obtained from the LVDTs. The sepa-
rate column flange and endplate deformations are summarized in
Table 1. Specimens M1 and M2 show negligible deformation of the col-
umn flange. Subsequently, it is considered rigid in these specimens and
no secondary prying forces (caused by column flange deformation)
exist. Also, the results show that the initial stiffness and the maximum
load increase with the column flange thickness whereas the plastic de-
formation decreases.

Fig. 3(b) shows the load-total displacement curves of the cyclic tests.
The large inelastic cyclic deformations developed in specimens C2 and
C3, as opposed to C1, show that the flexible column flange leads to
large energy dissipation capacity.

2.2.3. Bolt force
The bolt force distribution of specimens M2 and M5 is shown in

Figs. 4(a) and 4(b), respectively. The force in one bolt (B in kN) obtained
from the load cells is plotted against the tensile force per bolt (T in kN)
obtained from dividing the total applied load by eight bolts.

The results show that all bolt rows are active in transferring the load
even the far bolts B3 and B4. This proves the efficiency of the circular
bolts configuration in improving the distribution of the tension force
among all eight bolts.

Also, it is clearly shown from Fig. 4 that the stiffening effect of the
beam flange and web, results in high prying forces in the nearest bolts
(B1 and B2 – nearest to the beam flange – for M2 and B4 – nearest to
the beamweb – forM5). This is due to the large deformation of the con-
nected plates in these regions and the stiffening effect of the beam
flange and web.

Analysis of the bolt force at ultimate load (Table 1 column 11) indi-
cates that in specimens M2 andM5, four of the bolts are 100% effective,
while the other four are 80% to 90% effective. That is, between 7.4 and
7.6 out of 8 bolts are effective in carrying the load in the connection hav-
ing a circular bolt configuration. Recall that only 6.8 bolts are effective
for the rectangular bolts configuration [8], the circular bolts configura-
tion enhances the bolt-force distribution. That is, more bolts are effec-
tive in carrying the load. Requiring the same bolts diameter as the
rectangular configuration, the circular bolts configuration has higher ca-
pacity due to the increased effectiveness of the bolts.

Finally, the total prying forces in specimens M2 and M5 are calcu-
lated as follows:

Qtotal %ð Þ ¼ 2 B1 þ B2 þ B3 þ B4ð Þ−Tmax

Tmax

� �
100 ð1Þ

where: Qtotal(%): total prying percentage; B1, B2,B3, B4: bolts forces mea-
sured from load cells at maximum tensile applied load; Tmax: maximum
tensile applied load.

The primary prying forces are determined form specimen M2. The
column flange deformation for specimenM2 is negligible. No secondary
prying forces are induced in this specimen and the total prying forces
are equal to the primary prying forces. For specimen M5, the column
flange is flexible and undergoes significant deformation (as shown in
Table 1), thus secondary prying forces caused by the column flange de-
formation are induced. The primary prying forces are deducted from the
total prying forces to obtain the secondary prying forces. The results are
shown in Table 1.

3. FE validation

FE models were developed in ABAQUS to reproduce the load-
deformation and bolt-force variation of the experimental program for
validation purposes.

3.1. Description of the connection model

The eight component specimens were reproduced in ABAQUS. The
specimens were loaded in two steps. In the first step, the tension bolts
were subjected to a pretension force of 90 kN. The load was modeled
by applying a bolt-force equivalent to the minimum required preten-
sion force. In the second step, a displacement controlled monotonic
load (M1, M2, M3, M4, and M5) or cyclic load (C1, C2, and C3) was ap-
plied at the tip of the beam flange. During all steps of the analysis, the
column web was fixed against any translation and rotation.
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A bilinear stress-strain material model was used for all steel mate-
rials. The mechanical properties of the endplate, column, and beam
were S355 steel base material. It is noted that according to the OPUS
[16] report, the stress–strain behavior for S355 base material can be in-
creased by an amount of 25%. So, RyFyt (440 MPa with Ɛpy = 0), the ex-
pected yield stress and plastic strain, and RtFut (590 MPa with Ɛpu =
0.4), the expected tensile strength and plastic strain, with Ry = 1.25
and Rt = 1.25, were used in the model. Tension bolts were M16
(grade 8.8) (Fy = 640 MPa, Ɛpy = 0 and Fu = 800 MPa, Ɛpu = 0.1)
and welds were E70XX (Fy = 460 MPa, Ɛpy = 0 and Fu = 485 MPa,
Ɛpu= 0.01). For the specimens loadedmonotonically, an isotropic plas-
tic hardening model was specified for all steel materials. For the
Fig. 5. Comparison of failure in experime
specimens loaded cyclically, a kinematic plastic hardening model was
specified to account for the Bauschinger effect.

Discretization of all the components of the connection model in
ABAQUS was performed using C3D8-R. Surface-to-surface contact
with a finite sliding coefficient was used to reproduce the contact sur-
faces. This finite sliding was used to represent a friction coefficient of
0.25 as per a sensitivity analysis performed by Daryan and Yahyai [17].

3.2. Comparison of FE predictions with experiments

The failure criterion used in ABAQUSwas the vonMises. Thus, the FE
results were reported till first component full yielding. That is, the FE re-
sults reach the nonlinear range whenever any component of the con-
nection starts yielding; however, the models were terminated once
any component is fully yielded (i.e. bolt yielding across the diameter,
endplate or column flange yielding across the thickness…). The load-
deformation curves of the monotonic (Fig. 3(a)) and cyclic (Fig. 3(b))
responses as well as the bolt-force variation curves of specimens M2
(Fig. 4(a)) and M5 (Fig. 4(b)) show that the FE models predict with ac-
ceptable accuracy the experimental results. Furthermore, Fig. 5 shows a
comparison between the experimental and the FE failure of the column
flange. The developed FEmodels predict the response of the connection
till first component failure with high accuracy.

4. FE parametric study

The goal is to increase the available data in order to develop a reli-
able strengthmodel and a design procedure for the eight-bolt extended
endplate connection with circular bolts configuration. For this purpose,
FE models were designed and developed in ABAQUS and used to con-
duct a parametric study. The column flange thickness was varied for
various beam sections ranging from medium W460 (W18) beam sec-
tion to deep W610 (W24) beam section.

4.1. Description of the connection model

A total of 9 component connections were designed as per the ANSI/
AISC 358-16 [1] recommendations and Hantouche and Mouannes [11]
circular bolts configuration was adopted. Table 2 shows the geometric
and material properties of all the specimens.

Material properties of all steel components and boundary conditions
of the connection were similar to the ones used in the validation pre-
sented in the previous section. The bolts were subjected to the mini-
mum pretension load specific for every bolt diameter in the first step
of the analysis. A displacement controlled monotonic load was applied
in the second step of the analysis. Discretization of all the components
was performed using C3D8-R and a friction coefficient of 0.25was used.

4.2. Results

Fig. 6 shows the load-deformation curves of all nine tested speci-
mens. The results of the parametric study are consistentwith the exper-
imental results in the following: first, specimens with thick column
flange have the largest strength capacity while specimens with thin
nt vs. FE: column flange mechanism.
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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
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column flange have the largest ductility. Second, the FE results showed
the same failure modes as the experiment: endplate flexural mecha-
nismand B1 and B2 fracture for thick column flange specimens. Flexural
mechanism in column flange and endplate and B4 fracture for medium
thickness column flange specimens. And,flexuralmechanism in column
flange and B4 fracture for thin column flange specimens.

Figs. 7(a) and (b) show the bolt-force variation of the specimens as-
sociatedwith the thick and thin columnflanges, respectively. The distri-
bution of tensile force among all eight tension bolts in the FE parametric
study is similar to the experimental one. Analysis of Figs. 7(a) and
(b) shows that between 7.4 and 7.6 bolts are effective in carrying the
load. For the specimens with thick column flange (Fig. 7(a)), B1 and
B2 carry almost equal loads till failure while B3 and B4 become effective
at later stages of the loading process. For the specimens with thin col-
umn flange (Fig. 7(b)), all bolts carry the applied load from early stages
of the loading process with B4 carrying the largest load.
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5. Strength model

The data set collected from the experimental and FE results are used
to develop a strengthmodel to predict the capacity of the circular eight-
bolt unstiffened extended endplate connection for the three failure
modes encountered in this research. The strength model will also pre-
dict the total prying forces in the connection to account for the
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additional load in the design of tension bolts, endplate thickness, and
column flange thickness.

To develop the strength model, the behavior of representing ele-
ments approach is adopted. That is, beam-like elements are identified
in the endplate and column flange to determine the factors affecting
the strength of the connection, the failuremodes, and finally developing
equations that predict the strength of the connection based on itsmate-
rial and geometric characteristics. Fig. 8 shows the beam elements iden-
tified in the endplate and column flange. As it can be shown in Fig. 8, the
bolts associated with beams 1 and 1′ are subjected to higher prying ac-
tion due to the stiffening effect of the beam flange for the endplate
(Fig. 8(a)) and to the stiffening effect of the beam web for the column
flange (Fig. 8(b)). That is, beams 1 and 1′ govern the strength of the
endplate and column flange, respectively.

5.1. F1: Endplate flexural mechanism and B1 and B2 fracture

This failure mode is encountered when the column flange is thicker
than the endplate. The total connection strength is calculated as follows:

T ¼ 4T=beam1 þ 4T=bolt ð2Þ
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Fig. 7. Bolt-force distribution in FE parametric study: (a) for thick column flange
specimens, (b) for thin column flange specimens.
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where:T=beam1 ¼ Mplð1þδÞ
a1þb1

; T/bolt= Bultimate;Mpl=(1/4)ptp3Fy; p=4W/ntb;

δ = 1 − dh/p; a1 ¼ g1−tbf
2 − 2

3w− db
2 ; b1 = e + db/2.

where: T: total connection strength; T/beam1: strength of beam 1; T/
bolt: strength per bolt; Mpl: plastic moment capacity of endplate; a1:
length of endplate measured from inside edge of bolt to location of oc-
currence of plastic hinge at k-zone of endplate; b1: length of endplate
measured from inside edge of bolt line to outside edge of endplate;
Bultimate: bolt ultimate strength; p: width of endplate tributary per ten-
sion bolt; tp: thickness of endplate; Fy: base material yield strength;
W: width of endplate; ntb: tension bolts number; dh: bolt hole diameter;
g1: gage distance of endplate; tbf: thickness of beamflange;w:filletweld
size; db: bolt diameter; e: edge distance of endplate.

Note that the interior and exterior bolt lines are shifted a distance of
db/2 from the bolt centerline due to the stress distribution caused by the
bending of the flange and bolt. Also note that the plastic hinge is located
at a distance(2/3)waway from the stem face of built-up Tees [18]. In the
case of a rolled section the (2/3)w is replaced by 0.8k, where k is the fil-
let radius of rolled section.
5.2. F2: Column flange/endplate flexural mechanism and B4 fracture

This failure mode is encountered when the column flange and
endplate have equal thicknesses. The total connection strength is calcu-
lated as follows:

T ¼ 4T=beam1 þ 4T=beam10 þ 2T=bolt ð3Þ
(a)
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flange

En

g2g1

e

W

Beam 
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esac lautcA

(b)

Column
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g2'

e'

W'

Actual case
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Fig. 8. Elements representation
where:T=beam10 ¼ M0
plð1þδ0Þ
a01þb01

;Mpl ' = (1/4)p ' tcf3Fy; p ' = 4W ' /ntb; δ ' = 1−

dh/p'; a01 ¼ g01−tcs
2 − 2

3w− db
2 ; b1 ' = e ' + db/2.

where: T/beam1': strength of beam1′;Mpl': plasticmoment capacity of
column flange; a1': length of column flange measured from inside edge
of bolt to location of occurrence of plastic hinge at k-zone of column
flange; b1': length of column flange measured from inside edge of bolt
line to outside edge of column flange; p': width of column flange tribu-
tary per tension bolt; tcf: thickness of column flange; W': width of col-
umn flange; g1': gage distance of column flange; tcs: thickness of
column web; e': edge distance of column flange.

5.3. F3: Column flange flexural mechanism and B4 fracture

This failure mode is encountered when the column flange is thinner
than the endplate. The total connection strength is calculated as follows:

T ¼ 4T=beam10 þ 2T=bolt ð4Þ

5.4. Total prying forces

The total prying forces developed in the connection are calculated as
follows:

Qtotal ¼ BT−Ts ð5Þ

where:Qtotal: total prying forces;BT: total bolt-force;− summation of all
eight bolts forces;Ts: smallest of the strengths equations.
dplate side
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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

Yield line
s

pb

bp
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The experimental and FE results were used to determine the corre-
sponding bolts forces to compute BT. For F1 failure mode: bolts B1 and
B2 forces are equal to Bultimate while bolts B3 and B4 forces are equal
to Bpretension, where Bpretension: bolt pretension force. For F2 failure
mode: bolt B4 force is equal to Bultimate while bolts B1, B2, and B3 forces
are also equal to Bpretension. For F3 failure mode: B4 force is equal to
Bultimate while bolts B1, B2, and B3 forces are equal to 0.8 Bultimate. Note
that, the strength model predicts the connection strength till first com-
ponent failure only. Thus, the bolts forces obtained in this section are
lower than the bolts forces encountered at the end of the experimental
program.

The strengthmodel results are compared to the experimental and FE
results in Table 3. It is shown from the results that the strengthmodel is
able to predict the strength and total prying forces of the isolated con-
nection with less than 10% error.

6. Design procedure and example

The distribution of tension bolts and the column flange thickness
check for flexural yielding, specific to the circular bolts distribution, is
done as per the recommendations of Hantouche and Mouannes [11].
Second, the strength of the connection is checked using Eqs. (2), (3),
and (4). Third, the additional tensile forces induced in tension bolts
are calculated using Eq. (5). Fourth, the diameter of tension bolts and
endplate thickness are modified by taking into account the additional
load due to prying forces. Fifth, the column flange thickness is checked
again adding the effect of the prying forces.

Note that only the differences from the design guidelines of the
ANSI/AISC 358–16 chapter 6 [1] are stated in this example. Also note
that all nomenclature used in this example is defined as per ANSI/AISC
358-16 [1] and thus is not repeated here.

A W360x382 (W14x257) S355 column is connected to a W460x82
(W18x55) S355 beam using a PL 400x900x20 (PL15x35x7/8) S355 and
M24 (7/8 in.) diameter bolts Grade 10.9. The strength of the connection
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 = 50mm, pb = 90mm, pfi = pf0 = 50mm, s = 125mm, h1 = 305mm, h2 =
393mm, h3 = 511mm, h4 = 600mm

g1 = g1 ' = 162mm, g2 = g2 ' = 324mm
p = p ' = 191mm, δ = δ' = 0.875
a1 = 41mm, b1 = 121 N 1.25a1 = 51 → b1 = 51mm
a1 ' = 5mm, b1 ' = 121 N 1.25a1 ' = 6 → b1 ' = 6mm
Mpl = 4920kN. mm, Mpl ' = 78700kN. mm
T/beam1 = 100kN, T/bolt = 272kN, T/beam1' = 15400kN
T1 = 1490kN T2 = 62400kN T3 = 62000kN
Q = BT − T1 = 472kN
is checked against the equations developed in this research. The results
are presented in Table 4. The results show that T1 governs the design
and the connection is expected to fail in flexuralmechanismof endplate
and B1 and B2 fracture. After computing the additional prying forces and
incorporating them in Mf, the required bolt diameter can be calculated
as follows:

db ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mf

2 h1 þ h2 þ h3 þ h4ð Þ
� �

4
πϕnt Fnt

s

¼ 25mm→ the same bolt diameter is neededð Þ ð6Þ

The endplate thickness is checked for flexural yielding for the critical
yield line shown in Fig. 9. The required endplate thickness is:

tp≥

ffiffiffiffiffiffiffiffiffiffiffi
Mf

Yp Fy

s
¼ 21mm use tp ¼ 25mm→ thicker endplate is neededð Þ ð7Þ

Note that Yp is derived using the virtual work method:

Yp ¼ bp
1
pfi

 !
h2 þ 1

pfi

 !
h3 þ 1

s

� �
h4

 !
þ 2
g1

sþ bp
4
−

e
2

� �
h4

þ 2
g2

pfi þ
bp
2
−e

� �
h3 ð8Þ
s

pb

pfi

pfi

g1

g2

Fig. 9. Endplate yield line mechanism.
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Finally, the column flange thickness is checked for flexural yielding
adding the effect of the prying forces:

tcf ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fu þ Q

2
bcf
2s

� �
þ 2 lþ 2pbð Þ 1

g2
þ 4 pb þ sð Þ 1

g1

� �
Fy

vuuut ¼ 26mm→tcf

¼ 48≥26mm ð9Þ

7. Conclusions

The goal of this research is to investigate, through experimental and
analytical studies the eight-bolt unstiffened extended endplate connec-
tion with circular bolts configuration for use in seismic applications. An
experimental investigation was conducted to study the effect of the cir-
cular bolts pattern on the force-displacement, bolt-force distribution,
prying forces and overall performance of the connection. Different col-
umn flange thicknesses were studied and the respective failure modes
were characterized. The results of this study showed that the circular
bolts distribution guarantees a minimum of 7.4 bolts, out of the 8 bolts
present in the connection, effective in carrying the load. Thus, the per-
formance of the bolts is enhanced from 85% (rectangular bolts pattern)
to larger than 90% (circular bolts pattern). Thus, the design capacity of
the extended endplate associated with circular bolts configuration is
higher than the one associatedwith rectangular bolts configuration. Ad-
ditionally, the experimental investigation was validated using FE analy-
sis and an FE parametric study was performed to cover deeper beam
sections. Then, a strength model was developed to predict the strength
and total prying forces of the isolated connection. It should benoted that
the strength model is applicable for the circular bolts pattern proposed
by Hantouche and Mouannes [11] only. Finally, a design procedure and
an example were presented in order to determine the required bolt di-
ameter and endplate and column flange thicknesses accounting for the
additional prying forces.

In summary, previous and current research have shown that omit-
ting stiffeners and distributing tension bolts in a circular pattern, in
the eight-bolt extended endplate connection, improve the connection
seismic performance and reduce the fabrication although a thicker
endplate is required. The research performed in this paper is part of
broader experimental and analytical studies on detailing and designing
extended endplates with circular bolts configuration for use in IMF and
SMF which satisfy prequalification requirements. Finally, FE fracture
modelswill be developed in future researchwork to predict the sequen-
tial failure modes of extended endplates with circular bolts configura-
tion till full fracture.
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