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ABSTRACT

ARTICLE INFO

Extended end-plated connections are preferred in moment resisting frames due to
their advantages such as no required in-situ welding, accurate fabrication and eco-
nomic feasibility compared to flange welded moment connections. The capacity of
the extended end-plated connections depends on bolt configurations, end-plate
thickness, bolt diameter and their material properties excluding column part. The
thickness of end-plate can be computed using yield line mechanisms. Different yield
line patterns are available in the literature and some of these are adopted in seismic
codes to estimate the thickness of end-plate. In this study, the accuracy of different
yield line patterns is compared using collected experimental data and numerical
analysis. A parametric numerical analysis was conducted utilizing the finite element
tool, ABAQUS. The results of experimental data and parametric study were evaluated
for both unstiffened and stiffened four bolted extended end-plated connections. The
results revealed that the capacity of the end-plate connections significantly depends
on the yield line mechanism. Therefore, selecting an accurate yield line mechanism
is essential in order not to overestimate the thickness of the end-plate. More im-
portantly is that these yield line mechanisms can be directly implemented to AISC
358 and Turkish Building Earthquake Code 2018 (TBEC-2018).
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1. Introduction

End-plated connections are composed of a plate
welded to a beam and attached to a beam or a column
with pretensioned bolts. End-plated connections are
classified into two categories: flush end-plate or ex-
tended end-plate. In extended end-plated connections,
end-plates extend beyond the beam flanges so that at
least one bolt row can be attached beyond the beam
flanges. In flush end-plated connection, an extension of
the plate is limited. Extended end-plated and flush end-
plated connections are given in Fig. 1.

Extended end-plated connections are used in beam to
column connections in moment-resisting frames. One of
the most common extended end-plated configurations is
shown in Fig. 2(a). In some cases, an additional plate is
welded between end-plate and beam flanges. This plate is
called stiffener or rib. This stiffener is used to reduce end-

plate thickness. In other words, this stiffener is used to in-
crease the moment capacity of the connection. Stiffened
extended end-plated configurations are shown in Fig. 2(b).

End-plated connections are preferred due to eliminat-
ing welding process in field, easy and fast erection, cheap
installation, and suitable for winter erection. Research
related to end-plated connections has been studying
since 1950 and the studies are still ongoing (Karasu and
Vatansever, 2021; Akgonen and Giines, 2017; Sagiroglu,
2018; Yilmaz and Bekiroglu, 2016; OZklll(,‘, 2021). The
earlier connection designs result in thick end plates and
large bolts since these designs were based on only stat-
ics. Later, design methods were developed thanks to fi-
nite element analyses. Other studies related to yield line
theory improved the design methods.

Kennedy et al. (1981) developed design guidelines
for tee sub connections including three stages of plate
behavior: thick plate, intermediate plate and thin plate.
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In thick plates, no prying forces are available. When the
load increase, plastic hinge occur in the plate and the
prying forces are formed. The plate is called an interme-
diate plate when prying forces are present. If the prying
forces reach maximum, the plate is called a thin plate.

Nomenclature

bp  Width of beam flange

b, Width of end-plate

C Cyclic

d  Depth of beam excluding flange thickness

dr  Bolt diameter

d. Vertical edge distance for outside holes

dn  Sum of bolt hole diameters across width of end-
plate

Fy  Yield strength of end-plate

F.  Ultimate strength of end-plate

g  Horizontal distance between the bolts

h, Distance from the centerline of the compression
flange to the tension side outer bolt row

h;  Distance from the centerline of the compression
flange to the tension side inner bolt row

L Loading type

M Monotonic

Ma Moment capacity predicted by Adey etal. (1997)

Ms Moment capacity predicted by Srouji etal. (1983)

Mo Moment capacity predicted by Ozkilig (2020a)

My Required flexural strength

p  Thelength of yield line which extends to web
(0.35d)

psi  Vertical distance from inside of a beam tension
flange to nearest inside bolt row

pr  Vertical distance from inside of a beam tension
flange to nearest outside bolt row

Stif. Stiffening

S Stiffened

tr  Flange thickness

t,  End-plate thickness

ts  Stiffener thickness

tw  Weld thickness

U  Unstiffened

wr  Flange weld thickness

ws  Stiffener weld thickness

ww Web weld thickness

Murray (1988) reviewed previous studies for flush
end-plated and extended end plated configurations and
design guidelines were presented. Murray (1990) devel-
oped design procedures for unstiffened four bolt case and
stiffened extended eight bolt case. Chasten (1992) con-
ducted seven experiments with extended end plate con-
nections. The effects of prying forces were investigated. A
simple design guideline was presented in addition to the
existing design procedure. Hendrick and others (1995)
modified the Kennedy methods to predict bolt forces. The
modified Kennedy methods were compared with experi-
mental results. The results indicated that the modified
Kennedy methods predict bolt forces accurately.

Borgsmiller (1995) developed new and simple design
methods for flush end-plate and extended end plate con-
nections. The bolt design methods were improved using
Kennedy methods. The thickness of end-plates was de-
termined using yield line theory. In previous test results,
it was observed that prying forces should be taken into
account when ninety percent of end-plate strength is
achieved. If applied loads exceed 90% of plate strength,
the end plate is considered as thin plate and if applied
loads are less than 90% of plate strength, the end-plate
is considered as thick plate. In thick plates, prying forces
are neglected and in thin plates, prying forces are taken
as maximum. This simplified method is used in the cur-
rent AISC provision with slight changes.

Summer and Murray (2001) developed new design
methods including thin and thick plate designs. Six test
specimens designed according to these methods were
tested under monotonic loading. The results indicated
that proposed design methods conservatively predict
the strength of connections. Summer and Murray (2002)
tested seven extended end plate specimens under cy-
cling loading. It was concluded that extended end plate
connections can be used in seismic region and the con-
nections should be stronger than the beam so that failure
will occur in the beam section. Murray and Shoemaker
(2002) published a new design procedure for flush end-
plated and extended end-plated connections based on
Borgimiller’s (1995) study. However, these procedures
were valid only for low seismic forces and wind. Thick-
ness of end plates were determined from yield line anal-
ysis and bolt forces were determined from the simplified
Kennedy method. Summer (2003) conducted experi-
mental and analytical studies to develop design guide-
lines for eight bolted extended end-plated connections
exposed to cyclic loading. Eleven specimens were tested
under cyclic loading and nine specimens were tested un-
der monotonic loading. The proposed design methods
were compared with the previously tested ninety exper-
iments. The proposed guideline was a good correlation
with previous experimental results.

2. Yield Line Mechanisms

Yield line method was firstly developed in order to
calculate the strength of concrete slabs. This method ba-
sically relies on the virtual work method. It is important
to accurately determine failure patterns, in other words,
yield lines. Inaccurate yield lines may result in conserva-
tive or unconservative results depends on the length of
the yield line. This method is utilized for the calculation
of end-plate resistance. End-plate fracture and bolt frac-
ture are the main failure modes of the end-plated con-
nection. The prediction of the moment capacity of the
end-plate connection is calculated as virtual work pro-
duced by end-plate yield lines for yield mechanism.

Surtress and Man (1970) conducted the first study to
predict the capacity of end-plate using yield lines. Then,
Packer and Morris (1977) used yield line mechanism.
Later, Mann and Morris (1979) modified the equation
proposed by Packer and Morris. Whittaker and Walpole
(1982) modified the yield line proposed by Surtress and
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Man (1970) in order to take into account weld thickness.
These yield lines are only applicable to unstiffened four
bolted end-plated connections. Srouji et al. (1983) pro-
posed yield line mechanisms for both unstiffened and
stiffened four bolted end plated connections. This yield
line mechanism is currently used by AISC 358. Two dif-
ferent yield lines were developed depends on the length

E

a) Flush End-plate Connection

of end-plate extension beyond the outside bolt line. The
calculation of end-plate thickness is not related to diam-
eter of bolts, instead, yield line pattern and yield strength
of end-plates are only parameters that affect the thick-
ness of end-plate. Different from Srouji et al. (1983),
AISC 358 guideline includes a constant value of 1.11 to
numerator.

E

b) Extended End-plate Connection

Fig. 1. End plated connections: (a) flush; (b) extended.

E

a) Unstiffened Extended End-plate Connection

3

b) Stiffened Extended End-plate Connection

Fig. 1. Extended end plate connections: (a) Unstiffened; (b) Stiffened.

Adey et al. (1997) modified Whittaker and Walpole’s
yield line equations to obtain more accurate results for
both unstiffened and stiffened four bolted end-plated
connections. In the yield line mechanism of Whittaker
and Walpole, yield line between the inner bolts reached
0.6d. However, Adey et al. (1997) changed the distance
of this yield line to 0.35d. Moreover, the yield line mech-
anism of Whittaker and Walpole only takes into account
weld thickness; however, the yield line mechanism of
Adey etal. (1997) takes into account both weld thickness
and diameter of bolt.

Ozkilig (2020a) and Ozkilic and Topkaya (2021a) pro-
posed yield mechanism which takes into account reduc-
tions due to weld length and diameter of bolts for both
unstiffened and stiffened four bolted end plated connec-
tion. Ozkih¢ (2020a) modified yield mechanism devel-
oped by Srouji et al. (1983) for unstiffened case while
Ozkili¢ (2020a) modified yield mechanism developed by
Shi et al. (2007) for stiffened case by taking into account
reductions due to weld length and diameter of bolts.

The calculation of end-plate thickness using the afore-
mentioned yield lines for unstiffened and stiffened four

bolted cases are depicted in Tables 1 and 2, respectively.
Moreover, the yield mechanisms proposed by Srouji et
al. (1983), Aday et al. (1997) and Ozkili¢ (2020a) are il-
lustrated in Fig. 3 for both unstiffened and stiffened four
bolted cases.

Currently, Turkish Building Earthquake Code 2018
(TBEC-2018) defines four bolted extended end-plated
connections as moment connections. However, the cal-
culation of the capacity of the extended end-plated con-
nections is not currently included in Turkish Building
Earthquake Code 2018 (TBEC-2018). AISC 358-16 uti-
lizes the yield mechanism of Srouji (1983) to calculate
the end-plate thickness for four bolted extended end-
plated connections which results in very conservative
estimation.

In this present study, three different yield line mech-
anisms are evaluated using the collected experimental
data and numerical analysis. The accuracy of these yield
lines are compared and their conservatisms are pre-
sented. These yield lines can be directly adopted in
TBEC-2018 and AISC 358-16 with proposed safety and
overstrength factors.
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Srouji et al. (1983) Adey et al. (1997) Ozkilig (2020)
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Fig. 3. Yield line mechanisms.
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Fig. 4. Parameters used in the calculation of yield line mechanism.

Table 1. Calculation of end-plate thickness for unstiffened four bolted extended end-plate.

Surtress and Man (1970)
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Table 2. Calculation of end-plate thickness for stiffened four bolted extended end-plate.

Srouji et al. (1983) whende.<s
M,
foread = 1, 1)],2
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pfu g
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1
s= > b,g
Adey et al. (1997) [ M,
tp,reqd =
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2(pso — Tb — wy) g 6 A R b 2(pri — Tb —wyr)
Ozkilig (2020a) Mu
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Currently, Turkish Building Earthquake Code 2018
(TBEC-2018) defines four bolted extended end-plated
connections as moment connections. However, the calcu-
lation of the capacity of the extended end-plated connec-
tions is not currently included in Turkish Building Earth-
quake Code 2018 (TBEC-2018). AISC 358-16 utilizes the
yield mechanism of Srouji (1983) to calculate the end-
plate thickness for four bolted extended end-plated con-
nections which results in very conservative estimation. In
this present study, three different yield line mechanisms
are evaluated using the collected experimental data and
numerical analysis. The accuracy of these yield lines are
compared and their conservatisms are presented. These
yield lines can be directly adopted in TBEC-2018 and AISC
358-16 with proposed safety and overstrength factors.

3. Data Collection

The experimental data is collected for both the un-
stiffened and stiffened extended end-plated connections
(Ozkihi¢ and Topkaya, 2021b). The experimental data is
selected based on two important criteria. The first crite-
rion is that the main failure mode of the experiment
should be end-plate related failure. Bolt failures, column
failures, beam failures and welding failure may lead to
making inaccurate interpretations for comparing the ca-
pacity of the end-plate. In other words, the specimens that
failed due to non-related failures of end-plate are most
probably failed before reaching the capacity of the end-
plate. The second criterion is that the moment capacity of
the beam section should be higher than the ultimate ca-
pacity of the experiment. This criterion is set in order to
limit or prevent the contribution of the beam on the ca-
pacity. Similarly, if the capacity of the beam is much less
than the ultimate capacity, the specimen is most proba-
bly failed before reaching the capacity of the end-plate.

The collected experimental data for the unstiffened
case is shown in Table 3. A total of 34 experiments from
14 studies are selected based on the aforementioned cri-
teria. Within the experimental data, the thickness of end-
plate varies between 8 and 23 mm. Both cyclic and mon-
otonicloadings are included. The diameter of bolt ranges
between 12.7 mm and 31.8 mm. The depth of beams var-
ies between 225 mm and 580 mm (except #26, 28).

The collected experimental data for the stiffened case
is shown in Table 4. A total of 8 experiments from 4 stud-
ies are selected based on the aforementioned criteria. Un-
fortunately, very limited experiments are available ac-
companying the aforementioned criteria. Within the ex-
perimental data, the thickness of end-plate varies be-
tween 12-16 mm. Only cyclic loadings are available. The
diameter of bolt ranges between 20.0 mm and 31.8 mm.
The depth of beams varies between 225 mm and 580 mm.

4. Results and Discussions on the Collected
Experimental Data

Two important capacities which are ultimate moment
capacity (M) and plastic moment capacity (Mp) are re-
ported. The ultimate moment capacity (M.) is the maxi-
mum moment that occurred during the experiments. On
the other hand, plastic moment capacity (Mp) is the mo-
ment at the intersection of tangent lines passing elastic
and plastic zones. Fig. 5 demonstrates the typical mo-
ment rotation relationship for end-plated connection.
The strength of the end-plated connection can be defined
using My or Mp and no absolute definition is available in
the literature. [t is accepted that all yield lines are formed
at Mpi. Strain hardening and second order effects are in-
cluded in M.

Table 5 shows the results for unstiffened extended
end-plated connections. The ratio of M,/M, is equal or
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larger than 1.0 indicating that the extended end-plate than two times plastic moment capacity. It is a direct in-
connection reached its ultimate capacities without dication that design guidelines that utilize plastic mo-
reaching plastic moment capacity of the beam. The ratio ment capacities overly underestimate the capacity of the
of Mu/Mpiranges between 1.05 and 2.11. It means that extended end-plate connection.

the extended end-plated connection can perform more

Table 3. Properties of experimented specimens for unstiffened four bolted case.

# Specimens L tp Fy Fu dp tr tw by by wr ww g pf P de ho hi
1 SP6 C 12 325 383 24 9.8 6.2 120 150 10 10 85 40 45 35 280 185
2 SP7 C 10 313 387 24 9.8 6.2 120 150 10 10 85 40 45 35 280 185
3 FSla M 10 340 481 20 107 7.1 150 150 6 4 90 40 40 30 335 245
4 FS1b M 10 340 481 20 107 7.1 150 150 6 4 90 40 40 30 335 245
5 FS4a M 10 698 741 20 107 7.1 150 150 6 4 90 40 40 30 335 245
6 FS4b M 10 698 741 20 107 7.1 150 150 6 4 90 40 40 30 335 245
7 S2 C 133 295 501 254 116 7.2 171 200 10 10 100 44 44 30 390 290
8 S3 C 13 285 510 254 116 7.2 171 200 10 10 100 44 82 30 428 290
9 M1 C 159 340 510 286 19 11 193 230 12 12 125 45 45 60 500 390
10 M2 C 159 340 510 286 19 11 193 230 12 12 125 45 100 60 555 390
11 M3 cC 19 356 504 318 190 114 193 230 12 12 125 45 100 60 555 390
12 L1 C 159 340 510 254 196 12 2725 270 12 12 150 44 45 60 645 536
13 L2 C 159 340 510 254 196 12 229 270 12 12 150 45 135 60 735 535
14 L3 C 19 356 504 318 196 12 229 270 12 12 150 45 135 60 735 535
15 EPB1-1 M 12 227 318 20 107 7 150 180 10 10 105 50 60 50 355 235
16 EPB2-1 M 12 227 318 20 107 7 150 180 10 10 105 50 60 50 355 235
17 EP 1-1 M 12 227 318 20 107 7 150 180 10 10 105 50 60 50 355 235
18 EP 2-1 M 12 227 318 20 107 7 150 180 10 10 105 50 60 50 355 235
19 Beaml0 M 10 331 506 20 102 6.1 180 180 10 6 100 58 58 50 357 237
20 Beaml2 M 12 306 510 20 102 6.1 180 180 10 6 100 58 58 50 357 237
21  Jenkins M 15 275 - 20 137 7.7 167 200 6 6 120 55 55 60 355 235
22 S10 M 10 425 567 24 118 6.7 166 270 8 5 140 40 40 36 341 249
23 EP-1-8 M 8 250 - 16 131 7.7 140 140 8 6 80 50 50 40 350 240
24 EP-3-10 M 10 250 - 16 131 7.7 140 140 8 6 80 50 50 40 350 240
25 EP-410 M 10 250 - 16 131 7.7 140 140 8 6 80 70 70 40 370 220
26 4E c 13 427 - 22 127 9.5 203 203 6 6 102 64 38 57 1429 121
27 E36 M 23 320 - 286 16.7 10 260 260 6 6 152 51 51 35 455 335
28 E55 M 19 408 - 254 25 16 205 205 6 6 127 102 35 45 1650 1§0
29 P4 M 10 295 418 20 107 7.1 150 150 6 6 90 30 30 30 350 285
30 JD1 M 12 763 796 27 12 10 180 200 10 10 100 50 50 50 345 233
31 JD2 M 12 763 796 27 12 10 180 200 10 10 100 50 50 50 345 233
32 BC1-1 M 12 332 496 20 118 6.7 166 200 10 10 124 50 50 70 351 239
33 BCJ-2 M 12 332 496 20 118 6.7 166 200 10 10 124 50 50 70 351 239
34 BCJ-4 C 12 332 496 20 11.8 6.7 166 200 10 10 124 50 50 70 351 239

#1-2: Ozkilig (2020a); #3-6: Coelho et al. (2004); #7-14: Adey et al. (1997); #15-18: Bursi and Jaspart (1997); #19-20: Adegoke
(2009); #21: Shi et al. (1996); #22: Zhu et al. (2019); #23-25: Arul Jayachandran et al. (2009); #26: Summer (2003); #27: Abel and
Murray (1994); #28: Borgsmiller et al. (1995); #29: Aleksander and Damian (2019); #30-31: Qiang et al. (2018); #32-34: Wang et
al. (2018)
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Table 4. Properties of experimented specimens for stiffened four bolted case.

# Specimens L t Fy Fu dp tr tw by by ts wWr o Ww Ws g pi PP de ho hi
1 SP9 C 12 325 388 240 98 62 120 150 10 10 10 10 85 40 45 35 280 185
2 SP10 C 10 313 387 240 98 62 120 150 10 10 10 10 85 40 45 35 280 185
3 M4 C 159 340 510 318 190 114 193 230 19 10 10 10 125 50 100 60 560 395
4 M6 C 159 340 510 318 190 114 193 230 19 10 10 10 125 50 100 60 560 395
5 L4 Cc 159 340 510 318 196 119 229 270 19 12 12 12 150 45 135 60 735 535
6 4ES C 13 386 601 254 95 6.4 203 203 6 6 5 6 114 45 45 44 586 507
7 JC4 C 16 282 588 200 120 80 200 200 8 10 10 10 108 50 50 50 344 232
8 JC5 c 12 318 611 200 120 80 200 200 8 10 10 10 108 50 50 50 344 232

#1-2: Ozkilig (2020a); #3-5: Adey et al. (1997); #6: Ryan (1999); #7-8: Bu et al. (2019)

0 0
Fig. 5. Typical moment-rotation relationship.

Fig. 6 shows the comparison of the predicted and ac-
tual plastic moment capacities. The average ratios of ac-
tual plastic and predicted moment capacities are 1.27,
0.84 and 0.96 according to yield mechanisms of Srouji et
al. (1983), Adey et al. (1997) and Ozkili¢ (2020a), respec-
tively. The accuracy of the latter is better than those of
formers. Except for three test specimens, the yield mech-
anism of Srouji et al. (1983) underestimates the plastic
moment capacity. On the other hand, the yield mechanism
of Adey etal. (1997) overestimates the plastic moment ca-
pacities except for 10 test specimens. It should also be
mentioned that the yield mechanism of Adey et al. (1997)
significantly overestimates plastic moment capacities of
#14, 26 and 28 where the depth of the beam is relatively
higher. This behavior is expected since the yield mecha-
nism of Adey etal. (1997) extends the yield line up to 0.35
times the depth of the beam. Compared to those yield
line mechanisms, the results of the yield line mechanism
proposed by Ozkili¢ (2020a) give more balanced results.

The average ratio of ultimate moment capacity to mo-
ment capacity calculated using the yield line mechanism
proposed by Srouji et al. (1983) is 1.92. The maximum
ratio can reach 2.84, which is a significant underestima-
tion of the ultimate capacity. The average ratios modify
to 1.30 and 1.47 for the yield line mechanism proposed
by Adey etal. (1997) and Ozkili¢ (2020a). The fact that
the minimum ratio of ultimate moment capacity to

moment capacity calculated using the yield line mecha-
nism proposed by Srouji et al. (1983) is 1.03 indicates
that for all cases this yield mechanism gives conservative
results. The ratio of ultimate moment capacities to mo-
ment capacity predicted by Adey et al. (1997) for #14, 26
and 28 is significantly low due to the depth of the beam.

The relation between end-plate thickness and the ratio
of actual ultimate and predicted moment capacities is
shown in Fig. 7. Itis seen that only for two cases the ratio
is higher than 2.0 for the cases where thickness of end-
plate is higher than 12 mm. On the other hand, the highest
ratio is observed when the thickness of end-plate is 8 mm.

Table 6 shows the results for stiffened extended end-
plated connections. Due to the very limited availability of
experimental data for the stiffened case, the cases where
the ratio of Mp/Mu is higher than 0.75 are also utilized
provided that the main failure is related to the end-plate.
The ratio of Mu/Mpiranges between 1.46 and 1.93. A sim-
ilar conclusion can be drawn also here that the stiffened
extended end-plated connection can perform up to al-
most two times plastic moment capacity. The average ra-
tios of predicted and actual plastic moment capacities
are 1.16, 0.87 and 0.87 according to the yield mecha-
nisms of Srouji et al. (1983), Adey et al. (1997) and
Ozkili¢ (2020a), respectively. The prediction of Ozkilig
(2020a) is slightly better than the others. This can also
be seen in Fig. 8. On the other hand, the average ratios of
ultimate plastic moment capacities and predicted capac-
ities are 1.99, 1.36 and 1.48 according to the yield mech-
anisms of Srouji et al. (1983), Adey et al. (1997) and
Ozkili¢ (2020a), respectively.

5. Numerical Study

Numerical study was conducted in order to evaluate
further the prediction of the yield line mechanism for the
parameters which did not particularly examined in the
collected experimented specimens given in the previous
section. Numerical analyses were performed using the fi-
nite element tool, ABAQUS. The experimental program
conducted by Zhu et al. (2019) was adapted. After the
verification model, a parametric study was carried out.
Nonlinear geometry and material were considered.
C3D8R type of elements was utilized for meshing all
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members. The end-plate was divided into four ele-
ments through the thickness, which was recommended
by Ozkilig¢ (2020b) in order to simulate the bending and
buckling behavior accurately. Mesh sizes of 10 and 5
mm were utilized for the end-plate and bolts whereas a
slightly larger mesh size of 20 mm was used for the
beam and column face. The column was not modeled
explicitly; instead, the column face was modeled in order
to reduce computational cost. The welds were explicitly

implemented in the model. Mesh configuration is de-
picted in Fig. 9. All degrees of freedom of the bottom sur-
face of the column face were restrained. Loading was ap-
plied to the end of the beam where MPC constraint was
defined. The finite sliding surface-to-surface contact
with tangential contact behavior was defined to model
contact between bolts and end-plate and between end-
plate and the column face. The bolts were pre-tensioned
using “Bolt Load” option in ABAQUS.

Table 5. Results for unstiffened extended end-plated connections.

# Mpi My M, Mp/My  Mu/Mpi Ms Ma Mo Mpi/Ms Mpi/Ma Mpi/ Mo Mu/Ms Mu/Ma M.u/Mo
1 75 138 147 1.06 1.84 68 115 106 111 0.65 0.71 2.04 1.20 1.30
2 55 116 147 1.27 2.11 45 77 71 1.21 0.72 0.77 2.56 1.51 1.63
3 106 142 189 1.33 1.34 66 90 83 1.61 1.17 1.28 2.16 1.57 1.71
4 109 161 189 1.17 1.48 66 90 83 1.65 1.21 1.31 2.44 1.78 1.94
5 166 185 189 1.02 111 135 185 170 1.23 0.90 0.97 1.37 1.00 1.09
6 164 188 189 1.00 1.15 135 185 170 1.21 0.88 0.96 1.39 1.01 1.10
7 180 203 327 1.61 1.13 135 233 208 1.33 0.77 0.87 1.50 0.87 0.98
8 140 191 327 1.71 1.36 107 167 139 1.30 0.84 1.01 1.78 1.14 1.37
9 460 700 761 1.09 1.52 298 590 520 1.54 0.78 0.89 2.35 1.19 1.35
10 255 483 761 1.58 1.89 246 422 340 1.04 0.60 0.75 1.96 1.14 1.42
11 320 596 761 1.28 1.86 579 674 541 0.55 0.48 0.59 1.03 0.88 1.10
12 520 774 1310 1.69 1.49 437 838 719 1LY 0.62 0.72 1.77 0.92 1.08
13 344 551 1310 2.38 1.60 337 558 432 1.02 0.62 0.80 1.64 0.99 1.27
14 385 742 1310 1.77 1.93 504 938 731 0.76 0.41 0.53 1.47 0.79 1.01
15 94 272 2.89 58 75 69 1.63 1.26 1.36
16 96 169 1.76 58 75 69 1.67 1.28 1.39
17 120 168 1.40 58 75 69 2.08 1.61 1.74
18 98 168 1.71 58 75 69 1.70 1.31 1.42
19 80 158 216 1.37 1.98 61 75 70 1.32 1.07 1.15 2.60 2.12 2.27
20 96 155 216 1.39 1.61 81 99 93 1.19 0.97 1.04 1.92 1.56 1.67
21 150 198 233 1.18 1.32 114 128 126 1.32 1.17 1.19 1.74 1.54 1.57
22 152 245 252 1.03 1.61 91 180 137 1.67 0.84 1.11 2.69 1.36 1.78
23 43 80 143 1.79 1.86 28 38 33 1.53 1.14 1.32 2.84 2.12 2.46
24 61 112 143 1.28 1.84 44 59 51 1.39 1.03 1.20 2.54 1.90 2.20
25 52 96 143 1.49 1.85 39 49 43 1.34 1.06 1.20 2.47 1.95 2.21
26 850 1229 1.45 775 2193 986 1.10 0.39 0.86 1.59 0.56 1.25
27 476 681 1365 2.00 1.43 506 655 656 0.94 0.73 0.73 1.35 1.04 1.04
28 1836 1928 10002 5.19 1.05 1835 4917 2734 1.00 0.37 0.67 1.05 0.39 0.71
29 138 151 192 1.27 1.09 74 130 117 1.86 1.06 1.18 2.04 1.16 1.29
30 313 406 620 1.53 1.30 225 352 332 1.39 0.89 0.94 1.80 1.15 1.22
31 320 394 620 1.57 1.23 225 352 332 1.42 0.91 0.96 1.75 1.12 1.19
32 97 176 246 1.40 1.81 92 118 115 1.06 0.82 0.84 1.92 1.49 1.53
33 118 194 246 1.27 1.64 92 118 115 1.29 1.00 1.03 2.12 1.64 1.69
34 132 204 246 1.21 92 118 115 1.44 1.11 1.15 2.23 1.72 1.77
Mean 273 353 714 1.60 1.55 228 442 313 1.27 0.84 0.96 1.92 1.30 1.47
Min 43 80 143 1.00 1.05 28 38 33 0.55 0.37 0.53 1.03 0.39 0.71
Max 1836 1928 10002 5.19 2.11 1835 4917 2734 1.86 1.21 1.32 2.84 2.12 2.46
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250 used. Fig. 10 compares the experimental findings and nu-
merical results in terms of moment-rotation. It is ob-

200 + ¢ served that the numerical models exhibit slightly rigid
=S behavior. This can be attributed to the behavior of the
£ 150 - = column which may act inelastic during the experiments.
2 é % However, very slight differences of 4% and 5% between
£ 100 - ‘ i - m Srouji numerical and experimental results were observed for
2 é ': = Adey M. and My capacities, respectively. Fig. 11 demonstrates
50 + o Ozklic the failure mode at the end of the experiment at 0.10 rad
—Mpl=M rotation and PEEQ distribution at 0.10 rad rotation. In

0 ; numerical models, high strain concentration was ob-

0 0 100 150 200 250 served at the edge of the flange where failure was ob-

M, (Actual X
1000 o € ) served in the experiments. Moreover, the numerical
model exhibited similar deformed shapes with the ex-
perimented specimen. Therefore, it can be concluded
=750 that a good agreement is observed between numerical
2 and experimental findings.
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In order to verify the assumed boundary conditions, = 300 - . Ade
mesh configuration and material model, the specimen 2004 Y ¢ y
S10BP of the study performed by Zhu et al. (2019) was 100 - = Ozkihie
simulated. This specimen is the same as with #22 speci- 0 - '_M?':M
men in Table 3 except that a backing plate was included, 0 100 200 300 400 500 600 700 800 900
which resulted in an increase in the rigidity of the col- My (Actual)
umn face. For the verification model, the material prop- Fig. 8. The comparison of actual and predicted
erties of the specimen given by Zhu et al. (2019) were moment capacities for stiffened cases.

Fig. 9. Mesh configuration.
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Table 6. Results for stiffened extended end-plated connections.

# My M. M, My/Mu MMy Ms M« Mo  Mpy/Ms  Mp/Ms  Mu/Mo  M/Ms  MyMsa  Mi/Ms
1 109 191 147 0.77 1.75 104 165 157  1.04 0.66 0.69 1.83 1.16 1.22
2 87 168 147 0.87 1.93 70 110 105 125 0.79 0.83 2.41 1.53 1.60
3 502 734 761 1.04 1.46 386 654 569 130 0.77 0.88 1.90 1.12 1.29
4 440 796 761 0.96 1.81 386 654 569 @ 1.14 0.67 0.77 2.06 1.22 1.40
5 520 999 1310 131 1.92 512 901 784  1.02 0.58 0.66 1.95 1.11 1.27
6 414 623 716 1.15 1.50 364 516 415 1.14 0.80 1.00 1.71 1.21 1.50
7 222 362 268 0.75 1.63 218 247 246  1.02 0.90 0.90 1.66 1.46 1.47
8 191 331 268 0.81 1.73 138 157 156 1.38 1.22 1.22 2.39 2.11 2.12

Mean 311 526 547 0.96 1.72 272 425 375 116 0.80 0.87 1.99 1.36 1.48

Min 87 168 147 0.74 1.46 70 110 105 1.02 0.58 0.66 1.66 1.11 1.22

Max 520 999 1310 1.31 1.93 512 901 784 1.38 1.22 1.22 2.41 2.11 2.12
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< ! FEM
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Fig. 10. Comparison of moment-rotation curves.

After the verification of the numerical model, a para-
metric study was conducted. The main aim of the para-
metric study was to explore the effects of the parameters
on the accuracy of the yield line mechanisms. These pa-
rameters were selected based on the collected experi-
mental data. The parameters which were not empha-
sized during the experiments were included in the para-
metric study. The parametric study was conducted for
unstiffened and stiffened cases. A total of twenty models
given in Table 7 were constructed. Models 1-10 were
built for unstiffened cases whereas Models 11-20 were
constructed for stiffened cases. Models 1 and 11 repre-
sent the reference models. Diameters of bolt were in-
creased to 30 mm for Models 2 and 12. Gage distance
was decreased to 100 mm for Models 3 and 13. Thick-
ness of weld was double for Models 4 and 14. For Models
5 and 15, depth of beam was increased. Edge distance
was increased to 60 mm for Models 6 and 16. Width of
beam flange was increased to 250 mm for Models 7 and
17.Vertical distance from inside of a beam tension flange
to nearest inside bolt row was reduced to 35 mm for
Models 8 and 18 whereas vertical distance from inside of
a beam tension flange to nearest outside bolt row was
decreased to 35 mm for Models 9 and 19. Thickness of
end-plate was reduced to 8 mm for Models 10 and 20.

Fig. 11. Comparison of failure modes.

In the parametric study, the negative contribution of
the beam, column and bolts to the capacity was elimi-
nated. This was achieved by avoiding any failure or yield-
ing of the bolts, beam and columns. Pursuant to this goal,
yield strength of 235 MPa and 420 MPa were selected for
the end-plate and beam, and the column face was mod-
eled as elastic. Moreover, a slightly larger bolt diameter
of 27 mm with 10.9 Grade was selected. The multilinear
stress-strain curve recommended by Yun and Gardner
(2017) was employed. Isotropic hardening was imple-
mented to simulate the material model. The numerical
modes were loaded up to 0.10 rad rotation which is the
rotation capacity of the experimented specimen.
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Table 7. Properties of experimented specimens for unstiffened four bolted case.

# Stif. ty dp tr tw by by wr Www g pr P de ho hi
1 0] 10 27 11.8 6.7 166 270 8 5 140 40 40 36 341 249
2 0] 10 30 11.8 6.7 166 270 8 5 140 40 40 36 341 249
3 0] 10 27 11.8 6.7 166 270 8 100 40 40 36 341 249
4 0] 10 27 11.8 6.7 166 270 16 10 140 40 40 36 341 249
5 0] 10 27 11.8 6.7 166 270 8 5 140 40 40 36 541 449
6 0] 10 27 11.8 6.7 166 270 8 5 140 40 40 60 341 249
7 0] 10 27 11.8 6.7 250 270 8 5 140 40 40 36 341 249
8 0] 10 27 11.8 6.7 166 270 8 5 140 35 40 36 341 254
9 0] 10 27 11.8 6.7 166 270 8 5 140 40 35 36 336 249
10 0] 8 27 11.8 6.7 166 270 8 5 140 40 40 36 341 249
11 S 10 27 11.8 6.7 166 270 8 5 140 40 40 36 341 249
12 S 10 30 11.8 6.7 166 270 8 5 140 40 40 36 341 249
13 S 10 27 11.8 6.7 166 270 8 5 100 40 40 36 341 249
14 S 10 27 11.8 6.7 166 270 16 10 140 40 40 36 341 249
15 S 10 27 11.8 6.7 166 270 8 5 140 40 40 36 541 449
16 S 10 27 11.8 6.7 166 270 8 5 140 40 40 60 341 249
17 S 10 27 11.8 6.7 250 270 8 5 140 40 40 36 341 249
18 S 10 27 11.8 6.7 166 270 8 5 140 35 40 36 341 254
19 S 10 27 11.8 6.7 166 270 8 5 140 40 35 36 336 249
20 S 8 27 11.8 6.7 166 270 8 5 140 40 40 36 341 249

The parametric results for unstiffened extended end-
plated connections are depicted in Table 8. The ratio of
Mp/My is larger than 1.0 indicating that the extended
end-plate connection reached its ultimate capacities
without reaching the plastic moment capacity of the
beam. The ratio of Mu/Mpiranges between 1.37 and 1.57.
It means that the extended end-plated connection can
perform almost 1.5 times the plastic moment capacity.
Similar to experimental data, a significant underestima-
tion was observed in the ultimate capacity with an aver-
age range of 3.21 and 4.66.

Fig. 12 shows the comparison of the predicted and ac-
tual plastic moment capacities for the results of the un-
stiffened parametric study. The average ratios of actual
plastic and predicted moment capacities are 3.83, 2.19
and 2.14 according to yield mechanisms of Srouji et al.
(1983), Adey et al. (1997) and Ozkih¢ (2020a), respec-
tively. For all cases, the yield mechanism of Srouji et al.
(1983) significantly underestimates the plastic and ulti-
mate moment capacity. The yield mechanisms of Adey et
al. (1997) and Ozkilig (2020a) exhibited similar conserv-
atism for both the plastic and ultimate moment capaci-
ties. Overall, the accuracy of the yield line mechanism of
Ozkili¢ (2020a) is slightly better than that of Adey et al.
(1997).

Table 9 shows the parametric results for stiffened ex-
tended end-plated connections. Similar to unstiffened
case, the ratio of My/M. is also larger than 1.0. The ratio
of Mu/Mpiranges between 1.29 and 1.57. A similar con-

clusion can be drawn also herein that the stiffened ex-
tended end-plated connection can perform up to almost
1.5 times plastic moment capacity. The average ratios of
predicted and actual plastic moment capacities are 3.22,
2.23 and 2.22 according to the yield mechanisms of
Srouji et al. (1983), Adey et al. (1997) and Ozkili¢
(2020a), respectively. The prediction of Ozkili¢ (2020a)
is slightly better than the others. This can also be seen in
Fig. 13. On the other hand, the average ratios of ultimate
plastic and predicted moment capacities are 4.66, 3.24
and 3.21 according to yield mechanisms of Srouji et al.
(1983), Adey et al. (1997) and Ozkili¢ (2020a), respec-
tively. For the ultimate moment capacity, very high un-
derestimation is also observed.

200 N
150 +
g
=] ]
o
o 100 +
e .
b - W T = Srouji
50 g Adey
Ozkilig
0 T T r
200 250 300 350 400
M, (Actual)

Fig. 12. The comparison of actual and predicted
moment capacities for unstiffened cases.
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Table 8. Results of the parametric study for unstiffened cases.

# Mp My M, Mp/My Mu/Mpi Ms My My Mpi/Ms Mpi/Ma Mpi/ Mo Mu/Ms Mu/Ma Mu/Mo
1 235 349 415 1.19 1.48 66 107 111  3.54 2.19 2.12 5.25 3.25 3.14
2 253 373 415 1.11 1.47 66 116 120  3.81 2.18 2.11 5.61 3.22 3.11
3 263 372 415 1.12 1.41 71 117 116  3.72 2.25 2.28 5.26 3.17 3.22
4 272 374 415 1.11 1.37 66 177 184  4.10 1.54 1.48 5.63 2.12 2.04
5 399 614 767 1.25 1.54 114 199 187  3.50 2.00 2.13 5.40 3.08 3.28
6 239 351 415 1.18 1.47 66 107 111  3.60 2.23 2.15 5.28 3.27 3.16
7 267 400 415 1.04 1.50 66 107 111  4.02 2.49 2.41 6.03 3.73 3.61
8 249 355 415 1.17 1.43 69 121 125  3.62 2.05 1.99 5.16 2.93 2.84
9 252 358 415 1.16 1.42 70 125 133  3.59 2.01 1.90 5.10 2.86 2.70
10 204 323 415 1.28 1.59 42 69 71 4.80 2.97 2.87 7.61 4.72 4.56
Mean 263 387 450 1.16 1.47 70 125 127  3.83 2.19 2.14 5.63 3.24 3.16
Min 204 323 415 1.04 1.37 42 69 71 3.50 1.54 1.48 5.10 2.12 2.04
Max 399 614 767 1.28 1.59 114 199 187 4.80 2.97 2.87 7.61 4.72 4.56
Table 9. Results of the parametric study for stiffened cases.
# My Me My,  Mp/My  Mu/My Ms Ma  Ms  Mu/Ms  Mp/Ma  Mu/Ms  Mu/Ms  My/Ma  Mu/Ms
1 252 375 415 1.11 1.49 87 116 119 2.89 2.17 2.12 4.30 827 3.16
2 270 403 415 1.03 1.49 87 125 128 3.10 2.16 2.11 4.62 3.22 3.15
3 317 408 415 1.02 1.29 96 133 131 3.29 2.38 2.42 4.24 3.07 3.12
4 296 415 415 1.00 1.40 87 185 184 3.39 1.60 1.61 4.76 2.24 2.26
5 489 690 767 1.11 1.41 147 215 200 3.33 2.28 2.45 4.70 3.21 3.45
6 265 391 415 1.06 1.47 90 120 123 2.95 2.22 2.16 4.34 3.27 3.18
7 295 414 415 1.00 1.40 87 116 119 3.38 2.54 2.48 4.75 3.56 3.48
8 261 383 415 1.08 1.47 90 130 133 291 2.00 1.96 4.28 2.94 2.88
9 258 379 415 1.09 1.47 91 133 138 2.83 1.94 1.86 4.16 2.84 2.74
10 228 358 415 1.16 1.57 56 74 76 4.09 3.06 3.00 6.42 4.81 4.71
Mean 293 422 450 1.07 1.45 92 135 135 3.22 2.23 2.22 4.66 3.24 3.21
Min 228 358 415 1.00 1.29 56 74 76 2.83 1.60 1.61 4.16 2.24 2.26
Max 489 690 767 1.16 1.57 147 215 200 4.09 3.06 3.00 6.42 4.81 4.71
20 6. Conclusions
200 A In this present study, three different yield mecha-
_ nisms are evaluated for both stiffened and unstiffened
2 150 | - four bolt extended end-plated connections. Pursuant to
3 this goal, a total of 42 experimental data is collected from
S 100 14 different studies and a parametric numerical study
" " ® Srouji using ABAQUS was performed. Numerical models are ca-
= g p
. Ad pable of predicting the behavior of the extended end-
50 1 &y plated connections. The following conclusions can be
Ozkilig drawn based on the collected data and the parametric
0 . . . . . study:
200 250 300 350 400 450 500 e The prediction of plastic moment capacity by yield
My (Actual) line mechanisms for stiffened extended end-plated

Fig. 13. The comparison of actual and predicted
moment capacities for stiffened case.

connections is more accurate than that of unstiffened
extended end-plated connections.
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e The ultimate capacity of extended end plate connec-
tion can be averagely up to twice the plastic moment
capacity.

e A general trend is observed that as the thickness of
end-plate reduces, the ratio of actual moment capaci-
ties to predicted moment capacities increases. This
behavior is further needed to be detailed examined.

e One should be careful about the depth of the beam
while using the yield mechanism of Adey et al. (1997).
If the depth of the beam is relatively high, the yield
mechanism significantly overestimates the capacity.

e Numerical results revealed that the underestimation
of the capacity can significantly be increased when
any failure or yielding of the bolts, beam and columns
is eliminated.

e The yield line mechanism proposed by Srouji under-
estimates the capacity. This yield mechanism is cur-
rently used by AISC 341-16 Seismic Provisions for
Structural Steel Buildings with a safety factor of 0.9
which makes it more conservative.

e Among three yield mechanisms, the yield mechanism
proposed by Ozkili¢ (2020a) gives more accurate es-
timation of the moment capacity. If this yield line
mechanism is adopted in the guidelines (AISC 358 or
TBEC 2018), it is recommended to use safety factor of
0.9 (0.9x1.67 for ASD) to predict plastic moment ca-
pacity while it is advised to utilize 1.25 (1.25x1.67 for
ASD) overstrength factor to predict ultimate moment
capacity.

e Based on the results of the parametric study, for fu-
ture studies a new yield line mechanism to predict un-
stiffened and stiffened extended end-plated connec-
tions to be developed is recommended.
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