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KEYWORDS Abstract A new exponential model to depict the moment-rotation (M-0) relationship of Bolted Endplate
Moment-rotation curve; Connections (BEC) is proposed. The proposed model represents an approach to the prediction of M-6
Semi-rigid; curves, taking into account the possible failure modes and the deformation characteristics of the
Endplate; connection elements. The presented model has three physical parameters, along with two curve-fitted

factors. These physical parameters are generated from dimensional details of the connection, as well as
the material properties. By employing simplified connection behavioral models to estimate the connection
M-6 behavior, analytical expressions for evaluating major connection parameters, such as initial stiffness
and ultimate moment, are derived. The M-6 curves obtained by the model are compared with published
connection tests and 3D FEM research. The model yields acceptable results in good agreement with actual
connection behavior. Besides, comparison between the presented model and other existing equations, in
prediction of the derived BEC's M-6 curve, shows the reasonably accurate results of the proposed model.
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Bolted connection.

directly from the connections’ M-6 curve [2]. Recently, nu-
merous studies have proposed parametric studies with various
models to represent M-6 behavior for some different types of
beam-to-column and beam-to-beam connections [3-16]. Only
a few of these models adequately come close to character-
izing some special M-6 behavior through the full range of
loading/rotations [17]. Due to the sensitivity of the connection
performance, with respect to the different configuration and/or
material properties, the results do not get well fitted into the
experimental test curves [5]. In addition, the procedures have
been able to employ only one type of connection; therefore, the

1. Introduction

Beam-to-column connections often significantly influence
the behavior of steel building frames. The connection deforma-
tion, in combination with the P-A effect, easily leads to ex-
cessive lateral drift in the unbraced multistory frames. In the
braced frames, beam-to-column connections that have been as-
sumed to act as “pins” may transmit significant flexural mo-
ments from the beams to the columns. While in some cases,
the moments may enhance column stability, in several other

cases, it may not be conservative to ignore it in the design [1].
Moreover, evaluation of the ultimate strength capacity, the ini-
tial stiffness of the M-6 curve, and the ultimate rotation ca-
pacity of the connections can all straightforwardly be assessed
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course of actions must be repeated for all different connection
types. As it would be excessively expensive to store the M-0
relationships for all practical connection types and sizes, a fea-
sible solution is to derive and store a single “standardized” M-6
function for each connection type.

In this paper, a new exponential model is developed to
predict the standard M—-6 curve of BEC by determining initial
stiffness, strain hardening stiffness, the intercept constant
moment and two curve-fitness parameters. The presented
exponential model is used to represent the entire M—6 behavior
of the BEC. The major parameters of this “standard M-6 utility”
will be obtained based on theoretical methods.

2. Modeling functions

There are different studies that have proposed various mod-
els to represent the non-linear M-6 behavior of the connec-
tions [3-16]. The functions of these different models are written
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Nomenclature

As-bolt, Epolts Oy-boits duoir, 1 Bolt net area, modulus of elas-
ticity, yield stress, diameter and number of bolts
in each raw respectively

As, Aw, hy, dy, b, twb, tw, twp, Ip, Zp, oy Beam  section
flange area, web area, height, depth, flange
width, web thickness, flange thickness, inertia
moment, plastic modulus and yield stress, re-
spectively

Ac,Acy, he, de, by, tye, tie, ket Ie, Ze, 0y Column  section
area, shear area, height, depth, flange width, web
thickness, flange thickness, flange root radius,
inertia moment, plastic modulus and yield stress,
respectively

a*, £y, Ae, Q, Ry, R1, Rz, R3, Ry, Rs Coefficients defined in
Table 2

My, Mye, Mys, Myw, Myp, Mysc Ultimate moment applied
to connection, end plate, column flange, column
web, bolts and beam and column sections, re-

spectively

b, d., g, Ps, Pr Geometry parameters of connection, shown
in Figure 2

by, t,, 0y, Endplate width, thickness and yield stress, re-
spectively

E Young’s modulus of elasticity

F Beam flange force

K; Initial stiffness of the connection

K, Strain hardening stiffness of the connection

M, My, M, Moment (general), yielding moment and
intercept-constant moment, respectively

T Force in beam tension flange

0, 6,,6, Rotation (general), yielding rotation and ulti-
mate rotation, respectively

A Coefficient defined in Table 3
oy Yield stress of material
v Poisson’s ratio

in Table 1. Only a few of these models adequately come close
to characterizing some special M- behavior through the full
range of loading/rotations [18]. Chen et al. [5] show that due
to the inherent oscillatory nature of the polynomial series, they
may yield erratic tangent stiffness values. Furthermore, in these
polynomial series functions, the implicated parameters usually
have very little physical meaning. Due to their nature, the sim-
plest form of power model does not represent the connection
behavior adequately. It is unsuitable if accurate results are de-
sired [17]. The M-6 curves of some connections, such as BEC,
do not flatten out near the state of ultimate strength of the con-
nection. This means that the plastic stiffness (strain hardening
stiffness) of these connections will not be zero. Thus, most func-
tions of Table 1, including Nos. 4, 5, 6, 7, 8 and 13 are unsuitable
for this type of connection. While the multi-parameter expo-
nential models (Lui-Chen function [12] and Kishi-Chen func-
tion [13]) can provide a good fit, they involve a large number
of parameters. Therefore, a large number of data are required
in their curve-fitting process; this fact makes their practical use
difficult.

In spite of the fact that the Chisala exponential function [16]
has all above mentioned required conditions, this model does
not have a shape parameter. Therefore, this model does not rep-
resent the connection behavior adequately [19]. The remaining
models, including the Richard-Hisa power model [11] and the

Figure 1: Typical form of M-6 curve.

Yee-Melcher exponential model [14], provide a proper fit and
satisfy all previous mentioned required conditions. However,
they are not presented in normalized form. In other words, their
curve-fitness parameter is related to the dimension of other
parameters. This restriction has limited the application of the
model. Thus, the new normalized M-6 model is derived in this

paper.
3. Analytical study

By considering the conditions of a rigid connection general
M- curve, a model function should satisfy evidently the fol-
lowing boundary conditions:

1. The M-6 curve should be passed through the origin:

M | 6=0) = 0.

2. The M-6 curve should be passed through the ultimate point:
Mlp=6,) = My.

3. The slope of the M-6 curve at the origin is equal to the initial
stiffness: 94 00 = Ki

4, As the rotation becomes large (6 —> 6,), the M-6 curve
tends to the straight line, represented by M = M, + K0,
where M, is defined as the normalizing moment or the
intercept constant moment and K), is the strain hardening
stiffness of the M-6 curve in the plastic zone, as shown in
Figure 1.

In addition to above mentioned boundary conditions, the
model function must have the ability to correlate with exper-
imental results. Based on the current knowledge of connection
behavior and modeling requirements, a proper model should be
adopted.

Mohamadi [17] showed a simple exponential function that
satisfies the above mentioned requirements, having the follow-
ing general form of:

M = (a1 + a0) (1 — eCBIH4D?) 4 a0, (1)

where ay, a,, as, a4 and as are the model parameters, which can
be obtained as follows:

For all values of model parameters, the first boundary con-
dition is satisfied. Differentiating Eq. (1) and substituting for
6 = 0Oyields:

dMm
—_— = 103 —|— a5 = KI (2)
do | p—)
For satisfying the third boundary condition, it can be written:
. dM
Lim— =a; + a5 =K. (3)
d6 |9 o0)
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Table 1: Different M-6 models.
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Type Name Function ID no.
. Frye-Morris function [3] 0 = G (KM)! + G (KM)3 + C3(KM)? 1
Polynomial model Picard-Giroux function [4] 0 = Cy(KM)" — Gy (KM)? + C3(KM)® 2
Simplest form of power model [5] 0 = aMm® 3
Ramberg-0sgood function [6] 0= % (1+KM/K)™) 4
Ang-Morris function [7] 2 =M (1+M/M)"T) 5
Power model Richard—Abbutt function 18 1\/; A ) 6
ichard-Abbutt function [8] = Tr®e M
C?ls?n—Louveau f.unction [9] = % 17(M1/N{u),, 7
Kishi-Chen function [10] = EW 8
Richard-Hisa function [11] = m + K6 9
Lui-Chen function [12] M = ZJ"':l G (1 —exp (—0/2ja)) + M, + K,0 10
Kishi-Chen function [13] M = ij:1 G (1 —exp (—0/2ja)) + M, + 11
Exponential model ZLl Ce(6 — 6 H 0 — 6
Yee-Melcher function [14] M = My (1 — exp (—(K; — K, + C6)0/My)) + Kp0 12
Wu-Chen function [15] e =n(In (14 K6 /My)) 13
Chisala function [16] M = (M, + K,0) (1 — exp (K0 /M,)) 14

According to the fourth boundary condition, when rotation (6)
becomes large, the M-6 curve tends to the straight line, there-
fore:

LimM = a; + (az + a5)0 = M, + K,6. (4)
(0—00)

Therefore, parameter a; represents the intercept constant mo-
ment, M,. If parameters, a4 and as, are replaced by 8 and oK,
the other parameters are yielded and the function of the model
is expressed as follows:

(—(Ki—ozl(p)(l+/39)6)
M = aKp6 + (M, + (1 — a)Kp0) <1 —e Mo ) , (5)

where M, is the intercept constant moment, K; is the initial stiff-
ness, K, is the strain hardening stiffness and finally « and g are
the shape parameters obtained from calibration with the ex-
perimental data. The parameter, §, is introduced to manage the
rate of decay of the slope of the curve. Moreover, K, can be sub-
stituted as follows:
M, — M,

-y 7o (6)

by

Then, substituting Eq. (6) into Eq. (5), the following dimension-
less form of the Mohamadi function gives us:

M 0 0 - FANC]
— =am*— + (1 + (1 —oz)m*0—> <] —e (Hﬁ(’y)f) ,

M 4] Gy y 9y

K, =

(7)

where m* is defined as % l). It is worthy to note that with

respect to the Mohamadi function [17], when shape parameters
are assumed to be zero, the Chisala exponential function [16] is
obtained. Mohamadi [17], through a parametric study, obtained
the appropriate values of o and § for BEC as 1.0 and zero, re-
spectively. Then, the Mohamadi function for BEC is expressed
as follows:

M 0 M, 0
— =(1—e¥)+(ZL-1)—
M, M, 6,

In order to utilize this model for any connections, the corre-
sponding parameters must be calculated. The three physical
parameters can be derived through analytical procedures, as
well as numerical parametric studies. In spite of the fact that
there are two shape parameters in the presented function, the
accuracy of the predicted curve is extremely affected by the
precision of prediction of the physical parameters, which are
evaluated as described in the sections to follow.

de

7

A=

Column Beam dy

e
qH

Yt
he
—_—

Figure 2: Extended end plate connection.
4. Evaluation of the model parameters

In order to demonstrate the capability of the proposed
model in representing the M-6 behavior of BEC, the presented
model was fitted to some connection test data obtained from
literature. To this purpose, more than seventy investigations
simulating BEC M-6 behavior, along with representing the
connection properties such as ultimate moment, were listed
and studied in [17]. However, only a few of these studies
come close to adequately characterizing the connection initial
stiffness, strain hardening stiffness and other properties of the
connection’s M-6 behavior. Based upon these studies, a typical
BEC, which is shown in Figure 2, is selected and analytical
expressions for evaluating the presented model parameters,
K;, K, and M,, are derived in the sections to follow. It is to note
that the stress—strain relationship for the endplate, column and
beam is taken as an elastic perfectly plastic model, as shown in
Figure 3.

4.1. Evaluation of initial stiffness, K;

For evaluating stiffness properties, such as initial stiffness,
most of these analytical studies have used component meth-
ods [17,20]. In the context of the component method, whereby
a joint is modeled as an assembly of springs (components) and
rigid links, using an elastic post-buckling analogy to the bi-
linear elastic-plastic behavior of the each component, a general
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Figure 3: Idealized steel stress-strain curve.

analytical model is proposed that yields the initial stiffness and
the strain hardening stiffness of the connection. Consequently,
the rotational stiffness of a connection is directly related to the
deformation of the individual connection elements. Generally,
the behavior of the connection largely depends on the compo-
nent behavior of the tension zone the compression zone, and
the shear zone. The basic components, which contribute to the
deformation of the common BEC, are identified as: (1) endplate,
(2) pretension bolts, (3) column flange, and (4) column web. The
EC3 [20] propose components methods for modeling basic com-
ponents as equivalent T-stub flanges. Moreover, Mohamadi and
Mofid [21] suggested a general expression for initial stiffness,
K;, formulated in Table 1, which shows the expressions for the
initial stiffness of BEC in detail.

4.2. Evaluation of intercept constant moment

The intercept constant moment, M,, is selected as the mo-
ment corresponding to the intersection of the moment axis
and the strain hardening tangent stiffness line, which passes
through the ultimate point, as shown in Figure 1. Therefore,
the intercept constant moment is highly dependent on the con-
nection ultimate moment. For determination of the intercept-
constant in this paper, the ultimate moment is firstly evaluated.
The different components contributing to the overall response
of generic BEC are:

. Column web in shear, compression and tension.

. Column flange in bending.

. Endplate in bending.

. Bolts in tension and shear.

. Beam flange and beam web in tension and compression.

U WN =

On the basis of these assumptions, the moment capacity of BEC
depends on the strength of the individual connection elements.
Various investigations have shown that BEC will begin to lose
its ability to sustain further loading when one or more of the
following failure modes occur [22]:

1. Failure of bolts in the tension zone.

2. Yielding of the endplate in the tension zone and formation
of the plastic mechanism.

3. Formation of the column flange plastic mechanism.

4, Shear yielding, buckling, or crippling of the column web.

These failure modes must be considered in terms of the
moment acting on the connection. For this purpose, each of the
aforementioned failure modes has been considered in terms of
the tension or compression beam flange forces. Once the force
in the beam flange has been determined, the capacity of the

¢

d,,ou:'ZOmm
130
==z
o S

$60
o o 60
W310x52

\..__

(o] [e]
T
~

W250x131

440

Figure 4: Example problem end plate with various thicknesses (12, 15, 20 and
25 mm).

connection corresponding to each of the possible failure modes
will be considered in terms of the flange force. Mohamadi
et al. [23] have determined the ultimate force corresponding
to each aforementioned component (endplate, tension bolts,
column flange and column web). Thus, the lowest ultimate force
value will present the amount of connection ultimate moment.
The endplate and column flange bending behavior is similar
to the beam bending behavior with a rectangular section. This
kind of behavior, at bending loading, was demonstrated in many
tests [19]. Based on this fact, the intercept-constant, M,, can
approximately be evaluated as a portion of the connection
component ultimate moment [23]. Besides, Table 3 summarizes
the equations used to evaluate M, for BEC. The details regarding
these equations are presented in [23].

4.3. Evaluation of strain hardening stiffness

Although there are different well-accurate methods for
determination of the initial stiffness and strength of beam-to-
column joints [23], there are no generally accepted analytical
procedures for determination of the strain hardening stiffness,
K. Indicatively, it may be said that the relevant Eurocode [20],
as well as the AISC [24], do not propose any methods to
determine the strain hardening stiffness. Likewise, there is no
exact applicable analytical method for calculation of the strain
hardening stiffness of the connections and usually test results
are used to estimate its value. Empirically, after formation of
plastic hinges in the connection components, the connection
deformation can be calculated using the tangent modulus of
elements [19]. Yee and Melchers [14] suggested that as strain
hardening occurs subsequent to yielding, the shear modulus
of the column web may be assumed to be approximated by
4% of the elastic shear modulus of the column, and also the
strain hardening modulus can be adopted by 2% of the elastic
modulus. Shi et al. [25] recommended that if the bolt tension
stress reaches its yield stress, the tangent modulus of the bolt
can be taken as 5% of the elastic modulus of the bolt. Besides,
some studies have statistically inspected the ratio of K, /K;. For
the BEC, Bahaari and Sherbourne [26] reported that a properly
designed connection possesses a ratio of K, /K;; about or below
5%-3%. In addition, Mohamadi-Shoore and Mofid [21] have
shown that the mentioned ratio corresponds to the connections
failure mode. Based upon their results, if the column web failure
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Table 2: Expressions for initial stiffness, K;.
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T o (le i 1 1), e 1 1 2\ 7%= p [
a )‘e)(Rn+2nR3+R4+R5 )+ Ry (R1 JrR3Jrk4+R5) [b“—‘b+6—dﬂ’ +2—£’
b wh " d
R = _ b/ R —_8 Qii/g R, — 64 _0Qb/d
o = > , = - X > 2= g7 4
0.455b%+1.5617 21(1-v2) 13dp+16b— 2
b

2 2
2 2 g pS
7g2+6t7 (8+ Al

3 /03
4u*.tfc/lp

768l /b

1.33dbore + 5 X 5 =

7 tp-te
Ry = ———%—75 , Ra= 2 /20
tp+tfe +1.2dpoie+1.2 tp+tfe b+3.12br§/lp

h 2 b 4 b3
Q=208(1+7")+33.6x%(1+E>+13x%(1+E

3 3
a*” +16d;

s ep =8 —lyc — 1-33dbolt_fp,a* =2xb+g

Table 3: Considered mechanisms to calculate the ultimate moment, M,,.

_ A _ 2P bp _ _
A=1+4 F";, B= Ve + 2P Foolt = As-boltOy-bolts Ctue; = Z—twp

_ gthy dybp 2 P Fiolt _ PP
Cue, = gy T agdy T % T 252 27 @ T 5,
Endplate ultimate moment: My, = Min (ctue, » ttue, ) X Adpoypt?

) ) B
Column flange ultimate moment: My; = min ( 7 + —2 Ao e =8

by dp—Pr | g=tup
=i

2%

ad,

—g+2b—dp,

be—2ker T oyet? bre—2ke1’
1 thy+2tp+5ke
7 duc
Tension bolts ultimate moment: M, = 3AdpFpoie

Beam and column ultimate moment: Mys = min(oyyZzp, 0ycZc)
Intercept-constant: M, = 0.75 X min(Mye, Mys, Myw, Mypo, 1.07Mys)

10765 _ the
* Joye (he—2ke)dwc

Column web ultimate moment: M,,, = min (

2
T2k ) X )»dbayftfc

) X )Lgyc twedwedp

Table 4: Required parameters of example problem.

t, Ki M, M, K, /Ki K,

u 14
(mm) (kNm/mRad) (kN m) (kN m) (%) (kN m/mRad)
12 34.93 127 96 5 1.75

15 56.91 199 149 5 2.85

20 94.83 205 164 5 4.74

25 130.02 205 164 5 6.50

mode occurs, then the ratio of K,/K; may be assumed to be
approximated by 3%; else, it can be considered as 5%.

5. Verifications

In order to evaluate the reliability of the presented exponen-
tial model, test results of two experimental and FEM studies are
used for direct comparison. First, the Jenkins experimental pro-
gram, which is represented in [19], was used for comparison
with the delivered results. Based upon this experimental pro-
gram, a BEC shown on Figure 4 with different thicknesses of 12
through 25 mm is considered. The corresponding parameters of
the presented model are calculated accordingly and are shown
in Table 4.

To demonstrate the ability of the proposed model, the
corresponding curves, based upon the proposed model, have
been achieved. In addition, a comprehensive comparison of

the modeling results with the Jenkins experimental data and
other existing predicting functions is carried out. The obtained
M-60 curves corresponding to each function are shown in
Figure 5. The involved function are: the exponential model of
Yee and Melchers [14], the exponential model of Bahaari and
Sherbourne [26], the polynomial model of Frye and Moris [3],
the power model of Krishnamurthy et al. [27] and the power
model of Tarpy and Cardinal [28]. In addition, the amount of
beam ultimate moment (M) is determined for each figure.
Secondly, to quantify the relative accuracy of the presented
analytical model, along with considering various combinations
of beams and columns in terms of load carrying capacity, eight
connections that have been modeled exactly by Bahaari and
Sherbourne [26] are selected. The corresponding properties,
including endplate, beam and column, are shown in Tables 5
and 6, respectively. The modulus of elasticity of all components
is considered as 210 x 10° N/m?. Using the presented
analytical method, the required parameters for each specimen
are listed in Table 7. Finally, comparisons of the results with
the aforementioned existing prediction methods are shown in
Figures 5 and 6.

6. Summary and conclusion

In this study, a new exponential model capable of a com-
plete demonstration of the M-0 relationship of the BEC has
been outlined. Three physical parameters are required in this

Table 5: Schedule of different test problems, beam, column, end plate and bolts properties.

Ref. No Name Beam Oyp Column Oyc by de b g dpolt Py P; tp Oyp Oybolt
section (MPa) section (MPa) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (MPa) (MPa)
1 PAR3e W410*54 300 W200*100 300 210 126 72 120 24 59.8 83.2 30 300 627
2 PPAR3e W410*54 300 W200*100 300 210 126 72 120 24 59.8 83.2 24 300 627
Bahaari and 3 PAR4 W410*54 300 W200*100 300 210 126 72 120 24 59.8 83.2 15 300 627
Sher- 4 PAR10 W410*54 300 W200*100 300 210 126 72 120 24 59.8 83.2 40 300 627
e [26] 5 ION3 W610*82 250 W360%72 250 204 90 54 140 254 417 65.9 22 250 802
6 ION3a W610*82 250 W360*72 250 204 90 54 102 254 417 65.9 22 250 802
7 PM7 W460%68 250 W250*73 250 194 124 68 120 24 53.0 822 15 250 627
8 PAR1Ue W410*54 300 W200%46 300 203 126 72 120 24 59.8 83.2 24 300 627
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Figure 5: Comparison of M-6 curves between Jenkins tests and results of the various models.
Table 6: Dimensions of beams and columns used in this study.
Beam hy dp bﬂ; twh 77 Zp ke Column he @ bfc (e tre Ac Ic Z; ke kel
size (mm) (mm) (mm) (mm) (mm) (mm3) (mm) size (mm) (mm) (mm) (mm) (mm) (mm?) (mm?*) (mm?®) (mm) (mm)
W310*52 318 304 167 7.6 132 839E5 143 W200"46 203 192 203 70 11.0 5890 4.55E7 4.96E5 238 143
W460*52 450 439 152 78 11.0 1.09E6 19.1 W200*100 229 205 210 144 240 12710 1.13E8 1.15E6 36,5 17.5
W410*54 403 392 177 78 11.0 1.05E6 19.1 W250*73 253 239 254 88 14.1 9290 1.13E8 9.85E5 30.2 175
W460"68 459 444 154 9.1 152 149E6 20.6 W250*131 275 250 261 154 254 16710 2.22E8 1.85E6 333 20.6
W610*82 599 586 178 10.0 129 2.20E6 238 W360*72 350 335 204 8.8 15.0 9097 2.01E8 1.28E6 349 222
Table 7: Required parameters of specimens. in a presented exponential model for predicting the M- be-
havior of the BEC. In addition, several existing functions for
No. Ki M, M, Ky /K; Ky . . . .
(kNm/mRad) (kNm) (kN m) ) (kN m/mRad) modeling M-6 behavior have already been proposed in the lit-
; IEAET e B B =4 erature. Likewise, several existing prediction equaFlons partic-
2 15027 315 2475 3 451 ularly related to BEC have already been presented in the paper.
3 7245 315 2475 3 2.17 Finally, the presented exponential model is applied to the M-0
& 21572 B 243 E 6310 data for a set of fourteen different BEC, which include four ex-
5 157.96 320 253.3 5 7.90 . 1 d d db h .
6 196.67 320 256.0 5 9.83 perimental tests and ten 3D FEM tests conducted by Bahaari
7 75.93 243 182.1 3 228 et al. [26]. To demonstrate the accuracy of the proposed expo-
y prop p
8 83.20 149 113.1 5 4.16

proposed model, which include ‘the intercept-constant mo-
ment’, ‘the initial stiffness’ and ‘the strain hardening stiffness’
of the connection. The first two parameters were analytically
predicted from the geometry of the connection. Furthermore,
the strain hardening (plastic) rotational stiffness parameter was
approximately evaluated through simplified connection behav-
ioral models. Moreover, these major parameters are employed

nential model in comparison with other existing methods, the
curves resulted from other existing prediction equations have
been represented. A comparison of the results with experimen-
tal data, as well as finite element models, reveals very good
agreement between them. Therefore, it was found to provide
reasonably accurate approximations to the moment-rotation
relationships for endplate connections. As a general conclusion,
it can be stated that the procedures proposed in this paper pro-
vide the best prediction for evaluation of M-6 curves among
mentioned prediction equations.
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Figure 6: Comparison of M-6 curves between Bahaari 3D F.E. and results of the various models.
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