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Abstract Despite the fact that steel is a ductile material, the significant damage, during earthquake

events, highlighted the need to thoroughly investigate the seismic performance of steel structures.

Seismic design procedures have been developed to enable structures to achieve specific acceptable

level of damage under dynamic loads in accordance with particular levels of ductility. The ductility

of steel moment resisting frames is developed through flexural yielding of beams, shear yielding of

column panel zones, and flexural yielding of columns. Meanwhile, the frame must develop the

required ductility without failure in the beam-to-column connection. The observations on panel

zone behavior revealed that it can afford high ductility; however, localized deformations at corners

of panel zone may increase the likelihood of fracture in vicinity of beam flange welds. On the other

hand, the observations on flexural yielding behavior of columns reported potential soft story col-

lapse. Consequently, counting on ductility due to shear yielding of panel zone and flexural yielding

of columns is not recommended. Hence, the focus of this study has been directed toward flexural

yielding of frame beams. The effect of beam profile slenderness (according to the Egyptian code

design limits) has been examined against ductility, over-strength and redundancy with numerical

assessment for the anticipated seismic force reduction factor. The reduction factor has been evalu-

ated using both the N2-method and the time history analysis method. Accordingly, a guideline has

been established for the Egyptian code provisions to enable professionals to assign the steel moment

resisting frame between adequate-ductility, intermediate-ductility and limited-ductility.
� 2016 Housing and Building National Research Center. Production and hosting by Elsevier B.V. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The Egyptian code provisions have been evaluated for the seis-

mic design of steel moment-resisting frame buildings through
parametric and comparative studies [1–7]. These studies
have been performed with a variety of analysis methods and

numerical models in order to assess the seismic performance
of the steel moment-resisting frames, at either structure-scale
or beam-to-column connection-scale [1–7]. The analysis
frames,

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:serror@eng.cu.edu.eg
http://dx.doi.org/10.1016/j.hbrcj.2016.01.005
http://dx.doi.org/10.1016/j.hbrcj.2016.01.005
http://www.sciencedirect.com/science/journal/16874048
http://dx.doi.org/10.1016/j.hbrcj.2016.01.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.hbrcj.2016.01.005


2 M.H. Serror, M.N. Abdelmoneam
procedures have been evaluated for their ability to predict the
deformation demands in terms of inter-story drifts, potential
failure mechanisms and story shear demands [5–7]. The seismic

force reduction factor (R) has been one of the most important
components in the development of seismic design provisions.
This factor has been utilized in current design codes to reduce

the linear elastic design response spectra to the design forces at
the strength level. In other words, it represents the ratio of the
strength required to maintain the structure elastic to the inelas-

tic design strength [8]. The reduction factor (R) has been used
since the 1950s and its values that were given by the American
codes [8] had not been greatly modified. However, in the mid-
1980s, it was proposed to divide the reduction factor into three

components (R= Rl, RS, RR).
The ductility reduction factor (Rl) reflects the ability of a

structure to dissipate hysteretic energy through plastic defor-

mations. It is the reduction in strength demand due to nonlin-
ear hysteretic behavior. It is considered the main component of
the reduction factor. The ductility (l) represents the ability of

the structure to undergo large plastic deformations without
significant loss of strength, representing the ratio between the
ultimate deformation at an assumed collapse point and the

yield deformation. On the other hand, the hysteretic energy
is the energy dissipated by inelastic cyclic deformations. It is
given by the area within the load–deformation curve. New-
mark and Hall [9] presented formulas to relate the ductility

reduction factor to the ductility of the system. These formulas
have been the most well-known and widely used analytical
method in seismic design of ductile structural systems. The

proposed functional form is dependent on the natural period
of the structure. In the long period range, elastic and ductile
systems with the same initial stiffness have the same maximum

displacement; accordingly, the equal displacement approach
can be applied. In the short period range, elastic and ductile
systems have the same seismic force; accordingly, the energy

approach can be applied. The proposed formulas [9] are as fol-
lows: Rl = 1, for T< 0.03 s; Rl = (2l � 1)0.5, for
0.12 s < T < 0.5 s; and Rl = l, for T > 1 s.

The over-strength factor (RS) accounts for the fact that the

maximum lateral strength of a structure generally exceeds its
design strength. The sources of structural over-strength are
as follows: redistribution of internal forces in the inelastic

range, difference between actual material strength and the
strength used to calculate the capacity in design, strain harden-
ing, effect of using oversized members, detailing, effect of con-

sidering multiple loading combinations, effect of minimum
requirements on member sections to meet the stability and ser-
viceability limits in design, effect of structural elements that are
not considered in the prediction of lateral load capacity and

the contribution of nonstructural elements [8]. Accordingly,
the over-strength factor plays an important role in the survival
of buildings during severe earthquakes. Uang [10] expressed

the various sources contributing to the over-strength factor
in the formula: (X = Xo F1 F2 . . . Fn), where X is the actual
over-strength factor, Xo is the over-strength factor using the

nominal material properties, and F1, F2, . . . Fn are factors that
account for different sources contributing to the over-strength.
Uang reported a value of 2 to account for over-strength based

on the nominal material properties. In addition, a value of 1.05
was reported by Elingwood et al. [11] to account for the differ-
ence between actual and nominal yield strength; meanwhile,
10% increase was considered to account for the strain rate
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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effect. Accordingly, the value of the over-strength factor can
be taken as 2.3, where this value is considered conservative
as it accounts only for three sources of the over-strength. This

theoretical work was accompanied by experimental work using
the shaking table testing of multistory reinforced concrete and
steel structures, where over-strength of 2–3 has been reported

for 4- to 12-story special steel moment resisting frames located
in high-seismic region. Miranda and Bertero [12] showed that
strength reduction factors specified by American codes [13] are

much larger than those due to nonlinear hysteretic behavior
for system undergoing displacement ductility ratios equal to
four. Hence, Miranda and Bertero [12] inferred that structures
designed according to these seismic provisions must possess a

sufficient level of over-strength in order to avoid excessive
inelastic deformations.

The redundancy factor (RR) is related to the configuration of

the structure. The main concept behind it is to allow the seismic
load to be distributed over a number of load-resisting compo-
nents, which in turn shall decrease the possibility of failure of

all components at the same time [8]. Uang [10] reported that
the allowable stress factor is used to account for the differences
between allowable stress and ultimate design philosophies, the

ratio between the first significant yield level and the design force
level. Hence, this factor equal to 1.0 when the ultimate design is
used. On the other hand, it has been reported that the
redundancy factor ranges between 1.4 and 1.5 [10,14] for the

allowable stress design. According to AISC-1989 ASD specifica-
tions [15], the value for the redundancy factor can be estimated
to be 1.58, where the average allowable stress of 60% of the

nominal yield stress has been increased by twenty percent, as
permitted by the specifications, and a shape factor of 1.14 is
assumed for the wide-flange sections according to the formula:

[RR = 1.14/(0.6 � 6/5) = 1.58].
Steel had been considered an excellent material with respect

to ductility, where it was recommended for seismic areas

[16,17]. For steel moment resisting frames, the main source
of ductility is the rotation capacity of plastic hinges [18,19].
Beams and columns with moment resisting connections resist
lateral forces by flexure and shear in beams and columns.

The ductility is then developed through: (1) flexural yielding
of beams; (2) shear yielding of column panel zones, and (3)
flexural yielding of columns. Accordingly, there are three pos-

sible locations for plastic hinges formation at: (1) beam ends;
(2) panel zone; and (3) column ends, where the required ductil-
ity should be developed without failure in the beam-to-column

connection (bolts and welds) [20]. The observations on panel
zone behavior revealed that it can afford high ductility [21].
However, three concerns have been reported [21] as follows:
(1) the localized deformations ‘‘kinking” at corners of panel

zone may increase the likelihood of fracture in the vicinity of
the beam flange groove welds; (2) the building code provisions
have varied greatly on panel zone design; and (3) further

research is needed to better define the acceptable level of panel
zone yielding. Consequently, counting on panel zone ductility
is not recommended; moreover, the current AISC seismic pro-

visions [22] permit limited yielding at panel zone. On the other
hand, the observations on flexural yielding behavior of col-
umns reported potential soft story collapse [23]. Consequently,

flexural yielding of columns should be avoided.
Accordingly, the focus of this study has been directed

toward plastic hinge formation at beam ends. Modern design
codes and recommendations for ductile moment resisting steel
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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Figure 1 The beam-to-column connection: (a and b) verification models; (c and d) verification results; (e and f) configuration and steel

profiles adopted in this study.
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frames in seismic zones require the beam-to-column joints to

sustain a total rotation of 0.035 radians (in European codes)
[24] to 0.04 radians (in American codes) [25,26]. Dubina [27]
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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and Gioncu and Petcu [28] discussed the concern related to

these codes that there are no analytical methods to predict
the rotation capacity of moment resisting connections for
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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Figure 2 Plastic hinge behavior points: (a) FEMA-356 definition; (b) FEA results for sample beam-to-column connection models of

groups A, B, and C; (c) average FEA results of M/My versus h/hy for models of groups A, B and C; and (d) idealized FEMA-356 curves.
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either monotonic or cyclic loading type. IBC-2012 [29] adopted
the AISC-2010 [22] seismic provisions; meanwhile, EC-8 [24]

adopted different limits corresponding to three main ductility
classes (high, medium, and low). The flange and web slender-
ness limits of EC-8 [24] classify the members with respect to
local ductility into four classes: 1, 2, 3, and 4 which, in turn,

determine the overall ductility class of the structure and the
value of seismic reduction factor. Hence, specifying a structure
in the high ductility class means that its members should

adhere to class 1 requirements; meanwhile, specifying a struc-
ture in the medium ductility class means that members up to
class 3 are permitted; on the other hand, in low ductility class
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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structures, members up to class 4 may be used. The Egyptian
code ECP-201 [14] specifies two ductility classes with respect

to the moment resisting frames, namely: limited-ductility (ordi-
nary) and adequate-ductility (special). However, neither ECP-
201 [14] nor ECP-205 [30] adopted particular provisions for the
steel frame assignment between these two categories. The aim

of this study is to propose a criterion based on steel profile
slenderness (compact, non-compact and slender) to be associ-
ated with the R-factors given for steel moment resisting frames

in ECP-201. This criterion shall guide the professionals in their
assignment of the steel frame between: limited-ductility (ordi-
nary) and adequate-ductility (special). It is worth noting that
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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the beam has been considered restrained against the instability
of the lateral torsional buckling.

Numerical model and method of study

This section describes the parametric study including the
numerical model and the methodology used to investigate

the effect of steel profile slenderness on ductility, over-
strength, and redundancy. Mixed two-scale modeling
approach has been employed based on: the beam-to-column

connection-scale modeling using ANSYS software [31]; and
the structure-scale modeling for the steel moment resisting
frame using SAP2000 software [32]. The moment–rotation

curve generated based on the connection-scale model has been
integrated in the structure-scale model to depict the inherited
behavior of the connection model.

Connection-scale modeling: steel beam-to-column connection

Using ANSYS, a beam-to-column connection model has been
established to simulate an experimental investigation in the lit-

erature [33]. The experimental investigation [33] has a beam-to-
column connection configuration that is in match with the
intended configuration of the current study. Hence, the exper-

imental results have been used to validate the FE model
Table 1 Adopted plastic hinges for compact, non-compact and slen

Group-A: compact frames (CF)

Plastic hinge behavior points (h, M)

Point-A Point-B Point-C

(0, 0) (hy, My) (9.00hy, 1.12My)

Plastic hinge acceptance criteria

Immediate Occupancy – IO Life Safet

At 1.0hy At 6.0hy

Group-B: non-compact frames (NCF)

Plastic hinge behavior points (h, M)

Point-A Point-B Point-C

(0, 0) (hy, My) (5.62hy,1.12My)

Plastic hinge acceptance criteria

Immediate Occupancy – IO Life Safet

At 0.5hy At 3.3hy

Group-C: slender frames (SF)

Plastic hinge behavior points (h, M)

Point-A Point-B Point-C

(0, 0) (hy, My) (2.33hy,1.12My)

Plastic hinge acceptance criteria

Immediate Occupancy – IO Life Safet

At 0.15hy At 1.2hy

Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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including the mesh size and the connection bolt simulation.
Both the physical and the FE models are shown in
Fig. 1a and b, respectively. The column has been supported

at both ends with pinned support as shown in Fig. 1a. Two
materials have been used as per the experiment: S335J2 for
beam and column, and S690 for the end plate. The material

model adopted has a bi-linear stress-strain behavior, where
the modulus of elasticity (E) equal to 210,000 N/mm2, the
secant modulus (Es) equal to E/100, and Poisson’s ratio (ʋ)
equal to 0.3. A shell element of 4 nodes ‘‘plastic 4node181”
has been used, where it allows for high deformation as
required in this study. Full connection has been assumed
between the I-beam and the end plate, representing rigid weld

lines connecting the I-beam to the end plate. This closely rep-
resents the most commonly used full penetration welded joint.
The contact between the end plate and the column flange has

been modeled using surface to surface symmetric contact
employing the contact element CONTA173, available in
ANSYS library. Monotonic loading with the load P (see

Fig. 1a) has been applied to the beam tip; meanwhile, nonlin-
ear static analysis has been performed using Von Mises yield
criterion with isotropic hardening rule. Newton Raphson tech-

nique has been employed for the nonlinear problem solution.
The resulting moment–rotation curve has been compared with
the results of the experimental investigation [33] in order to
verify the numerical model. Different FE model mesh sizes
der frames.

Point-D Point-E

(9.00hy, 0.60My) (11.00hy, 0.60My)

y – LS Collapse Prevention – CP

At 8.0hy

Point-D Point-E

(5.62hy, 0.36My) (7.62hy, 0.36My)

y – LS Collapse Prevention – CP

At 4.62hy

Point-D Point-E

(2.33hy, 0.20My) (4.33hy, 0.20My)

y – LS Collapse Prevention – CP

At 1.7hy

ormance evaluation of Egyptian code-designed steel moment resisting frames,
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have been inspected; meanwhile, a mesh size of 5 mm � 3 mm
has been adopted since it is associated with proper fit to the
experimental results [33], as shown in Fig. 1c. Moreover, dif-

ferent coupling nodes between the beam end plate and the col-
umn flange have been employed to simulate the bolt
connection. Six coupling nodes have been adopted since they

are associated with proper fit to the experimental results [33]
compared with the one node or four nodes coupling, as shown
in Fig. 1d. In general, the verification error is in a range of

±10%. It is worth noting that the consideration of connection
bolt failure is considered beyond the scope of the current
investigation.

In this study, a comprehensive analysis has been performed

for a typical steel beam-to-column connection model, as shown
in Fig. 1e. The typical connection has been investigated in
three groups, namely: Group A, B and C with compact;

non-compact and slender beams, respectively. The steel pro-
files for each group have been indicated in Fig. 1f in the form
of built-up sections [h � bf/tw � tf], where h is the total height

of section, bf is the width of flanges, tw is the web plate thick-
ness, and tf is the flange plate thickness. The same bi-linear
material model has been employed with steel grade DIN

17100 ST 37-2 with a yield stress equal to 240 N/mm2 and
an ultimate stress equal to 360 N/mm2. The steel profile
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slenderness has been obtained in accordance with the Egyptian
Code (ECP-205, ASD) [30] for web and flange slenderness.

It is worth noting that columns of all groups of analysis

have been designed to be always compact and to prevent the
panel zone yielding and column kinking. Monotonic loading
has been then applied at the beam tip to obtain the

moment–rotation curve. Hence, an average normalized curve
for M/My versus h/hy has been established for each group of
A, B and C models. According to FEMA-356 provisions

[34], the moment–rotation curve is defined to determine the
yield value, and consequently plastic deformations. This has
been performed in terms of an idealized curve of five points
A, B, C, D and E, as shown in Fig. 2a. Point A is always

the origin. Point B represents yielding; consequently, no defor-
mation occurs in the plastic hinge up to this point. Point C rep-
resents the ultimate capacity. Point D represents the residual

strength. Finally, point E represents the total failure and
beyond this point the plastic hinge drops the load to zero.

Fig. 2b illustrates Von Mises stress and deformed shape

snapshots at the plastic moment capacity as resulting from
sample beam-to-column connections of groups A, B and C.
It is evident that all connections attained the plastic moment

without shear yielding at the panel zone or column flexural
yielding. Meanwhile, the panel zone is more stressed with the
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Table 2 The selected earthquake records for time history analysis.

No. Earthquake name Date Magnitude PGA (g) Duration (s) Station/component

1 Izmit 08/17/1999 7.40 0.31 27.17 SKR/E-W

2 Dinar 10/01/1995 6.40 0.32 27.95 Dinar/E-W

3 Banja Luka 08/13/1981 5.70 0.36 28.30 Banja Luka-4/N-S

4 Faial 07/09/1998 6.10 0.30 135.78 HORTA/E-W

5 Northridge 01/17/1994 6.70 0.57 59.98 Castaic Old Ridge (24,278)/Chn-1: 90DEG

6 Christchurch 02/21/2011 6.30 0.71 67.435 Christchurch Resthaven (REHS)/N10W

7 Off S niigata prefecture 07/16/2007 6.30 0.68 75.48 Kashiwazaki (NIG018)/N-S
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Figure 4 The average response spectrum of the selected earth-

quake records compared with the Egyptian code ECP-201

spectrum type-I [14], PGA = 0.5 g.
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compact beam compared with the non-compact and slender

beams. This is attributed to the difference in the ductility level
that can be afforded by each connection based on the slender-
ness of the connected beam profile.

Fig. 2c illustrates the resulting average normalized curve for

M/My versus h/hy for models of groups A, B, and C. It is evi-
dent that the ductility is adequate for the compact beam-to-
column connection with an average ultimate rotation (hu)
more than nine times the yield rotation (9.4hy) and an average
ultimate moment (Mu) exceeding the yield moment (My) with
more than 30% (1.34My), compared with the non-compact

beam-to-column connection with hu = 5.75hy and Mu = 1.23-
My. It is also evident that the slender beam-to-column connec-
tion experienced a behavior with further limited ductility
(hu = 2.33hy, and Mu = 1.22My) compared with the non-

compact one; meanwhile, such limited ductility would be
further reduced if the effect of geometric imperfections was
incorporated in the connection-model. It is worth noting also

that the resulting average normalized values for the plastic
hinge behavior points using the FE analyses are in good match
with those proposed by FEMA-356 idealized curves, as shown

in Fig. 2d. However, the FEMA values are underestimated for
the compact and non-compact connections, and overestimated
for the slender connections. Accordingly, the plastic hinge

behavior points and the acceptance criteria have been consid-
ered in accordance with the lower-bound of both FE and
FEMA values that are shown in Fig. 2c and d, respectively.
The lower-bound criterion has been adopted for a conservative
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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estimation of the seismic performance. Hence, the values for
plastic hinge behavior points and acceptance criteria are listed

in Table 1. These points have been integrated within the plastic
hinge definition of the structure-scale models to obtain the
associated seismic force reduction factor using the N2-

method and the time history analysis method.

Structure-scale modeling: steel moment resisting frame

A comprehensive analysis has been performed for structural
models of low to mid-rise steel moment resisting frames with
different number of floors and number of bays, as shown in
Fig. 3. The frame ID is X–Y, where X represents the number

of bays and Y represents the number of floors. For all models:
the story height is set to be 4 m for the ground floor and 3 m
for the typical floors; the bay width is set to be 6 m for all

frames; and spacing between frames is set to be 6 m. Steel
grade of DIN 17100 ST 37-2 has been adopted for all struc-
tural members with a yield stress equal to 240 N/mm2, an ulti-

mate strength equal to 360 N/mm2, modulus of elasticity (E)
equal to 210,000 N/mm2, Poisson’s ratio (t) equal to 0.3, and
specific weight (c) equal to 78.5 kN/m3. Each frame model

(X–Y) has been analyzed under three scenarios, namely: com-
pact frame (CF); non-compact frame (NCF); and slender
frame (SF), which are frames established with compact, non-
compact, and slender beam profiles, respectively. Meanwhile,

the columns are selected with compact profiles in all models.
The adopted profiles for beams and columns have been indi-
cated in Fig. 3, where the design has been performed in accor-

dance with the Egyptian codes ECP-201 and ECP-205. The
plastic hinge behavior points and the acceptance criteria have
been assigned to each frame in accordance with Table 1.

Hence, the analysis has been carried out using 2-D models
established with SAP2000 program, which is a well-known
general-purpose FE-based commercial software, considering
both geometric and material nonlinearities.

The ductility capacity and, in turn, the seismic force reduc-
tion factor R (ductility Rl, over-strength RS, and redundancy
RR factors) have been evaluated for each scenario using both

the N2-method proposed by Fajfar and Fischinger [35] and
the nonlinear time history analysis method proposed by Park
and Ang [36]. The values of R-factor resulting from the N2-

method have been compared with those resulting from the
nonlinear time history analysis using the average of selected
seven earthquake records. Moreover, statistical analysis has

been performed for the obtained R-factor results to propose
a value in association with each ductility level of steel frames.
The details behind step-by-step calculations of the R-factor
can be found in the references [37–39]. Meanwhile, it is worth
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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Figure 5 Ductility factor (Rl) and over-strength factor (RS) for: (a) compact frames (CF); (b) non-compact frames (NCF); and (c)

slender frames (SF), using N2-method and THA.
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noting that the redundancy factor (RR) has been considered
equal to 1.4, according to the Egyptian code ECP-201 and
Uang [10,14,40].

Earthquake records for time history analysis

Table 2 lists seven earthquake records that have been selected

from a database of strong ground motions [41] for the time his-
tory analysis. Fig. 4 illustrates the average response spectrum
of the seven earthquake records, scaled up to 0.5 g, in compar-

ison with the Egyptian code spectrum [14]. A proper fit is evi-
dent between the selected records and the code spectrum
within the range of fundamental periods of the studied models

(1.0–2.3 s).
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
HBRC Journal (2016), http://dx.doi.org/10.1016/j.hbrcj.2016.01.005
Results and discussion

Fig. 5a–c shows comparisons between values of ductility factor
(Rl) and over-strength factor (RS) as obtained using the N2-

method and the time history analysis (THA) for compact frames
(CF), non-compact frames (NCF), and slender frames (SF),
respectively. In addition, Table 3 lists the obtained Rl and RS

values with the maximum, minimum, average, and standard
deviation (SD). Fig. 6a–c shows comparisons between values
of the overall seismic force reduction factor (R) as obtained

using the N2-method and the THA for CF, NCF, and SF,
respectively. Fig. 6d illustrates the variation of R-values versus
beam profile slenderness. Moreover, Table 4 lists the obtained
R-values with the maximum, minimum, average and SD.
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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Table 3 Obtained values for ductility factor (Rl) and over-

strength factor (RS).

Rl RS

N2-method THA N2-method THA

CF-2-7 1.35 1.73 4.46 4.09

CF-2-12 1.59 1.99 3.72 4.02

CF-3-7 1.35 1.85 4.49 4.13

CF-3-12 1.57 1.90 3.73 4.05

Max. 1.59 1.99 4.49 4.13

Min. 1.35 1.73 3.72 4.02

Average 1.47 1.87 4.10 4.07

SD 0.13 0.11 0.43 0.05

NCF-2-7 1.57 1.93 3.25 3.35

NCF-2-12 1.75 2.08 2.75 3.28

NCF-3-7 1.60 1.96 3.26 3.39

NCF-3-12 1.77 2.05 2.79 3.33

Max. 1.77 2.08 3.26 3.39

Min. 1.57 1.93 2.75 3.28

Average 1.67 2.01 3.01 3.34

SD 0.10 0.07 0.28 0.05

SF-2-7 1.93 2.01 2.20 2.41

SF-2-12 1.91 2.11 2.21 2.42

SF-3-7 1.90 1.99 2.25 2.39

SF-3-12 1.94 2.29 2.09 2.26

Max. 1.94 2.29 2.25 2.42

Min. 1.90 1.99 2.09 2.26

Average 1.92 2.10 2.19 2.37

SD 0.02 0.14 0.07 0.07
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Figure 6 Seismic force reduction factor (R) for: (a) compact frames (

and (d) variation of R-factor results versus beam profile slenderness, u
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For compact frames, the average ductility factor equals
1.47; meanwhile, the average over-strength factor equals
4.10, using the N2-method. The THA revealed an average of

1.87 for the ductility factor and 4.07 for the over-strength fac-
tor. The overall seismic force reduction factor has an average
of 8.35 using the N2-method, which is less than the average

value resulting using the THA (R= 10.64). In other words,
the THA reveals values that are overestimated with respect
to the N2-method results. For non-compact frames, the aver-

age ductility factor equals 1.67; meanwhile, the average over-
strength factor equals 3.01, using the N2-method. The overall
seismic force reduction factor has an average of 7.02 using the
N2-method. For slender frames, the average ductility factor

equals 1.92; meanwhile, the average over-strength factor
equals 2.19, using the N2-method. The overall seismic force
reduction factor has an average of 5.88 using the N2-

method. It is worth noting that the ductility factor results of
the THA are still higher than those of the N2-method with a
margin that is much decreasing with the slender group com-

pared with the non-compact and compact ones. This is attrib-
uted to the hysteretic behavior in the THA, where the amount
of energy dissipation decreases with the slender group com-

pared with the non-compact and compact ones. Contrarily
for the over-strength factor results, the aforementioned margin
is much increasing with the slender group compared with the
non-compact and compact ones. This is also attributed to

the hysteretic behavior in the THA, where the yield level and
post yield stiffness decrease with the slender group compared
with the non-compact and compact ones. The overall seismic
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Table 4 Obtained values for seismic force reduction factor (R).

R R R

N2 method THA N2 method THA N2 method THA

CF-2-7 8.43 9.91 NCF-2-7 7.14 9.05 SF-2-7 5.96 6.78

CF-2-12 8.28 11.20 NCF-2-12 6.74 9.55 SF-2-12 5.93 7.14

CF-3-7 8.49 10.70 NCF-3-7 7.30 9.30 SF-3-7 5.99 6.64

CF-3-12 8.20 10.77 NCF-3-12 6.91 9.56 SF-3-12 5.66 7.24

Max. 8.49 11.20 Max. 7.30 9.56 Max. 5.99 7.24

Min. 8.20 9.91 Min. 6.74 9.05 Min. 5.66 6.64

Average 8.35 10.64 Average 7.02 9.37 Average 5.88 6.95

SD 0.13 0.54 SD 0.25 0.24 SD 0.15 0.29
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force reduction factor has an average of 9.37 and 6.95 for non-

compact and slender groups, respectively, using the THA,
which is higher than the average resulting using the N2-
method.

Fig. 7a–c shows the number of stories versus the inter-story

drift ratio (IDR) as obtained using the N2-method and the
THA for CF, NCF, and SF, respectively. The IDR pattern
is consistent with the anticipated trend for the moment resist-

ing frames, where the IDR increases at the lower floors and
decreases at the upper ones. It is evident that the obtained val-
ues for the IDR for compact frames are smaller than those

obtained for non-compact and slender frames. As example
for the 7-story frames shown in Fig. 7a.i, b.i and c.i, the
IDR at the 2nd floor equals 1.9%, 2.2%, and 2.4%, for com-
pact, non-compact and slender frames, respectively, as result-

ing from the N2-method. As example for the 12-story frames
shown in Fig. 7a.ii, b.ii and c.ii, the IDR at the 2nd floor
equals 2.4%, 2.5%, and 2.6%, for compact, non-compact

and slender frames, respectively, as resulting from the N2-
method. This is attributed to the higher lateral stiffness of
the compact frames compared with the non-compact and slen-

der ones. In addition, it is worth noting that the IDR results
obtained using the THA are smaller than those obtained using
the N2-method at the lower floors up to almost half of the

building height; meanwhile, the pattern is reversed with better
match at the upper floors. This is attributed to the higher effect
of the hysteretic behavior and the associated energy dissipation
at the lower floors which sustain higher shear forces compared

with the upper floors. It is also evident that the number of
frame bays has insignificant effect on the IDR values and
pattern.

The main thrust of this work is to propose a boundary
between steel moment resisting frames that can afford ade-
quate ductility and those of limited ductility, based on profile

slenderness, for the Egyptian code. Hence, the following crite-
ria can be proposed as a guideline within the range of investi-
gated models and parameters, considering the lower-bound of

the obtained average results: (1) Steel moment resisting frames
with compact beam profiles can be qualified as ‘‘with adequate
ductility” having R = 8; (2) Steel moment resisting frames
with non-compact beam profiles can be qualified as ‘‘with

intermediate ductility” having R= 7; and (3) Steel moment
resisting frames with slender beam profiles can be qualified
as ‘‘with limited ductility” having R= 5. In all cases, the col-

umn profile should be compact and able to inhibit the shear
and flexural yielding.
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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Summary and conclusions

The aim of this study is to propose a criterion based on steel

profile slenderness to be associated with the R-factor values
given in the Egyptian Code (ECP-201). This criterion shall
guide the professionals in their assignment of steel moment

resisting frames between: ‘‘adequate ductility” and ‘‘limited
ductility”. To attain this target, a parametric study has been
performed for three groups of steel moment resisting frames

representing: compact, non-compact and slender frames.
Within each group, different number of floors and number
of bays have been considered. Furthermore, mixed two-scale

modeling approach has been employed based on: structure-
scale model for the steel moment resisting frame using
SAP2000 software; and the beam-to-column connection-scale
model using ANSYS software. The moment-rotation curve

generated based on the FE connection-scale model has been
verified against the FEMA-356 plastic hinge behavior points,
where a good match has been reported. However, the FEMA

values are underestimated for the compact and non-compact
frames, and overestimated for the slender frames. Accordingly,
the lower-bound of FE results and FEMA values has been

adopted for the plastic hinge behavior points and acceptance
criteria, for a conservative estimation of the seismic
performance.

The ductility capacity and, in turn, the seismic force reduc-

tion factor R (ductility Rl, over-strength RS, and redundancy
RR factors) have been evaluated for each group using both
the N2-method proposed by Fajfar and Fischinger [35] and

the nonlinear time history analysis (THA) method proposed
by Park and Ang [36]. The values of R-factor resulting from
the N2-method have been compared with those resulting from

the nonlinear time history analysis using the average of
selected seven earthquake records. Moreover, statistical analy-
sis has been performed for the obtained results of R-factor to

propose a value in association with each ductility level of steel
frames. It is worth noting that the current study has been per-
formed considering fully restrained beams, where the instabil-
ity due to lateral torsional buckling is not considered.

The main conclusions, within the range of investigated
models and parameters, can be summarized as follows:

1. The ductility factor results of the THA are higher than
those of the N2-method with a margin that is much
decreasing with the slender group compared with the

non-compact and compact ones. This is attributed to the
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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Figure 7 Inter-story drift ratio (IDR) for: (a) compact frames (CF); (b) non-compact frames (NCF); and (c) slender frames (SF), using

N2-method and THA.
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hysteretic behavior in the THA, where the amount of
energy dissipation decreases with the slender group com-

pared with the non-compact and compact ones.
2. The over-strength factor results of the THA are higher than

those of the N2-method with a margin that is much increas-

ing with the slender group compared with the non-compact
and compact ones. This is also attributed to the hysteretic
behavior in the THA, where the yield level and post yield

stiffness decrease with the slender group compared with
the non-compact and compact ones.

3. For the frames with compact profiles, the overall seismic

force reduction factor has an average of 8.35 and 10.64
using the N2-method and THA, respectively.
Please cite this article in press as: M.H. Serror, M.N. Abdelmoneam, Seismic perf
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4. For the frames with non-compact profiles, the overall seis-
mic force reduction factor has an average of 7.02 and 9.37

using the N2-method and THA, respectively.
5. For the frames with slender profiles, the overall seismic

force reduction factor has an average of 5.88 and 6.95 using

the N2-method and THA, respectively.
6. The obtained values for the IDR for compact frames are

smaller than those obtained for non-compact and slender

frames. This is attributed to the higher lateral stiffness of
the compact frames compared with the non-compact and
slender ones. In addition, the IDR results obtained using

the THA are smaller than those obtained using the N2-
method at the lower floors up to almost half of the building
ormance evaluation of Egyptian code-designed steel moment resisting frames,
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height; meanwhile, the pattern is reversed with better match

at the upper floors. This is attributed to the higher effect of
the hysteretic behavior and the associated energy dissipa-
tion at the lower floors.

7. Within the range of the studied models and parameters,
considering the lower-bound of the obtained average
results, the following guidelines can be proposed: (1) Steel
moment resisting frames with compact beam profiles can

be qualified as ‘‘with adequate ductility” having R = 8;
(2) Steel moment resisting frames with non-compact beam
profiles can be qualified as ‘‘with intermediate ductility”

having R= 7; and (3) Steel moment resisting frames with
slender beam profiles can be qualified as ‘‘with limited duc-
tility” having R= 5. Meanwhile, in all cases the steel col-

umns should have compact profiles and be able to inhibit
the shear and flexural yielding.

8. Despite the current Egyptian code provisions for column
stiffening, the judgment on connection ability to inhibit

the column shear and flexural yielding still needs further
investigation to be formulated for professionals use.
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