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Abstract
In seismic codes, the capacity of structures is calculated using 
capacity design procedure based on the concept of base shear. 
The critical parameter in this procedure is the behaviour fac-
tor (q-factor), which allows designing the structures at the 
ultimate limit state accounting for their ductility and reserve 
strength. In this paper, the q-factor is evaluated for medium 
ductile steel moment-resisting frames (SMRF) using pusho-
ver analysis. The influence of specific parameters, such as the 
stories number, the “Column/Beam” capacity and the local 
response of structural members, is studied. The results show 
that the most important parameter that affects the q-factor is 
the local response of first-storey columns, while the “Column/
Beam” capacity has a less effect on this factor. Furthermore, 
it is observed that the q-factor value assigned to the studied 
frames in Eurocode-8 is systematically underestimated for 
low-rise frame, while the use of this value for high-rise frame 
is potentially unsafe.

Keywords 
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1 Introduction
The main difficulty affecting the calculation of the tempo-

ral response of a structure subject to seismic action resides in 
its behaviour beyond elastic limit. Nonlinear dynamic analysis 
seems to be the most appropriate procedure to obtain more 
realistic behaviour [1]. However, such analysis requires rela-
tively heavy computation means. Moreover, the selection of 
proper acceleration records is a serious issue [2,3]. For this 
reason, seismic codes for instance, Eurocode-8 (EC8) [4], Uni-
form Building Code [5] and ASCE [6], recommend the use of 
simplified elastic analysis method. In this approach, the design 
base shear force is calculated using an elastic pseudo-accel-
eration response spectrum scaled down by a reduction factor. 
This factor is used to design the structure at the ultimate limit 
state by taking into account its nonlinear response [7]. The 
reduction factor is called behaviour factor (q-factor) in EC8, 
or, response modification factor (R-factor) in American codes 
[5]. Based on the elastic analysis, EC8 specifies an upper limit 
value of q-factor for all structures of a given framing type and 
ductility class, irrespective of the proper characteristics of 
the structure. This approach, however, under certain circum-
stances may lead to q-factor values not always appropriate if 
compared with the actual dissipative features of the structure 
[8,9]. This is mostly a consequence of neglecting some param-
eters that affect the inelastic structural response, in particular, 
the effect of structural dimensions (height and length) on the 
local response of structural members.

Previous researches were conducted in order to define the 
parameters affecting the q-factor value [9–11]. Some of these 
parameters include: bay lengths, irregularity, type of bracing 
system, type of connections between structural members and 
seismic intensity. It has been recognized that there are other 
parameters which may influence the q-factor value for other 
structural typology with different ductility classes requir-
ing more detailed investigations. In this context, the present 
research proposes investigating the influence of the following 
parameters: stories and bays number, “Column/Beam” capac-
ity factor, local response of structural members (columns) and 
structural performance limits, on the q-factor value of medium 
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ductile SMRFs designed according to European codes [4,12]. 
The q-factor components (design reserve strength, redundancy 
and ductility) are evaluated using pushover analysis.

2 Provisions of behaviour factor in seismic codes
In order to develop a better understanding of structural 

seismic response and provide a formulation of the behaviour 
factor, ATC3-06 [13] conducted a research program. This 
research allowed proposing the first formula of the behaviour 
factor and developed thereafter in [14,15]. It leads to an appro-
priate definition of the behaviour factor, which is based on duc-
tility-dependent component and reserve strength-dependent 
component. The reserve strength is the product of two fac-
tors: the redundancy factor due to the redistribution of internal 
forces and the design reserve strength factor connected with 
the design procedure. These components are explicitly con-
sidered in the EC8 [4] definition of the q-factor for steel struc-
tures. The reference q-factor assigned to SMRFs in EC8 are 
1.5 to 2, 4 and 5αu/α1 for low (DCL), medium (DCM) and high 
(DCH) ductility classes, respectively. The αu/α1 ratio is related 
to the redundancy of structure, α1 is the first yielding strength 
of a structural member and αu is the ultimate strength of the 
whole structure.

In Eurocode-8, the flange and web slenderness limits 
classify the members with respect to the local ductility of 
cross-sections into four classes: 1, 2, 3, and 4 which, in turn, 
determine the overall ductility class of the structure and the 
value of q-factor. Hence, the application of q-factor greater 
than 2 must be combined with sufficient local ductility within 
dissipative zones. For DCM and q-factor equal to 4, class 1 or 
2 cross-sections should be used, whereas for DCH and q-factor 
greater than 4, only class 1 cross-sections should be employed 
in dissipative zones. Unlike EC8, most codes, such as Uniform 
Building Code [5], give q-factor value just for two ductility 
classes with respect to the SMRFs, namely: ordinary and spe-
cial. For seismic codes that specify q-factor value for medium 
ductile SMRFs, there is no great difference in their numerical 
values. For example, the q-factor of medium ductile regular 
SMRFs suggested in ASCE [6] is 4.5, which is almost the same 
as that proposed in EC8 [4].

Thus, it can be seen clearly that the main seismic codes do 
not give enough precision about the effect of the parameters 
discussed previously (stories and bays number, “Column/
Beam” capacity, local response of structural members and 
structural performance limits) on the q-factor. The effect of 
these parameters on the value of q-factor is an essential and 
pressing objective of this study.

3 Literature review
Nowadays, the design linear elastic method has been used 

in most seismic codes. In this method, the critical parameter 
is the q-factor, which plays a paramount role in designing the 

earthquake load-resisting elements. Because of the impor-
tance of q-factor on the dynamic response of structure and 
its relationship with the reserve strength and ductility factors, 
the parameters that affect this factor have been an important 
research topic for the last few decades [16–18].

The effect of vibration period on the nonlinear response 
of frame is of major interest, in particular on the components 
of q-factor. According to Osteraas and Krawinkler [19], the 
reserve strength factor of steel frames was observed. SMRFs 
having various bay sizes and heights were subjected to push-
over analysis. They found that the reserve strength factor 
ranged from 8.0 in the short period range to 2.1 at a period of 
4.0 seconds. Rahgozar and Humar [20] determined the reserve 
strength factor of SMRFs, where they showed that this factor 
decreases as the number of stories and the level of seismic 
intensity increase. In addition they found that P-delta effect 
has imposed an additional reduction. Mahmoudi and Zaree [21] 
determined the reserve strength of concentrically braced steel 
frames. The authors observed that the height of frame makes 
a slight difference in terms of redundancy factor, while the 
same parameter has a significant effect on the design reserve 
strength factor. On the other hand, Kappos [22] studied five 
reinforced concrete frames, with one to five stories. The author 
demonstrated that the reserve strength depends on the ductil-
ity of structural members. Furthermore, in order to assess the 
effect of beams-columns semi-rigid connections on the q-fac-
tor components of steel structures, Balendra and Huang [16] 
studied SMRFs with 3, 6 and 9 stories having rigid and semi-
rigid beam-column connections. The results indicated that the 
structures with semi-rigid connections have a lower reserve 
strength reaching 50% that of frames with rigid connections. 
Performing pushover analyses, Kim and Choi [10] determined 
the q-factor of concentric chevron-braced steel frames with 
different stories number and bay lengths. The authors showed 
that the q-factor components increased as structure height 
decreased and bay length increased. Fanaie and Dizaj [23] also 
studied the effect of stories number on the q-factor components 
considering buckling restrained braced frames. They found 
that the reserve strength and ductility factors are decreased as 
the number of stories is increased. Kang and Choi [17] per-
formed pushover analysis on SMRFs with 4, 8 and 16 stories to 
estimate their q-factors. The results showed that the calculated 
q-factors have different values with various design parameters, 
such as the design base shear coefficient V/W, the framing sys-
tem and the number of stories. Mondal et al. [18] elaborated a 
study to assess the q-factor of reinforced concrete structures 
designed following the Indian standards. The authors found 
that the Indian standard recommends a higher than actual value 
of q-factor. Ferraioli et al. [9] investigated the q-factor of high 
ductile SMRFs designed according to the recent Italian code. 
They found that the calculated q-factor is less than the Italian 
code value in the case of high-rise frame.
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Previous studies did not consider the effect of “Column/
Beam” capacity and local response of structural members (col-
umns) on the q-factor, especially for medium ductile SMRFs. 
Also, although several studies have been conducted on the 
influence of stories and bays number on the q-factor, but it 
still remains a topical issue and significant research efforts 
are required for better clarify its effect on q-factor for differ-
ent structural systems and ductility classes of structures. A 
detailed methodology for the computation of q-factor has been 
presented in the subsequent section.

4 Methodology for computation of behaviour factor
Clear definitions of the q-factor are difficult to find in seis-

mic codes, but it is almost generally accepted that this factor 
simply represents the ratio of the elastic strength demand, i.e. 
the strength that would be required in the structure, if it were 
to respond elastically to the design earthquake, to the inelastic 
strength demand, i.e. the strength required in the structure for it 
to respond beyond the elastic range but within the selected duc-
tility (and/or displacement) limits [22]. Mazzolani and Piluso 
[24] addressed various theoretical procedures to compute the 
q-factor, such as the maximum plastic deformation approach 
and the energy approach. The formulation of the q-factor pro-
posed by ATC-34 [15] is the most used currently [9,11,25]. It is 
expressed as the product of three parameters that significantly 
influence the seismic response of structures. In this study, the 
evaluation of the q-factor is made by means of the nonlinear 
static procedure using the formulation of ATC-34 [15]. Hence, 
the behaviour factor (R-factor in ATC) is defined as:

In Eq. (1), RΩ is the design reserve strength factor, Rμ is the 
ductility factor and Rρ is the redundancy factor. The assessment 
of these factors can be obtained from the pushover curve or base 
shear force-roof lateral displacement relationship (see Fig. 1).

Fig. 1 Base shear force vs. roof lateral displacement relationship

The reserve strength accounts for the fact that the conse-
quences of past seismic have shown that certain buildings 
structures have resisted well to larger seismic forces than those 
that they were designed for. This is due mainly to an internal 
overstrength (reserve strength). This reserve strength depends 

on several factors including the design approach (e.g. capacity 
design). The main possible sources of reserve strength that have 
been reviewed by Rahgozar and Humar [20] and Elghazouli 
[8] include: the difference between the actual and the design 
material strength, effect of using discrete member sizes, effect 
of minimum requirements on member sections in order to meet 
the stability and serviceability limits and the redistribution of 
internal forces. The presence of the reserve strength in struc-
tures may be classified into two categories: the design reserve 
strength (RΩ-factor) and the redundancy (Rρ-factor).

The RΩ-factor is used to quantify the difference between the 
required and the first yielding strength. It may be defined as 
the ratio of the first yielding strength Vy to the design strength 
Vd of the structure (Eq. (2)).

The Rρ-factor is related to the configuration of the structure. 
This factor is defined in terms of the ultimate strength Vu and 
the first yielding strength Vy of the structure (see Eq. (3)).

The displacement ductility μ is a measure of the global non-
linear response of a structure, commonly used to represent 
the capacity of structure to dissipate energy, and its effects, 
considered through the Rµ-factor. It is particularly import-
ant for steel structures since the beneficial effect of ductility 
is supposed to come from different sources [26]. In the last 
three decades, several studies focused on the evaluation of the 
Rµ-factor. The works by Nassar and Krawinkler [27] and Fajfar 
[28] are significant and are frequently referred to. The authors 
developed relationships for the determination of ductility fac-
tor by relating the Rµ and μ parameters. In this study, the most 
used relationships [11,29] developed by Fajfar [28] are used to 
calculate the Rµ-factor. Thus,

Where T is the vibration fundamental period of the struc-
ture and Tc is the characteristic period of ground motion. μ 
is defined as the ratio of the ultimate displacement ∆u corre-
sponding to the selected performance level of failure and the 
yield displacement ∆y of the structure. Thus,

Yield displacement is judged through an idealization of base 
shear force vs. roof lateral displacement relationship (pushover 
or capacity curve). For this purpose, a bilinear curve is fitted 
to the capacity curve. For bilinear idealization of the capacity 
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curve, it is necessary to simplify the capacity curve for an elas-
tic perfectly plastic regime. The initial stiffness of the idealized 
system is determined in such a way so that the areas under the 
actual and idealized capacity curves are the same [4].

In the Eurocode-8 [4], the q-factor for steel structures is 
defined as follows:

In which q0 is the basic value of the behaviour factor, the  
αu/α1 ratio is the redundancy factor. A comparison between Eq. 
(1) and Eq. (7) leads to: αu/α1 = Rρ and q0 = RμRΩ [9].

5 Numerical analysis
In order to evaluate the structural response curve (capacity 

curve) for use in the determination of the q-factor, two differ-
ent methods of analysis are generally used: the nonlinear static 
pushover analysis and the nonlinear dynamic analysis. Owing 
to the simplicity of the former method compared to the latter 
one, the pushover analysis is used in the present study.

5.1 Choice of structures
In the current work, a number of medium ductile regular 

SMRFs having 3, 6, 9 and 12 stories with 3 and 6 bays five 
meters each and a height of 3m for each floor are modeled to 

evaluate the impact of various parameters on the q-factor. These 
frames are called (xSyB) with x the number of stories and y the 
number of bays (3S3B; 6S3B; 9S3B; 12S3B; 3S6B; 6S6B; 9S6B 
and 12S6B). The frames have been designed in accordance 
with the provisions of structural Eurocodes [4,12] on the basis 
of a peak ground acceleration (PGA) equal to 0.35g, damping 
coefficient ξ = 5%, soil class B and behaviour factor qdesign = 
4.0 (DCM). Gravity load on the beams is assumed to be equal 
to 27.5kN/m (dead and live loads of floors), while steel mem-
bers are made of grade S235. Data of the frames, including 
storey number and beam and column sections are presented in 
‎ Table 1 taken from Kamaris et al. [30]. In that table, expres-
sions of the form, e.g., 280–360(1–4) + 260–330(5–6) mean 
that the first four stories have columns with HEB280 sections 
and beams with IPE360 sections, whereas the next two higher 
stories have columns with HEB260 sections and beams with 
IPE330 sections.

The complete formation of a mechanism is achieved when 
plastic hinges are formed at the base of columns and at the ends 
of beams. According to this work, a parameter that impacts the 
nonlinear behaviour of SMRFs is the “Column/Beam” capac-
ity factor ai, which is the ratio of the average of the plastic 
moments of first-storey columns MRC, 1, av to the average of plas-
tic moments of beams of all stories of the frame MRB, av. Thus, 

q q=
0

1

α
α
u .

Table 1 SMRFs considered in parametric studies

Storey number i ai Columns: (HEB) & Beams: (IPE)

3 stories
1
2
3

1.30
1.60
1.90

240-330(1-3)
260-330(1-3)
280-330(1-3)

6  stories
1
2
3

1.60
1.97
2.27

280-360(1-4) + 260-330(5-6)
300-360(1-4) + 280-330(5-6)
320-360(1-4) + 300-330(5-6)

9  stories
1
2
3

2.19
2.43
2.93

340-360(1) + 340-400(2-5) + 320-360(6-7) + 300-330(8-9)
360-360(1) + 360-400(2-5) + 340-360(6-7) + 320-330(8-9)
400-360(1) + 400-400(2-5) + 360-360(6-7) + 340-330(8-9)

12 stories
1
2
3

2.60
3.00
3.63

400-360(1) + 400-400(2-3) + 400-450(4-5) + 360-400(6-7) 340-400(8-9) +340-360(10) + 340-330(11-12)
450-360(1) + 450-400(2-3) + 450-450(4-5) + 400-450(6-7) 360-400(8-9) +360-360(10) + 360-330(11-12)
500-360(1) + 500-400(2-3) + 500-450(4-5) + 450-450(6-7) 400-400(8-9) +400-360(10-11) + 400-330(12)

Fig. 2 The studied frames (with 3 bays)

(7)
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Table 2 presents the natural periods and the modal mass 
ratios M*1, M*2, M*3 of the first three mode shapes of the 
dynamic modal analysis, where it can be observed that the 
total mass participating in the fundamental mode of the stud-
ied frames is more than 75%. This allows using the pushover 
analysis in which its application is globally based on the fun-
damental mode. Also in Table 2 the design base shear force 
Vd and the weight W of the studied frames are reported. Only 
frames with three bays are shown in Fig. 2 and Table 2.

5.2 Nonlinear Static Pushover Analysis (NSPA)
A two-dimensional finite element model of each frame 

which includes load-deformation relationship of all members 
at their ends is created in the computer program SAP2000 [31] 
to perform NSPA. For columns, the effect of the axial load 
is considered using a model of N–M interaction diagram. As 
Annex B of EC8 only defines the plastic rotation capacity for 
columns and beams with dimensionless axial load not greater 
than 0.30, the plastic rotation capacity of columns and beams 
has been computed according to Tables 5–6 and 5–7 of FEMA 
356 (Fig. 3) [32]. For columns, a combined P-M hinge model 
(bending moment M and axial force N in the Eurocodes and 
P in the American Codes) implemented in SAP2000 [31] has 
been employed for the nonlinear analyses.

In this analysis, the geometric and mechanical characteris-
tics of steel members are considered. Also, all sources of geo-
metrical nonlinearity have been included, namely P-delta and 
large displacement effects. According to FEMA 356 [32], the 
panel zone area dimensions were not considered in the analy-
sis as the expected shear strength of panel zones exceeds the 
flexural strength of the beams at a beam-to-column connec-
tion and the stiffness of the panel zone is over 10 times larger 
than the flexural stiffness of the beam. Consequently, connec-
tions were assumed to be rigid.

Fig. 3 Moment-rotation relationship of a cross section [32]

The frames are subjected to two horizontal load patterns, a 
uniform pattern UD, whereby lateral forces are proportional 
to the total mass at each floor level, and an inverted triangular 
pattern TD, in which seismic forces are proportional to the 
product of floor mass and storey height [33]. The horizon-
tal loads are distributed along their height whose intensity 
increases incrementally until a mechanism is formed (struc-
tural performance limit or failure mode). It leads to construct 
the pushover curve which is used to obtain the q-factor compo-
nents. The structural performance limits are described in the 
following section.

5.3 Structural Performance Limits
The structural performance limit is a critical parameter 

in the definition of the q-factor, because this factor is associ-
ated to the selected failure mode of the structure. In general, 
the failure mode is based on the damage indices such as the 
inter-story drift ratio ID or the plastic rotation capacity [34]. 
In many investigations, several values for the ID are consid-
ered as the primary global failure mode. Balendra and Huang 
[16], Massumi and Mohammadi [35], Louzai and Abed [11] 
used upper limits of ID equal to 2%, 2.5% and 3% of the 
inter-storey height (hs), respectively. The EC8 does not specify 
drift criteria or plastic rotation capacity to define the failure 
mode or the ultimate limit state corresponding to which the 
values of q-factor are recommended. As a consequence, two 

Table 2 Modal periods and mass ratios of analyzed SMRFs (with 3 bays) 

Storey number i ai T1 (s) T2 (s) T3 (s) M*1 M*2 M*3 Vd (kN) W (kN) Vd/W

3 stories

1 1.30 0.73 0.23 0.13 0.86 0.11 0.03 200.43 1285.11 0.1560

2 1.60 0.69 0.21 0.12 0.85 0.11 0.03 212.27 1288.05 0.1648

3 1.90 0.65 0.19 0.11 0.84 0.12 0.03 225.96 1291.00 0.1750

6 stories

1 1.60 1.22 0.41 0.23 0.81 0.11 0.04 285.21 2590.62 0.1101

2 1.97 1.17 0.38 0.21 0.81 0.11 0.04 296.67 2598.47 0.1142

3 2.27 1.13 0.37 0.20 0.80 0.11 0.05 308.12 2605.73 0.1182

9 stories

1 2.19 1.55 0.54 0.30 0.80 0.11 0.04 338.87 3924.78 0.0863

2 2.43 1.52 0.53 0.29 0.80 0.11 0.04 345.96 3932.63 0.0880

3 2.93 1.46 0.51 0.28 0.79 0.11 0.04 361.45 3944.21 0.0916

12 stories

1 2.60 1.90 0.66 0.38 0.79 0.11 0.03 370.85 5264.83 0.0704

2 3.00 1.78 0.63 0.35 0.79 0.10 0.03 397.01 5284.45 0.0751

3 3.63 1.72 0.60 0.33 0.79 0.10 0.04 412.75 5306.82 0.0778

ai =
M
M
RC av

RB av

, ,

,

.
1 (8)
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performance limits (PLi) are used in this study to define the 
failure mode. These are: PL1, defined by an upper limit of ID 
equal to 3% hs and PL2, related to the global ultimate capacity 
GUC of the frame (maximum base shear or ultimate plastic 
rotation at the base of the first-storey columns).

Furthermore, the formation of plastic hinges in columns is 
an undesirable mechanism (soft-storey) in the frame structure. 
For this reason, a performance limit PL3 related to the first 
column to reach ultimate load capacity ULC (point C in Fig. 3) 
is considered to show the effect of the column local response 
on the global behaviour and the q-factor of the studied SMRFs.

5.4 Validation of Pushover Curve
In this study, the pushover curve plotted using DRAIN-

2DX computer program of SMRF studied by Karavasilis et 
al. [36] was used to validate the pushover curve obtained by 
SAP2000 [31]. SMRF with bay width equal to 6m and sto-
rey height equal to 3m is considered. The first three stories 
have columns with HEB340 sections and beams with IPE450 
sections, whereas the last three (upper) stories have columns 
with HEB280 sections and beams with IPE360 sections. Steel 
members are made of grade S235. The comparison between 
the two curves represented in Fig. 4, shows that the two curves 
are very close.

Fig. 4 Pushover curves of the analyzed frame

6 Results and Discussion
The numerical results of the studied SMRFs are presented 

and discussed in this section. Nonlinear static pushover analy-
ses using inverted triangular and uniform load patterns distri-
bution were carried out to compute the q-factor components, 
such as the design reserve strength RΩ, redundancy Rρ, and 
ductility Rμ factors. The effects of stories and bays number, 
“Column/Beam” capacity factor ai, local response of struc-
tural members (columns) and structural performance limits on 
the q-factor are investigated.

Pushover curves of the studied frames with the three val-
ues of “Column/Beam” capacity factor (a1, a2 and a3) are pre-
sented in Fig. 5. The considered performance limits (PL1, PL2 
and PL3) are marked on the pushover curve. It can be seen 
in Fig. 5 that the lateral displacement at PL2 (global ultimate 
capacity) of low and medium-rise frames (3, 6 and 9-storey) is 

greater than that at PL1 (3% hs). However, for high-rise frame 
(12-storey) the difference is smaller (see Figs. 5d, 5h). The 
comparison between the results obtained for PL1 and PL2 is 
very important because the latter is the limit beyond which 
there is a failure of the whole structure, which means that the 
plastic behaviour of the structure is completely exhausted. 
Thus, the previous observations permit to deduce that the limit 
PL1 is acceptable as controlling failure for high-rise frames, 
whereas for low and medium-rise frames, it implies to limit 
their nonlinear behaviour. On the other hand, Fig. 5 indicates 
that the risk of local column instability, represented by PL3 
whose cause is due to the loss of rigidity after reaching its 
ultimate resistance capacity, increases as the number of sto-
ries increases. Moreover, for all frames, the base shear force 
increases with the increase of “Column/Beam” capacity factor 
ai. This is due to the increase in the dimensions of columns 
cross-sections (hence an increase of their lateral resistance), 
which will absorb more forces.

As example, Fig. 6 shows the distribution of plastic hinges 
at PL2 for the studied frames with 3 bays (for the minimum 
value of capacity factor ai). It appears in Fig. 6, that there is 
a good distribution of energy dissipation along the height and 
across the length of the low and medium-rise frames. How-
ever, for the high-rise frame, the distribution of plastic hinges 
tends to concentrate in only one-half of the entire frame 
because of the appearance of premature plastic hinges of ulti-
mate load capacity (PL3) at the base of columns sections. This 
distribution could be explained by the sensitivity of the frame 
to the P-delta effect, which is influenced by the large lateral 
displacement and the high value of axial force at the columns 
sections.

In order to compute the q-factor components, pushover 
curve of the studied SMRFs are obtained from NSPA. How-
ever, relevant information collected from the plot must first 
be idealized. Bilinear idealization provides essential compo-
nents, namely, significant yield base shear and displacement, 
as well as predetermined base shear force and ultimate dis-
placement related to the failure mode of the structure (PL1 
and PL2). The RΩ, Rρ and Rμ factors are calculated as discussed 
in section 4. The following sections provide and discuss the 
results of computing q-factor considering the effects of stories 
and bays number, structural performance limits, “Column/
Beam” capacity factor and local response of structural mem-
bers (columns).
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Fig. 5 Pushover curves of the analyzed frames
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Fig. 6 Plastic hinges distribution at PL2 for the studied frames with 3 bays (for the  minimum value of ai) under inverted triangular distribution

Fig. 7 Behaviour factor components of the studied frames
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6.1 Stories and bays number effect on q-factor
Figure 7 shows the variation of the q-factor components 

according to the stories and bays number. In particular, the 
design reserve strength factor RΩ, the redundancy factor Rρ, 
and the ductility factor Rµ resulting from pushover analysis 
using two lateral load patterns distribution (inverted triangular 
and uniform). The performance limits PL1 and PL2 are consid-
ered for computing the q-factor.

In Figure 7, it can be noticed that the number of stories influ-
ence the value of RΩ-factor. The greater value of this factor is 
obtained for low-rise frame. This result could be explained by the 
fact that the magnitude of design reserve strength depends on the 
relative values of the gravity and earthquake loads. Comparison 
between the earthquake base shear to the total gravity load ratio 
of the studied SMRFs (see Table 2) shows that the highest Vd/W 
ratio is observed for the 3-storey frame, reflecting the high stiff-
ness and the efficiency of this frame in resisting lateral forces. 
The lowest Vd/W ratio is observed for the 12-storey frame as a 
result of the high total gravity load. Furthermore, the RΩ-factor is 
little sensitive to the number of bays and the lateral load patterns. 
The Rρ-factor has almost a constant value for all studied frames. 
The average value of Rρ-factor is 1.58 and 1.54 for frames with 3 
and 6 bays, respectively. These values are higher than that recom-
mended by EC8: Rρ(αu/α1) = 1.30 for high ductile SMRFs.

The Rµ-factor is obtained from the idealized capacity curve. 
In the light of the obtained results (Fig. 7), it is clear that the 
Rµ-factor decreases as the number of stories increases for PL2. 
Similar tendency but less pronounced is observed when the 
bays number increases. However, the value of this factor cal-
culated for PL1 is almost constant.

Figure 8 shows the variation of the calculated q-factor as a 
function of the stories and bays number, the load patterns and 
the performance limits. The q-factor value specified by EC8 is 
represented by a horizontal dashed line (qdesign = 4 for medium 
ductile regular SMRFs). In general, the number of stories has 
significant influence on the q-factor value. It is clear that the 
value of q-factor decreases as the number of stories increases. 
Furthermore, the increasing of the number of bays imposes an 
additional reduction. For such frames, small differences have 
been found between the q-factor values obtained under the 
inverted triangular and the uniform distributions.

6.2 Structural performance limit effect on q-factor
The effect of structural performance limits on the q-factor 

is discussed here. RΩ, Rρ and Rµ factors are obtained for PL1 
and PL2. The pushover plots clearly show that, for all stud-
ied SMRFs, PL2 is reached after PL1 (that is, for a larger roof 
displacement). Based on the pushover plots (and their bilinear 
idealization), Vu values come out to be the same as those for 
PL1, Vd values do not change. There are very minor variations 
from PL1 values for ∆y values. ∆u values for PL2, as mentioned 
earlier, are larger than corresponding PL1 values.

Among the various components of q-factor, RΩ and Rρ factors 
obtained for PL2 remain the same as in PL1. On the contrary, the 
Rµ-factor values come out to be higher (Fig. 7). In fact, for low-
rise frame, the Rµ-factor value obtained for PL2 is higher than that 
calculated for PL1. However, for high-rise frame, the Rµ-factor 
value for PL2 comes out to be almost the same as that for PL1. 
This is due to the high axial force at the base of first-storey col-
umns, which imposed a reduction on the ductility of the frame 
leading to the mechanism of soft-storey (an unstable structure).

The q-factor value calculated for PL2 is higher than that 
obtained for PL1 (Fig. 8), in particular, for low and medium-rise 
frame. This variation in q-factor values signifies that the stud-
ied SMRFs are not very consistent in terms of a member rota-
tion capacity (performance level), especially the performance of 
first-storey columns. Furthermore, in the case of high-rise frame, 
the calculated q-factor is almost equal to the EC8 specified value 
and less than that assigned by ASCE [6]. It also can be indicated 
that the obtained results show that the q-factor value depends on 
the structural performance limits that define the failure criteria, 
which are not taken into account by EC8. Moreover, the out-
come of the present study is in good agreement with the numer-
ical work reported by Mondal et al. [18] for reinforced concrete 
frames, where they found that the considered structural perfor-
mance limit for controlling global failure related to an inter-sto-
rey drift tends to underestimate the actual value of q-factor.

6.3 Structural members resistance effect on q-factor
In this section, the effects of “Column/Beam” capacity 

factor ai (or strong-column/weak-beam concept) and local 
response of columns, in particular first-storey columns on the 
q-factor value are discussed.

Fig. 8 Behaviour factors of the studied frames
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In order to show the effects of “Column/Beam” capacity 
factor ai and local response of columns on the q-factor value, 
the columns sections of the studied SMRFs (with the mini-
mum value of capacity factor a1) are increased two times for 
each of the frames (3, 6, 9 and 12-storey) to get three different 
values of capacity factor ai (see ‎ Table 1). These values are not 
the same for all frames since the effect of gravity loads on 
the selection of column section increases with an increasing 
number of stories. The performance limit PL2 is considered to 
compute q-factor components. PL2 is used to avoid the under-
estimation of the Rμ-factor of low and medium-rise frames as 
concluded in section 6.2.

The variation of q-factor and its components as a function 
of “Column/Beam” capacity factor is given in Fig. 9. It can be 
observed that the q-factor components are little sensitive to 
the capacity factor, this latter consequently makes relatively 
modest difference in terms of q-factor value. This is due to the 
fact that the failure of the studied SMRFs occurs as the plastic 
hinges appearance at the base column sections, which leads to 
limit their nonlinear behaviour. It also can be observed that, 
although the capacity factor values of low-rise frames are 
smaller than those of high-rise frames, however, the q-factor 
values of low-rise frames are greater than those of high-rise 
frames. This is mostly due to the increase of the axial force at 
the base of first-storey columns sections as the stories number 
increases, which leads to a great reduction in their ultimate 
load capacity. In order to clarify this effect, the first column 
section to reach ultimate load capacity (PL3) in each of the 
frames (3, 6, 9 and 12-storey) is represented in Fig. 5. Com-
paring the occurrence of PL3, it is noted that the increasing 
of the number of stories (axial force) provides a premature 

appearance of column plastic hinge of PL3. This leads to a 
premature failure of the frame. The appearance of such prema-
ture failure (soft-storey mechanism) confirms the importance 
of design methods focusing on the performance based plastic 
design PBPD of steel frames [37,38].

Figure 10a shows the variation of the q-factor as a function 
of the “Column/Beam” capacity factor ai and the ratio of the 
axial force N to the plastic axial capacity Npl of first columns 
sections that reach their ultimate load capacity PL3 (first sto-
rey columns). According to this figure, it is clear that the q-fac-
tor decreases with the increase of the axial force ratio. This is 
due to the local failure of first-storey columns sections (loss 
of stiffness after reach PL3) deriving from the effect of high 
axial force that greatly reduces their plastic moment capacity 
and, consequently, limits the global inelastic response of the 
structure.

Figure 10b shows the effect of the axial force ratio (N/Npl) 
on the bending moment ratio (M/Mpl ) and the ultimate rotation 
capacity θu of first columns sections that reach their ultimate 
load capacity PL3 of the studied SMRFs (for the minimum 
value of “Column/Beam” capacity factor a1). The bending 
moment ratio represents the bending moment M to the plastic 
moment capacity Mpl . It is observed that the plastic moment 
and the ultimate rotation capacity of columns sections are 
strongly influenced by the value of the axial force ratio. As the 
number of stories increases, the axial force at the base sections 
of first-storey columns increases. This imposed a great reduc-
tion on the plastic moment and the ultimate rotation capacity 
of columns sections. It leads to limit the ductility of the frame, 
which causes a reduction on the reserve strength factor and, 
consequently decreasing the value of q-factor.

Fig. 9 Behaviour factors of the studied frames at PL2
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On the basis of the above results, the studied medium duc-
tile SMRFs present a weak point in their lateral ductility. In 
fact, this structural typology is not able to provide sufficient 
ductility as far as the height of the frame or the axial force 
increases. These results confirm the importance of the crite-
ria given in the EC3 [12], which requires the accounting of 
the axial force effect on the plastic resistance moment of the 
cross-section when the axial force ratio (N/Npl) is greater than 
0.25. This criterion is represented by a vertical dashed line 
in the Fig. 10b. As it has already been pointed out, the q-fac-
tor of the studied SMRFs is significantly influenced by the 
local response of columns sections. For this reason, a criterion 
related to the local ductility of columns sections (N/Npl < 0.40) 
has been proposed based on the results of these investigations. 
The main aim of the proposed criterion is to avoid the overes-
timation of the q-factor value and to optimize the agreement 
between the actual q-factor value and that specified in EC8.

In Figure 10a, the estimated q-factors for the studied 
SMRFs with different values of the axial force ratio are com-
pared with the EC8 specified value. For high-rise frames, the 
result shows that the decrease of the axial force ratio increase 
the value of q-factor and, consequently, avoid the risk of the 
overestimation of the q-factor value in the design. This result 
leads explicitly to confirm the efficiency of the proposed crite-
rion on the q-factor value.

7 Conclusions
A detailed study concerned the medium ductile steel 

moment-resisting frames (SMRFs) designed according to the 
European codes (EC3 and EC8) has been conducted. In this 
context, the effects of number of stories, number of bays, “Col-
umn/Beam” capacity factor, local response of columns and 
structural performance limits are considered. The partial com-
ponents (design reserve strength RΩ, redundancy Rρ and duc-
tility Rμ) of the behaviour factor (q-factor) are evaluated using 
pushover analysis with two load patterns (inverted triangular 

and uniform distribution). On the basis of the previous results, 
the following conclusions can be stated:
1. Design reserve strength, redundancy, ductility and behaviour 
factors decrease when the number of stories increases. Similar 
tendency but less pronounced is observed when the number of 
bays increases.
2. When the number of stories increases, the axial force at the 
first-storey columns sections increases. This leads to reduce 
the plastic moment resistance and the rotation capacity of the 
columns. Thus, the values of the reserve strength and ductil-
ity factors decrease, which consequently reduce the value of 
q-factor.
3. The average value of the Rρ-factor related to the redundancy 
is 1.58 and 1.54 for frames with 3 and 6 bays respectively. 
These values are higher than that provided by EC8: αu/α1 = 
1.30 for high ductile SMRFs.
4. The failure modes observed in the studied frames are dif-
ferent. The performance PL1 defined by an upper limit of an 
inter-storey drift equal to 3% hs is acceptable as controlling 
failure for high-rise frames (12-storey), whereas for low and 
medium-rise frames (3, 6 and 9-storey) it implies to limit their 
nonlinear behaviour, consequently under-estimation of the 
q-factor value.
5. The “Column/Beam” capacity factor ai makes relatively 
modest difference in terms of q-factor, because the appear-
ance of plastic hinges at the base of first-storey columns limits 
the redistribution of internal forces of these frames typology.
6. The q-factor value specified by EC8: qdesign = 4 for medium 
ductile SMRFs is less than those calculated for the studied 
frames. This result mostly comes out from the analysis of 3, 6 
and 9-storey frames. For 12-storey frame, the value of q-factor 
is around 4.
7. A local ductility criterion based on the control of the axial 
force level and related to the local response of columns sec-
tions has been proposed to avoid the overestimation of q-factor 
value.

Fig. 10 Effect of “Column/Beam” capacity factor and local response of column on behaviour factor
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These investigations are concentrated to the effect of the 
stories and bays number, “Column/Beam” capacity, local 
response of the structural members (columns) and structural 
performance limits on the behaviour factor of medium duc-
tile regular steel frames without braces. It has been pointed 
out that significant research efforts are required to evaluate 
the same factor for these frames type and frames with braces 
considering other parameters that may influence their inelastic 
behaviour, such as irregularity of frames in plan and elevation, 
unequal bay lengths and type of connections (beam-column 
and column base-to-foundation).
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