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Abstract: Seismic design modification factors (SDMFs) control the estimated force and displacement to structures
during seismic events. Seismic design codes recommend similar SDMFs for short and long-span structures.
Therefore, this study investigated the effect of span length on the SDMFs of steel frames with high ductility. For
this purpose, nine steel frames with three different span lengths of 5, 10, and 15 m were selected and designed
according to the specifications of ASCE/SEI 7-16. The designed structures were single, double, and three-story
frames. The obtained results showed that the values of response modification factor (R), overstrength factor (Q),
and deflection amplification factor (Cq4) were increased as the span length was increased. Besides, an increase in
the number of stories decreased the value of R and Q-factors. It was concluded that the inelastic displacement of
long-span steel frames might be underestimated if the given Cq values in the seismic design code were used.
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1. Introduction

Response modification factor (R-factor) which is also referred to as behavior factor in Eurocode 8, overstrength
factor (Q-factor), and deflection amplification factor (Cg-factor) are referred to as seismic design modification factors
(SDMFs). Majority of existing seismic design codes use these parameters to estimate the intensity of seismic force and
inelastic lateral displacement of structures when a linear analysis is conducted. The R-factor is an indication for the
ability of a structural system to resist seismic forces, the Q-factor is a measure for the reserve strength in the structural
system and Cd-factor is a coefficient which is used to estimate the inelastic lateral displacements of a structural system
through the calculated elastic lateral displacement. Seismic design codes often determine the values of these factors
empirically based on engineering judgment and observed damage during past earthquakes [1].

Since seismic design codes have not proposed the value of these factors for all types of structural systems, many
researchers have estimated them through numerical simulations. For example, Vafaei & Alih [2] assessed the SDMFs
of air traffic control tower and showed that an increase in the height of towers decreased the R-factor significantly.
Asgarian & Shokrgozar [3] investigated the R-factor of buckling restrained braced frames and proposed 8.35 and 12,
respectively, as their R-factor for the ultimate and allowable stress design methods. In another study, Aliakbari &
Shariatmadar [4] estimated these factors for steel slit panel-frames through pushover and nonlinear incremental
dynamic analysis. They proposed an overstrength factor of 4.16 and a R-factor of 8.11 for the studied frames.
Mahmoudi & Zaree [5] worked on the R-factor of concentrically braced steel frames. They reported that concentrically
braced steel frames had a smaller R-factor than buckling restrained braced frames.
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Mahmoudi & Ghasem Abdi [6] assessed the seismic R-factor of special moment resisting frames equipped with
TADAS devices. Results of numerical simulation showed that the installation of TADAS device on the frames
increased R-factors. Mohsenian et al. [7] worked on the R-factor of steel diagrid structural systems and showed that an
R-factor equal to 4 could ensure a life safety seismic performance level. In another study, Alih et al. [8] showed that the
R-factor of RC frames with high ductility was increased as the intensity of live load was increased. Shariati et al. [9]
showed that an R-factor of 3 could provide an adequate safety margin against the collapse of tension-only braced
frames.

Akbar et al. [10] evaluated the R-factor of haunch retrofitted reinforced concrete frames and suggested an R-factor
of 7.5 for them. In another study, Siddiquee et al. [11] assessed the R-factor of concrete frames reinforced with SMA
rebar and suggested an R-factor of 3.5 for them. The R-factor for steel structures equipped with friction dampers was
investigated by Sadeghi et al. [12]. They reported that the number of dampers and their slip force affected the value of
R-factors. Besides, the mean R-factor of frames equipped with friction dampers was 22.8 to 110.1% larger than bare
frames. Khalili et al. [13] worked on the R-factor and Cd-factor of single-layer barrel vaults. They considered the effect
of rise-to-span ratio and the length of structures in their calculations. The obtained results indicated that the R- factors
were dependent on the rise-to-span ratio.

This study investigates the effect of the span length on the SDMFs of steel frames with high ductility. The span
length in most structures is short to medium, ranging from 3 to 7 m. However, in some structures like terminals,
cinemas, and libraries, architectural constrains require a larger span length. On the other hand, design engineers often
employ similar SDMFs for the seismic design of structures regardless of their span length. The main reason relies on
the fact that seismic design codes have no specific recommendation for the effects of span length on SDMFs.
Therefore, it is of great interest to investigate to what extent span length can alter these parameters.

2. Investigated Structures

In this study, the SDMFs of 9 steel frames were investigated. As shown in Fig. 1, the selected frames are assumed
to be part of a library building with three bays in both principal directions. In one direction, the span length of the
building was fixed to 8 m, but in another direction, a variable span length was considered. The variable span lengths
were 5, 10, and 15 m. The effect of the number of stories on the results was also investigated. For this purpose, the
frames were assumed to be single-story, 2-story, and 3-story structures. The height of frames in the ground floor was
assumed to be 5 m while in other stories was 4 m. In the design of all frames, it was assumed that a one-way slab
covered the floors and the design dead and live loads are, respectively, 6 and 5 kN/m?2. It was assumed that the frames
have fixed supports and are located at the seismic design category D and have the site class B as per specifications of
ASCE/SEI 7-16 [14].

As shown in Fig. 1, the frame located at axis “C” was selected to calculate the SDMFs. The frames were designed
as the special moment-resisting frames using ANST/AISC 360-16 [15] mainly because long-span frames are often used
for important structures that require a higher level of ductility. In the design of steel frames, the yield stress and the
modulus of elasticity of steel were assumed to be 240 MPa and 200 GPa, respectively. The considered response
modification factor (R), overstrength factor (Q2), and deflection amplification factor (Cgq) as per the recommendation of
ASCE/SEI 7-16 [14] were, respectively, 8, 3, and 5.5 [14]. Besides, the approximate fundamental period (i.e., T,) of
frames with single-story, 2-storey, and 3-storey frames were calculated according to the specification of ASCE/SEI 7-
16 [14] and equaled 0.26, 0.42, and 0.56 sec., respectively. Since the frames were assumed to serve as a structure for a
library building, their occupancy risk category was Il; therefore, their important factor, I. equaled 1.0 [14]. The seismic
base shear of frames was calculated using the equivalent static analysis [14]. ETABS [16] software was used for the
seismic design and inelastic analysis of frames.

3. Calculation of The Seismic Design Modification Factors

Pushover analysis (also known as nonlinear static analysis) was conducted to calculate the designed frames'
capacity curves. The lumped plasticity method, which has been widely employed for the simulation of inelastic
response of structures [17]- [21] was used to determine beams and columns’ inelastic behavior. The moment-rotation
relationships of plastic hinges were calculated based on the cross-section size of structural elements and the
specifications of ASCE/SEI 41-17 [22]. Two plastic hinges were assigned to both ends of beams and columns. Besides,
one plastic hinge was assigned to the mid-span of beams in order to account for the probable plastic deformation due to
the positive bending moment. Two different lateral load patterns were used in the pushover analysis. The first lateral
load pattern was proportion to the product of floors’ mass and referred to as Uniform. The second lateral load pattern
was similar to the first mode shape of each frame and referred to as Mode. As shown in Fig. 2, the obtained capacity
curves for frames were idealized using the recommended approach by FEMA 356 [23]. In this approach, the capacity
curve can be replaced by a bilinear representation with similar energy to that of the actual curve. The bilinear
representations of capacity curves determine the effective yield strength (Fy) and the yield displacement (Ay) of frames.
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Fig. 1 - Schematic view of the plan and elevation of selected structures
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As shown below, the SDMFs of frames were calculated using the proposed equations by the SEAOC seismology

committee [24]:

Co=Au/Ad

R=R,.Q

)
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n=Au/Ay 4)
If T<0.03 sec. then R,=1 (5)
If 0.12<T<0.5 sec. then R,=v (2u1-1) (6)
If T>1.0 sec. then R,=pi O

In these equations, Ay is the ultimate displacement of frames measured at the roof level. Fq is the design base shear
and Aq is the displacement at the roof level that corresponds to the design base shear.

4. Results and Discussions

4.1 Capacity Curves and Their Bilinear Representations

The obtained capacity curves and their bilinear representations for frames with a 5 m span length are shown in
Fig. 3 and Fig. 4 for the Mode and Uniform lateral loading. Tables 1 and Table 2 summarize the obtained results from
pushover analysis for all investigated frames. As can be seen, in frames with a 5 m span length, an increase in the
number of stories has increased the ultimate load (i.e., Fu) of frames. In contrast, in frames with 10 and 15 m span
lengths, an increase in the number of stories has decreased the ultimate load of frames. An almost similar pattern can
be seen for the effective yield strength (i.e., Fy) of frames with short and long spans. Results also indicate that as the
span length increases the ultimate load and the effective yield load of frames increase.

Besides, an increase in the span length has decreased the displacements corresponding to the yield and ultimate
strength of frames. The decrease in the yield and ultimate displacements is more pronounced when the span length
increases from 5 m to 10 m. It is also observed that taller frames have a larger yield and ultimate displacements. As can
be seen from Table 1 and Table 2, there is no strong correlation between the increase in the span length or height of
structures and the calculated displacement ductility ratios (i.e., W). It is also noteworthy that the difference between the
obtained results from the employed lateral load patterns is insignificant. The reason relies on the fact that the studied
frames are short structures.
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Fig. 3 - Capacity curves and their bilinear representation for frames with 5 m span length under the Mode
lateral load pattern
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Table 1 - Obtained results from pushover analysis using the Mode lateral load pattern

Frames Span Length Ad Fa Ay Fy Au Fu K Ru
(m) (mm) (kN) (mm) (kN) (mm) (kN) unitless unitless

5 41 111 109 579 198 714 1.8 1.6

Single-story 10 18 224 94 1999 117 2536 1.2 1.2

15 16 305 95 3918 115 5115 1.2 1.2

5 76 213 211 746 423 953 2.0 1.7

2-story 10 20 428 118 2253 165 2554 14 13

15 16 593 105 3622 161 4593 15 14

5 79 240 285 897 381 1083 1.3 1.3

3-story 10 32 146 146 1965 191 2257 13 13

15 28 657 139 3269 181 3824 1.3 1.3

Table 2 - Obtained results from pushover analysis using the Uniform lateral load pattern

Frames Span Length Ad Fad Ay Fy Au Fu I Ru
(m) (mm) (kN) (mm) (kN) (mm) (kN) unitless unitless
5 41 111 109 582 198 721 1.8 1.6
Single-story 10 18 224 93 2002 116 2561 1.2 1.2
15 16 305 96 3927 117 5231 1.2 1.2
5 76 213 200 758 363 995 1.8 1.6
2-story 10 20 428 109 2306 149 2619 14 1.3
15 16 593 100 3720 153 4637 1.5 1.4
5 79 240 269 935 335 1129 1.2 1.2
3-story 10 32 481 133 2044 175 2321 1.3 1.3
15 28 657 139 3269 169 3952 1.2 1.2

4.2 Seismic Design Modification Factors

The obtained results for the overstrength factor of frames have been shown in Fig. 5. It is observed that an increase
in the number of stories has decreased the value of the calculated overstrength factors. Besides, frames with a larger
span length have a larger overstrength factor. It is also noteworthy that the obtained overstrength factors are all larger
than the proposed values by the seismic design code (i.e., Q=3). As shown in Fig. 6, the R-factor increases as the span
length increases. Besides, an increase in the number of stories has decreased the values of the R-factor. Although the R-
factor of single- and 2-story frames are equal or larger than the proposed value by the seismic design code (i.e., R=8),
the obtained R-factors for 3-story frames are smaller than that. As shown in Fig. 7, an increase in the span length has
increased the value of calculated displacement amplification factors. It is also evident that an increase in the number of
stories has no strong correlation with the value of calculated Cq. In addition, the obtained displacement amplification
factors for frames with 10 and 15 m span lengths are larger than the proposed value by the seismic design code (i.e.,
Cq=5). However, the Cq values of short-span frames are equal to or smaller than the code proposed value. The obtained
results also show that the employed lateral load patterns have resulted in close values for the R, Q, and Cq.
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5. Conclusions

This study investigated the effect of span length on high ductile steel frames' seismic design modification factors.
Nine steel frames with different span lengths (i.e., 5, 10, and 15 m) and the different number of stories (i.e., single-, 2-,
and 3-story) were designed according to the requirements of ASCE/SEI 7-16 [14] and ANST/AISC 360-16 [15]. The
frames were subjected to two different lateral load patterns, and their capacity curves were obtained using the pushover
analysis. The capacity curves were idealized and represented by bilinear curves to calculate their SDMFs. Results
indicated that as the span length was increased, the ultimate load and the effective yield load of frames were increased.
Besides, an increase in the span length decreased the displacements that corresponded to the yield and ultimate strength
of frames. It was also found that an increase in the span length increased the values of SDMFs (i.e., R, Cq, and Q) of all
frames. Furthermore, taller frames exhibited smaller overstrength and response modification factors. It was concluded
that the inelastic lateral displacement of long-span steel frames might be underestimated if the seismic design code's Cq
value is used. On the other hand, the design base shear of the long-span steel frames can be conservatively estimated if
the seismic design code's R-factor is used. It should be mentioned that the obtained results are valid only for the
investigated structures, and more studies are needed to generalize the findings of this study.
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