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A B S T R A C T   

The seismic assessment of steel gabled frames (SGFs) is of great importance and a key problem in any high- 
seismicity region, given the enormous costs of industrial equipment and the remarkable number of individuals 
working in such structures. Near-fault ground motions, especially their strike-normal component that usually 
contain a long-period pulse in the velocity time-history, can lead to a significant demand in these structures in 
comparison to the far-fault ground motions. Although numerous studies have confirmed the destructive effects of 
near-fault ground motions on concrete and steel structures, no research has been devoted to the impact of this 
ground motions on steel gabled structures yet. Hence, the findings of this research can unveil novel dimensions of 
such structures. In this regard, in the present paper, an incremental dynamic analysis (IDA) was conducted for 
the first time on four SGFs with the spans of 20 m and 60 m and heights of 6 m and 12 m using far-fault ground 
motions (OR set), as well as near-fault ground motions along the strike-normal and strike-parallel components 
(SN and SP sets, respectively). The results were presented in the form of multi-record IDA curves, summarized 
IDA curves, probabilistic seismic demand models (PSDMs) and probabilistic seismic demand analysis (PSDA) 
curves. The outcomes indicated that compared to far-fault ground motions, near-fault ground motions (especially 
pulse-like ones) produced significant changes on the seismic behavior of long-period SGFs, resulting in raises the 
changes of stiffness and demand sensitivity, reduces the dynamic capacity, enhances the data dispersion and 
uncertainty, and increases the mean annual frequencies (MAFs) in such structures. However, the results of PSDA 
analysis showed that under any type of ground motion (OR, SN and SP), short-period SGFs are more vulnerable 
than long-period SGFs and should be prioritized for retrofitting. Finally, the importance of combining the hazard 
curve of the study region with the results of IDA analysis of the structure in evaluating the seismic behavior of 
SGFs is highlighted.   

1. Introduction 

Nowadays, with the advances of construction techniques, building 
materials, and design theory, steel gabled frame (SGF) systems have 
been widely accepted in developed countries with numerous applica-
tions, given their special advantages, such as the creation of long spans 
without middle columns (clear span), the proper performance of the 
structure in most cases due to the symmetry, fast installation and easy 
transfer to other spaces due to the connections with nuts and bolts, and 
low weight despite large dimensions. Instances of such structures are 
aircraft hangars, industrial factories, warehouses, sports complexes, 

conference halls, pools, etc. SGFs are constructed in single-, two-, and 
multi-span forms, among which the single-span ones are more common 
and enjoy greater applicability due to their specific advantages, such as 
providing a space for the passage of enormous vehicles such as aircrafts, 
creating structures with unique architecture, and having proper struc-
tural style. In seismic design, SGF systems are usually designed as an 
ordinary moment frame (OMF) due to their low ductility capacity. In 
SGFs, in order to bring an optimal design in steel material consumption, 
they usually have a variable web height along the entire length of the 
columns as well as part of the length of the rafters, which the rate of 
change of web height in SGFs members depends on the distribution of 
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strong-axis bending moments along their members. In SGFs, the strong- 
axis bending moments in the shoulder part and partially in the ridge part 
is more than the middle part of the rafter. Therefore, the critical part 
length in SGF rafters is mainly considered span/10 from the eave line, 
but in the ridge part, in order to prevent the occurrence of strong inertial 
forces, usually the web height is not increased and it is design as a 
prismatic. Also, because of the special geometry of SGFs, their column 
bases are generally considered as a hinge support, which prevents the 
bending moment from being transferred to the foundation. This makes 
the foundation of SGFs lighter and therefore more economical. 

The seismic assessment of SGFs is of great importance and a key 

problem in any high-seismicity region (such as Tehran), given the 
enormous costs of industrial equipment and the remarkable number of 
individuals working in such structures. Near-fault ground motions, 
especially their strike-normal component that usually contain a long- 
period pulse in the velocity time-history, can lead to a significant de-
mand in these structures in comparison to the far-fault ground motions. 
Also, with respect to the dramatic development of SGFs construction in 
developed countries, many of them are likely in vicinity of the faults and 
will experience near-fault ground motions in the future. This can 
significantly increase the importance of seismic assessment of SGFs 
against such ground motions. 

The 1966 Parkfield earthquake, the 1979 Imperial Valley earth-
quake, the 1994 Northridge earthquake, the 1999 Chi-Chi earthquake 
and the 2008 Wenchuan earthquake revealed unique characteristics of 
ground motions in near-fault regions [1–3]. These near-source outcomes 
cause most of the seismic energy from the rupture is released in a single 
coherent long-period pulse at the beginning of the ground motion [4]. 
The radiation pattern of the shear dislocation on the fault causes this 
pulse of motion to be oriented in the direction perpendicular to the fault, 
it causes the strike-normal component to be stronger than its strike- 
parallel counterpart in near-fault ground motions [5–7]. The pulses 
are strongly influenced by the rupture mechanism, including the slip 
direction relative to the site and the location of the recording station 
relative to the fault. It is termed as forward-directivity effect due to the 
propagation of the rupture toward the recording site [1,8]. Pulse-like 
ground motions are caused mainly by the forward-directivity effect, 
which are observed at a site when the fault rupture propagates toward 
the site with a velocity close to shear wave velocity [9,10]. Nevertheless, 
it should be noted that not all pulse-like ground motions are the result of 
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Fig. 1. General flowchart of the present study.  

Fig. 2. Geometrical dimensions of the studied SGFs.  

Table 1 
Section dimensions of the rafter and column members.  

Components Model 1 
(m) 

Model 2 
(m) 

Model 3 
(m) 

Model 4 
(m) 

Column web height at 
top 

0.8 1 1.5 1.5 

Column web height at 
bottom 

0.3 0.3 0.3 0.3 

Rafter web height at 
ridge 

0.4 0.5 1 1 

Rafter web height at eave 0.8 1 1.5 1.5 
Web thickness 0.008 0.01 0.014 0.014 
Flange thickness 0.01 0.012 0.018 0.02 
Flange width 0.18 0.24 0.34 0.4  
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forward-directivity effects and the appearance of pulses is likely caused 
by effects other than forward-directivity, such as basins effects, surface 
wave effects or surficial soil effects [11–14]. 

The long-period velocity pulses in near-fault ground motions lead to 
nonlinear deformations and severe damages to engineering structures. 
This problem has attracted the attention of many researchers in earth-
quake engineering community [15–19]. Recent studies on dams 
revealed that near-fault pulse-like ground motions resulted in large 
horizontal displacements [20,21], high principal stresses [22,23], and 
considerable residual deformations in the crests [24]. According to re-
ports, in conventional buildings, near-fault pulse-like ground motions 
led to large demands in the lower half of structures [25,26], remarkable 
damages to foundation connections [27], and even the collapse [28]. 
Moreover, the destructive and unfavorable effects of near-fault pulse- 
like ground motions on the base-isolated buildings were evaluated 
[29–31]. Some recent research on intake towers demonstrated great 
nodal displacements, large curvatures at the lower part of structures 
[32], and serious damages [33] caused by near-fault pulse-like ground 
motions. Furthermore, it has been reported that such motions produced 
greater displacements and internal forces in the bridges compared to the 
non-pulse ground motions [34–36]. In near-fault ground motions, where 
the strike-normal component usually contain a long-period pulse in the 
velocity time-history, it is expected to cause more damages to structures 
compared to the strike-parallel component. However, some studies 
showed that the strike-parallel component might result in more damages 
to structures [37,38]. Therefore, in SGFs, which have different dynamic 
properties from those of conventional buildings, the strike-parallel 
component of a fault may result in a different response and create 
greater demand in the structure compared to its strike-normal 

Table 2 
Specifications of prismatic microelements.   

Model 1 Model 2 Model 3 Model 4  

Column Rafter Column Rafter Column Rafter Column Rafter 

Δh0 (m) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
l0 (m) 0.24 0.10 0.34 0.08 0.10 0.24 0.20 0.24 
n0 2 × 25 2 × 33 2 × 35 2 × 66 2 × 60 2 × 66 2 × 60 2 × 66  

Fig. 3. Schematic representation of Model 4: (a) initial model, (b) final model developed in OpenSees.  

Table 3 
Fundamental period of the studied SGFs.  

No. OpenSees (sec) SAP2000 (sec) Error (%) 

1 0.90 0.89 1 
2 1.53 1.51 1 
3 0.63 0.62 1 
4 1.31 1.30 1  

Fig. 4. Pushover curve for model 1.  

M. Malekizadeh et al.                                                                                                                                                                                                                          



Structures 34 (2021) 4142–4157

4145

counterpart. 
The design basis for web-tapered members was established based on 

Lee et al. [39–42] and further extended by Forest and Murray [43], 
Shiomi and Kurata [44] and Ashakul and Murray [45]. Moreover, 
experimental investigations on the seismic behavior of gabled frames 
with web-tapered members have been conducted by Hwang et al. [46], 

Hong and Uang [47] and Su et al. [48]. However, because of the 
complexity of design and modeling as well as the low ductility of SGFs 
with web-tapered members, very limited analytical research is available 
for their seismic behavior. Due to the fact that such structures are very 
sensitive to the formation of plastic hinges, it is essential to evaluate 
their behavior in the nonlinear region and it seems that the use of in-
cremental dynamic analysis (IDA), which consists of a large number of 
nonlinear time-history analyses under a set of ground motions, is a 
suitable option for them. On the other hand, ground motions and their 
effects on structures are essentially probabilistic. Accordingly, it is better 
to use probabilistic methods to estimate the expected demands of 
structures under future ground motions. In this regard, performance- 
based earthquake engineering (PBEE) is a well-known and valid 
method for considering probabilistic parameters in seismic assessment 
of new and existing structures [49]. For this purpose, PBEE uses the 
probabilistic seismic demand analysis (PSDA) to obtain the mean annual 
frequency (MAF) of exceeding a specified demand for a given structure 
at a designated site. Briefly, PSDA combines a ground motion (e.g., 
spectral acceleration) hazard curve for the designated site, typically 
computed through probabilistic seismic hazard analysis (PSHA), with 
the demand (e.g., drift angle) results from nonlinear dynamic analysis of 
the given structure under a set of ground motions. Also, different sources 
of uncertainty can be considered in this analysis (e.g., record to record 
uncertainty, etc.) [50–52]. 

Although a review of the literature corroborates the destructive ef-
fects of near-fault ground motions on the above-mentioned structures, 
there is no study dealing with such effects on steel gabled structures and 
the present study is hoped to offer a new perspective to the research in 
this field. To this aim, four SGFs with the spans of 20 m and 60 m and 
heights of 6 m and 12 m undergo IDA analysis in this study for the first 
time using far-fault ground motions (set OR), as well as near-fault 
ground motions along the strike‑normal and strike‑parallel compo-
nents (SN and SP sets, respectively). The results will be presented in the 
form of multi-record IDA curves, summarized IDA curves, Probabilistic 
seismic demand models (PSDMs), and PSDA curves. A general flowchart 
for the present research is given in Fig. 1. 

2. Geometrical specifications of the studied SGFs 

In the present paper, four 2D SGF models are utilized with different 
spans and heights to analyze and investigate the effect of near-fault 
ground motions. The names of the models as well as their geometrical 
dimensions are given in Fig. 2. As can be seen, the entire length of the 
columns and the region with a length of span/10 in rafters from the eave 
line are characterized by web-tapered members, while the rest of the 
length of the rafters up to the ridge is prismatic. The roof slope is 
considered to be 20% and the base of the columns enjoys hinge support. 
The fundamental period of SGFs is considered as a criterion for classi-
fication of models, so that models 1 and 3 as well as models 2 and 4 are 
classified as representative of short period SGFs and long period SGFs in 
this study, respectively. 

The used steel was of ST37 type with the elasticity modulus of 
2.039E + 10 kgf/m2. In all of the studied SGFs, ordinary moment frame 
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Table 4 
Far-fault ground motions [64].  

No. Event Station Mw Rrup 

(km) 
PGA 
(g) 

PGV 
(cm/ 
sec) 

D5- 

95% 

(sec) 

1 Borrego 
Mountain 

El Centro 
Array #9 

6.80 46.00 0.057 13.2 28.7 

2 Loma 
Prieta 

APEEL 2E 
Hayward 
Muir Sch 

6.90 57.40 0.171 13.7 12.8 

3 Loma 
Prieta 

Fremont- 
Emerson 
Court 

6.90 43.40 0.141 12.9 17.9 

4 Loma 
Prieta 

Halls Valley 6.90 31.60 0.134 15.4 16.2 

5 Loma 
Prieta 

Salinas-John 
& Work 

6.90 32.60 0.112 15.7 20.3 

6 Loma 
Prieta 

Palo Alto- 
SLAC Lab. 

6.90 36.30 0.194 37.5 12.5 

7 Northridge Covina-W 
Badillo 

6.70 56.10 0.100 5.8 17.4 

8 Northridge Compton- 
Castlegate 
St. 

6.70 49.60 0.136 7.1 23.4 

9 Northridge LA-Centinela 
St. 

6.70 30.90 0.322 22.9 12.4 

10 Northridge Lakewood- 
Del Amo 
Blvd. 

6.70 59.30 0.137 11.2 20.8 

11 Northridge Downey-Co. 
Maint. Bldg. 

6.70 47.60 0.158 13.8 17.3 

12 Northridge Bell 
Gardens- 
Jaboneria 

6.70 46.60 0.068 7.6 20.1 

13 Northridge Lake Hughes 
#1 

6.70 36.30 0.087 9.4 13.9 

14 Northridge Lawndale- 
Osage Ave. 

6.70 42.40 0.152 8.0 23.3 

15 Northridge Leona Valley 
#2 

6.70 37.70 0.063 7.2 12.5 

16 Northridge Palmdale- 
Hwy 14 & 
Palmdale 

6.70 43.60 0.067 6.9 18.2 

17 Northridge LA-Pico & 
Sentous 

6.70 32.70 0.186 14.3 14.8 

18 Northridge West Covina- 
S. Orange 
Ave. 

6.70 54.10 0.063 5.9 19.3 

19 Northridge Terminal 
Island-S. 
Seaside 

6.70 60.00 0.194 12.1 13.4 

20 Northridge LA-E Vernon 
Ave. 

6.70 39.30 0.153 10.1 15.9  
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was incorporated as the lateral force resisting system. The location for 
modelling was assumed to be Tehran, Iran, a high-seismicity region and 
with tectonic characteristics of Class D soil according to NEHRP [53]. 
The gravity loads applied to the studied SGFs were dead load, balanced 
snow load, and unbalanced snow load. Walls and roofs were covered 
with sandwich panels with a weight of 360 kgf/m. ASCE/SEI 7-10 code 
[54] was used for gravity and lateral loading. The models were designed 
based on the load and resistance factor design (LRFD) method in line 
with AISC 360-10 and AISC 341-10 codes [55,56]. In designing 2D 
models, it is assumed that the distances between the fly braces in the 
rafter and the column are 1.7 m and 2 m, and the distances between the 
struts are 5.1 m and 3 m. According to AISC 341-10 code, as an OMF, 
there is no need to satisfy the stringent seismic compactness re-
quirements. However, if non-compact or slender sections are used in 
SGFs, plastic hinges are unlikely to be expand due to the loosened local 
and lateral-torsional buckling requirements. Hence, in this study, the 
compact section according to AISC 360-10 code has been used. This 
causes more plastic moment capacity of the members to be used before 
being subjected to local and lateral-torsional buckling. Upon the end of 
the designing process and by employing the trial-and-error approach to 
achieve an economical model, the section dimensions of the rafter and 
column members were identified, which are given in Table 1. 

3. Nonlinear modeling 

For nonlinear modeling and analyzing the structural system, the 
OpenSees software [57], an open-source software utilized in the simu-
lation of the seismic response of structural and geotechnical systems, 
was employed. The software seems promising as an important means of 
modeling and analyzing both the linear or nonlinear behaviors of 
structural systems. 

OpenSees was employed in 2D modeling of the structures. The 
damping ratio was set to 5% and for modeling the viscous damping, 
Rayleigh damping was adopted [58]. In order to transfer the stiffness 
and resisting force of the rafter elements from the basic system to the 
global-coordinate system in a totally accurate way through geometric 
transformation, corotational transformation was applied. The nonlinear 
behavior of the materials in the rafters and columns was modeled using 
nonlinear beam-column element with distributed plasticity. for this 
purpose, in the OpenSees materials library, uniaxial bilinear steel ma-
terial with kinematic hardening of 0.02 entitled steel01 was selected. 
Fiber section was assigned to the rafter and column elements. Hence, 
using defined nonlinear materials enables nonlinearization of all the 
components of such sections. It is noteworthy that in the present 
research, shear deformations are also accounted. 

In modelling the web-tapered elements of the rafters and columns, 
prismatic microelements with different heights were employed and six 
integration points were considered for each microelement. Modeling of 
web-tapered members using prismatic microelements with variable 
height has been adopted in the study of Watwood [59], which confirms 
the use of this modeling method. Nevertheless, for the first time a model 
of SGFs with web-tapered members has been developed using prismatic 
microelements with variable height on the OpenSees platform. The 
study of Liu et al. [60] showed that in modeling web-tapered members 
using prismatic microelements with variable height, the accuracy of 
modeling increases with increasing the number of microelements. 
Hence, in order to increase the accuracy of modeling in the mentioned 
method, the height difference between the two sections of adjacent 
microelements (Δh0) was considered to be a very small value, i.e., 0.02 
m, and according to that, the length and number of microelements (l0 
and n0, respectively) were determined for each member, which are 
presented in Table 2. It should be noted that in the prismatic area of the 
rafters, microelements with a length of 2.5Δl0,R were used. Also, dead 
loads on the roofs and walls (i.e., rafters and columns) and snow loads 
only on the roofs (i.e., rafters) were applied concentratedly to each node 
according to the loading area. Because of the presence of sufficient 
lateral and lateral-torsional braces as well as the use of the compact 

Table 5 
Near-fault pulse-like ground motions [65].  

No. Event Station Mw Rrup (km) VS30 (m/sec) PGV (cm/s) Tp (sec) 

1 Imperial Valley-06 EC County Center FF 6.53 7.31 192.1 54.5 4.515 
2 Imperial Valley-06 EC Meloland Overpass FF 6.53 0.07 186.2 50.2 3.346 
3 Imperial Valley-06 El Centro Array #4 6.53 7.05 208.9 71.7 4.613 
4 Imperial Valley-06 El Centro Array #5 6.53 3.95 205.6 91.5 4.046 
5 Imperial Valley-06 El Centro Array #6 6.53 1.35 203.2 91.8 3.836 
6 Imperial Valley-06 El Centro Array #7 6.53 0.56 210.5 69.6 4.228 
7 Imperial Valley-06 El Centro Array #8 6.53 3.86 206.1 48.6 5.390 
8 Imperial Valley-06 El Centro Differential Array 6.53 5.09 202.3 59.6 5.859 
9 Landers Yermo Fire Station 7.28 23.62 353.6 56.6 7.504 
10 Northridge-01 Jensen Filter Plant 6.69 5.43 373.1 67.4 3.528 
11 Northridge-01 Newhall-Fire Sta 6.69 5.92 269.1 120.3 1.036 
12 Northridge-01 Newhall-W Pico Canyon Rd. 6.69 5.48 285.9 82.9 2.408 
13 Northridge-01 Rinaldi Receiving Sta 6.69 6.50 282.3 167.2 1.232 
14 Northridge-01 Sylmar-Converter Sta 6.69 5.35 251.2 130.3 3.479 
15 Northridge-01 Sylmar-Converter Sta East 6.69 5.19 370.5 113.6 3.528 
16 Kobe, Japan KJMA 6.90 0.96 312.0 89.1 0.952 
17 Kobe, Japan Takarazuka 6.90 0.27 312.0 72.6 1.428 
18 Chi-Chi, Taiwan CHY101 7.62 9.96 258.9 52.9 4.599 
19 Chi-Chi, Taiwan TCU101 7.62 2.13 272.6 43.8 10.038 
20 Chi-Chi, Taiwan WGK 7.62 9.96 258.9 49.3 4.396  

Fig. 6. Average of the elastic response spectra (5% damping) for the OR, SN 
and SP ground motions. 
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section in the members of the studied models, buckling is not expected to 
occur in the third dimension. As a result, the 2D models developed in 
OpenSees do not need to modeling these braces. For a better under-
standing, the schematic view of Model 4 with web-tapered elements and 
uniformly distribution of gravity loads (initial model) as well as with 
prismatic microelements and concentrated gravity loads (final model) is 
shown in Fig. 3. 

4. Validation of the studied SGFs 

As mentioned in the review of the literature, this study presents an 

in-depth evaluation of the seismic behavior of SGFs for the first time. 
Hence, since there was no comparison reference for the developed 
nonlinear model in the OpenSees software, it was compared in three 
steps by modal, pushover, and nonlinear time-history analyses with 
SAP2000 software [61]. Accordingly, it was necessary to identify the 
characteristics of the materials, sections, and nonlinear elements for the 
models developed in SAP2000 in accordance with those in the Open-
Sees. The results obtained by both pieces of software were compared for 
the mentioned three types of analysis and are presented in the following 
sections. 

Fig. 7. Multi-record IDA curves and summarized IDA curves (16%, 50% and 84% fractiles) for (a) model 1, (b) model 2, (c) model 3, (d) model 4.  
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4.1. Modal analysis 

Validation of models by the modal analysis was gone through with 
the aim of comparing the dynamic properties such as first-mode period 
(fundamental period) of the structure in the OpenSees and SAP2000 
software. The fundamental periods of the studied SGFs in the modal 
analysis by the mentioned software are represented in Table 3. 

As observed in Table 3, the percentage of error between the funda-
mental periods in both pieces of software is negligible, proving the ac-
curate modelling of SGFs in the linear region. 

4.2. Pushover analysis 

The aim of the nonlinear static (pushover) analysis was the com-
parison of the nonlinear behaviors of the structure in the OpenSees and 
SAP2000 software. Fig. 4 illustrates diagrams for the drift to the base 
shear (pushover curves) derived from the pushover analysis for Model 1 
as a sample in both pieces of software. Prior to conducting any static or 
dynamic analysis under earthquake load, it is required to carry out the 
static analysis under gravity loads. Also, due to the greater criticality of 
balanced snow load than its unbalanced counterpart, the balanced snow 
load was used in conjunction with dead load in the gravity analysis. Of 
note, the target drift was identified with the help of FEMA 356 [62]. 

According to the pushover curves of Fig. 4, there is a slight difference 

in the linear region, which indicates accurate modeling of the linear 
region in both pieces of software, supporting the validation results of the 
modal analysis for this region. Furthermore, almost similar behaviors 
are also observed in the nonlinear region, indicating the acceptability of 
the results. As mentioned in the literature, SGFs do not have significant 
ductility due to their low degree of indeterminacy, and with the for-
mation a small number of plastic hinges, instability occurs in this type of 
structures, as can be clearly seen in Fig. 4. Of note, due to the specific 
geometrical characteristics of SGFs (sloping beams), gravity loads create 
an initial negative drift in the shoulder. In addition, the hinge supports 
amplifies the mentioned negative drift, as can be clearly seen in Fig. 4. 

4.3. Nonlinear time-history analysis 

Validating the models through nonlinear time-history analysis was 
carried out with the aim of comparing the dynamic properties as well as 
the nonlinear behaviors of the structure in SAP2000 and OpenSees 
software. In Fig. 5, results for the nonlinear time-history analysis for 
Model 1 by using the Imperial Valley-06 earthquake record from the EC 
County Center FF station along strike‑normal component with a peak 
ground acceleration (PGA) of 0.18 g are provided in the form of hori-
zontal displacement time-history curves corresponding to the shoulder 
node using both pieces of software. Since the analysis presented in the 
present paper consists of a large number of nonlinear time-history 

Fig. 8. Comparison of 50% fractile of the IDA curves for (a) model 1, (b) model 2, (c) model 3, (d) model 4.  
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analyses under a set of ground motions, the most important step of the 
validation belongs to this part. 

As can be seen in Fig. 5, the dynamic properties and the nonlinear 
behavior of the structure are almost identical with a slight difference in 
both pieces of software. As mentioned earlier, SFGs experience a static 
displacement in the initial state due to gravity loads. After incorporating 
the ground motion, the absolute maximum displacement for SFGs in-
volves initial static displacement resulting from the gravity loads plus 
maximum dynamic displacement resulting from the ground motion. 

5. Selection of ground motions 

The ground motions used in the present study for IDA analysis were 
selected from the PEER-NGA database [63] with tectonic properties of 
Class D soil (similar to site soil). They are organized into two main 
groups. The first group consists of 20 far-fault ground motions that are 
obtained using Ref. [64] and are presented in Table 4. This set has been 
selected based on Bin Strategy with large magnitude-long distance 
(LMLR), so that the moment magnitude (MW) is 6.5–7 and the closest 

Fig. 9. PSDMs.  

M. Malekizadeh et al.                                                                                                                                                                                                                          



Structures 34 (2021) 4142–4157

4150

distance from the recording site to the ruptured area (Rrup) is 30–60 km. 
Additional criteria such as site class, peak values (PGA, PGV and PGD), 
ground motion duration, strong ground motion duration (D5-95%), cut- 
off frequency, and fault mechanism are included in this selection. 
More information on this set of ground motions and their selection is 
available in Chapter 3 of Ref. [64]. The second group consists of 20 pairs 
of near-fault ground motions that are obtained using Ref. [65]. Their MW 
is more than 6.5 and Rrup is less than 10 km (excluding the Landers 
earthquake record). These pairs of ground motions are rotated in the 

strike‑normal and strike‑parallel directions, where their strike‑normal 
component contains a long-period pulse in the velocity time-history, as 
determined using the method described by Baker [11], and their char-
acteristics are presented in Table 5. These pulses are expected to occur in 
some ground motions observed near fault ruptures due to directivity 
effects, but as noted in the literature, not all pulse-like ground motions 
are the result of directivity effects and the appearance of pulses is likely 
caused by effects other than directivity, such as basins effects, surface 
wave effects or surficial soil effects. For this reason, the simplified 

Fig. 9. (continued). 

Table 6 
Estimated unknown parameters of the PSDMs.  

Parameters Model 1 Model 2 Model 3 Model 4 

OR SN SP OR SN SP OR SN SP OR SN SP 

a (1.E-02) 3.104 3.025 3.027 4.064 4.177 4.135 2.281 2.213 2.284 3.506 3.592 3.621 
b (1.E-01) 7.358 7.303 7.560 8.260 8.351 8.269 6.085 5.806 5.981 6.791 6.751 6.759 
σ (1.E-01) 1.431 1.653 1.403 1.223 1.652 1.662 1.286 1.515 1.341 0.995 1.310 0.944  

Fig. 10. Simplified uniform hazard spectra with TR-2475 and TR-475 for 22 
different regions of Tehran. Fig. 11. Regioning map of Tehran.  
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uniform hazard spectra used in the present study do not explicitly ac-
count for directivity-pulse effects. The elastic response spectra (5% 
damping) of the selected ground motions are generated by Seismosignal 
software [66] and the average of their elastic response spectra is shown 
in Fig. 6. 

A final summary of the considered sets of ground motions for IDA 
analysis is given below.  

1) OR set (20 ground motions): far-fault ground motions. Since these 
ground motions do not have impulsive characteristics, they are 
called ordinary ground motions and are expressed by OR in the 
present study.  

2) SN set (20 ground motions): near-fault pulse-like ground motions. In 
this set, only the strike‑normal component of the ground motions is 
included, which contains a long-period pulse in the velocity time- 
history.  

3) SP set (20 ground motions): strike-parallel components of the ground 
motions in the SN set. 

6. IDA analysis 

IDA analysis includes subjecting a structural model to multiple levels 
of intensity by scaling the ground motion, so that they can cover the 
range of linear and nonlinear behaviors as well as the collapse of a 
structure [67]. IDA technique allows focusing on the frequency content 
of the ground motion as the whole record is scaled with same intensity 
level. The primary goal of the IDA technique is to determine the dynamic 
capacity of the structure against limit states. In the present paper, the 5% 
damped first-mode spectral acceleration (Sa(T1,5%)) and the absolute 
maximum drift angle (ϴa,max) were selected as intensity measure (IM) 
and damage measure (DM), respectively. The scale factor of records is 
defined as a multiplication of Sa(T1,5%), from a very low level with 
incremental steps of 0.05 g to a high level where the collapse of the 
structure occurs, and the ϴa,max parameter is recorded in each step of the 
analysis. In the present research, based on FEMA 356, three limit states 
of immediate occupancy (IO), life safety (LS) and collapse prevention 
(CP) with the ϴa,max values of 0.7, 2.5 and 5% were selected, respec-
tively. It should be noted that due to insufficient information of the 
regulations on the performance-based design of steel gabled frame sys-
tems, in the FEMA 356, conventional steel frame systems are used to 
determine the limit states of the damage measure. 

Multi-record IDA curves well demonstrate the structural behavior 
from the linear region to the collapse of a structure for a set of ground 
motions selected based on the desired properties. However, multi-record 
IDA curves indicate a large difference between one ground motion and 
another. Hence, they should be summarized to reduce data dispersion. A 
method of summarization is the use of 16%, 50% and 84% percentiles. 
Summarized IDA curves are also called structural dynamic capacity 
(tolerable IM value for a structure or IM capacity) curves, which are 
mainly used to compare structures relative to each other [67]. Multi- 
record IDA curves and summarized IDA curves (16%, 50% and 84% 
fractiles) have been determined for the studied SGFs are shown in Fig. 7. 
Also, for a better comparison between the dynamic capacity of the 
studied SGFs, the 50% fractile of the IDA curves are given in Fig. 8. As 
previously described, due to the specific geometrical characteristic of 
SFGs (sloping beams), gravity loads create an initial negative ϴa,max in 
the shoulder and are amplified by the hinge supports, which appears 
positive in the IDA curves since the ϴa,max is an absolute value. This can 
be clearly seen in Figs. 7 and 8. 

Table 7 
Spectral accelerations corresponding to simplified uniform hazard spectra with TR-475 and TR-2475 for 22 different regions of Tehran.  

No. Region name latitude Longitude Model 1 Model 2 Model 3 Model 4 

Sa475 Sa2475 Sa475 Sa2475 Sa475 Sa2475 Sa475 Sa2475 

1 Tajrish 35.79 51.44 0.500 1.090 0.219 0.491 0.723 1.558 0.285 0.629 
2 Punak 35.76 51.36 0.490 0.993 0.211 0.443 0.707 1.432 0.275 0.568 
3 Vanak 35.76 51.43 0.491 0.991 0.215 0.444 0.713 1.407 0.277 0.568 
4 Lavizan 35.73 51.50 0.447 0.785 0.193 0.35 0.643 1.127 0.251 0.447 
5 Ekbatan 35.70 51.31 0.471 0.877 0.203 0.384 0.678 1.266 0.263 0.493 
6 Arjantin Square 35.72 51.40 0.458 0.843 0.198 0.371 0.666 1.219 0.257 0.475 
7 Bahar 35.72 51.43 0.444 0.804 0.190 0.353 0.643 1.151 0.250 0.454 
8 Narmak 35.72 51.50 0.443 0.781 0.188 0.344 0.64 1.130 0.246 0.445 
9 Mehrabad Airport 35.67 51.30 0.458 0.902 0.196 0.386 0.663 1.312 0.253 0.501 
10 Beryanak 35.67 51.36 0.471 0.958 0.204 0.403 0.681 1.386 0.263 0.523 
11 Moniriyeh 35.67 51.39 0.472 0.957 0.204 0.401 0.675 1.379 0.264 0.531 
12 Baharestan 35.67 51.42 0.461 0.926 0.196 0.385 0.666 1.331 0.254 0.510 
13 Tehranno 35.70 51.50 0.438 0.790 0.187 0.342 0.633 1.144 0.245 0.445 
14 Chaharsad Dastgah 35.66 51.47 0.452 0.895 0.196 0.379 0.655 1.298 0.254 0.497 
15 Afsariyeh 35.63 51.45 0.464 0.961 0.201 0.405 0.668 1.389 0.258 0.532 
16 Nazi Abad 35.63 51.41 0.468 1.004 0.200 0.418 0.680 1.447 0.263 0.553 
17 Yaft Abad 35.65 51.36 0.464 0.954 0.200 0.401 0.674 1.373 0.260 0.525 
18 Ferdows 35.65 51.19 0.434 0.793 0.188 0.348 0.632 1.133 0.243 0.450 
19 Nemat Abad 35.61 51.37 0.469 1.025 0.202 0.431 0.676 1.473 0.262 0.559 
20 Ray 35.58 51.43 0.438 0.905 0.186 0.375 0.638 1.303 0.242 0.489 
21 Tehransar 35.71 51.16 0.462 0.859 0.201 0.387 0.668 1.232 0.259 0.489 
22 Chitgar Lake 35.74 51.20 0.495 1.062 0.214 0.478 0.720 1.531 0.280 0.612 
Avg. – – – 0.463 0.916 0.200 0.396 0.670 1.319 0.259 0.513  

Fig. 12. IM hazard curves.  
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As can be seen in Fig. 7, in the multi-record IDA curves, the SN 
ground motions relative to SP and OR raises the changes of stiffness and 
demand sensitivity in SGFs. Also, the obtained dynamic capacity values 
from the 50% fractile of the IDA curves, shown in Fig. 8, clearly indicate 

different seismic behavior in SGFs with various periods under three sets 
of the OR, SN and SP ground motions. At the CP limit state, the SN 
ground motions relative to OR reduces the dynamic capacity of Models 
1, 2, 3 and 4 by − 5, 24, 1 and 17%, respectively; the SP ground motions 

Fig. 13. MAF at (a) IO, (b) LS, and (c) CP limit states.  
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relative to OR by − 6, 24, 2 and 10%, respectively; and the SN ground 
motions relative to SP by 1, 0, − 1 and 7%, respectively; so that these 
amounts at the LS and IO limit states becomes less. Also, under any type 
of ground motion (OR, SN and SP), Models 1 and 3 have higher dynamic 
capacity than Models 2 and 4. In addition, due to the initial drift angle 
due to gravity loads in the models, it has caused them to experience the 
IO limit state under very low earthquake intensity. This means that the 
limit state mentioned in the seismic behavior of SGFs cannot be very 
important. 

7. PSDA 

7.1. Overview 

PSDA is a method to computing the MAF (annual probability) of 
exceeding a specified demand for a given structure at a designated site. 
This method integrates the IM hazard curve for the study region, which 
is computed via probabilistic seismic hazard analysis (PSHA), into the 
results of IDA analysis of the structure. in fact, this is an application of 
the total probability theorem, which is also at the foundation of PSHA. 
Using DM and IM, PSDA is expressed mathematically in Eq. (1) [68]: 

λDM(y) =
∫

GDM|IM(y|x).|dλIM(x)| (1)  

where λDM(y) denotes the MAF of DM exceeding the value y (DM haz-
ard); likewise, λIM(x) is the IM hazard and dλIM(x) is its differential at x. 
In simplistic terms, dλIM(x) is the annual probability of observing a 
particular value of IM. The term GDMIM(y/x), which is usually computed 
using the results of IDA analysis, denotes the probability of DM 
exceeding the value y given that IM equals x. It should be noted that the 
term GDM|IM(y/x) refers to the uncertainty of structural demand at a 
particular level of IM due to differences among ground motions. 

Using the simplifying assumptions detailed below, the PSDA integral 
for λDM expressed in Eq. (1) can be solved analytically. The resulting 
closed-form solution for λDM is expressed in Eq. (2) [68]: 

λDM(y) = λIM(IM(y)).CFσ (2)  

where IM(y) denotes the IM corresponding to y, and is expressed in Eq. 
(3). The correction factor CFσ primarily accounts for the variability in 
DM given IM according to Eq. (4). The parameters a, b, k, and σ are 
detailed below. 

IM(y) = (y/a)1/b (3)  

CFσ = exp
[
0.5(kσ/b)2

]
(4) 

Note that Eq. (2) indicates that λDM(y) can simply be computed as the 
MAF of exceeding the value of IM that corresponds to y, multiplied by a 
correction factor that accounts (primarily) for the variability in DM 
given IM. 

The closed-form solution for λDM expressed in Eq. (2) assumes the 
following [68]:  

• a log–log linear form of the IM hazard curve, as expressed in Eq. (5): 

λIM(x) = k0x− k (5)  

where k is the log–log slope and k0 can be thought of as the MAF of 
exceeding a unit IM.  

• a log–log linear functional form for μ(x) (the median DM given IM), 
as expressed in Eq. (6): 

μ(x) = a.xb (6) 

To perform a linear regression analysis, the Eq. (6) is generally 
rewritten in the form of the logarithms of the μ and IM, as expressed in 
Eq. (7): 

ln(μ(x)) = lna+ b.ln(x) (7)  

where a and b are the regression coefficients of the PSDM.  

• a lognormal distribution of DM given IM with the dispersion 
expressed in Eq. (8): 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 2
∑

[ln(DM) − ln(a.xb)]
2

√

(8)  

where n is the number of (DM, IM) data points. 
In short, the closed-form solution for λDM expressed in Eq. (2) has five 

unknown parameters (i.e., a, b, σ, k and k0) that must be estimated ac-
cording to the above assumptions. So first, the unknown parameters a, b 
and σ are obtained using PSDM. Then, by determining the unknown 
parameters k and k0 from the IM hazard curve of the study region, λDM 
expressed in Eq. (2) can be solved as a closed form. 

7.2. PSDMs 

The PSDM which establishes a linear regression of μ-IM, is obtained 
using the results of IDA analysis and the power law function [69]. This 
linear regression model is used to determine the slope (b), intercept (a), 
and dispersion (σ) of the μ-IM relationship. As described in Section 7-1, 
in the present study, using the linear regression model expressed in Eq. 
(7), the regression coefficients of the PSDMs for the studied SGFs are 
estimated and then using Eq. (8) the dispersion of each model is 
computed. Fig. 9 shows the PSDMs for the studied SGFs. Each figure also 
depicts the corresponding linear regression equation and R2 value. Also, 
the unknown parameters of the PSDMs (a, b and σ), which are the main 
core in seismic demand estimation, are presented in Table 4. These 
models can form a basis for the estimation of the probabilistic seismic 
demand and performance-based design of such structures. 

From Fig. 9, it is evident that all the PSDMs have a R2 value greater 

Table 8 
MAF error between the OR, SN and SP ground motions at the IO, LS and CP limit 
states.  

No. SN/OR (%) SP/OR (%) SN/SP (%) 

IO LS CP IO LS CP IO LS CP 

1 − 1 − 4 − 6 − 20 − 10 − 5 24 7 − 1 
2 8 12 15 10 11 11 − 2 1 3 
3 18 − 7 − 19 11 1 − 3 7 − 9 − 16 
4 18 15 14 15 12 11 3 2 3  

Fig. 14. PSDA curves.  
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that 0.92 which indicates a very strong correlation between the 
considered DM and IM. As can be seen in Table 6, on average in all SGFs, 
the dispersion of the PSDMs for the OR, SN and SP ground motions are 
0.123, 0.153 and 0.134, respectively. Moreover, under any type of 
ground motion (OR, SN and SP), the slope of the PSDMs in models 1 and 
2 are greater than models 3 and 4 as well as their intercept in models 2 
and 4 are greater than models 1 and 3. 

7.3. IM hazard curves 

To solve the closed form λDM expressed in Eq. (2), in addition to 

having the unknown parameters of the PSDMs, it is necessary to estimate 
the unknown parameters k and k0 from the IM hazard curve. However, 
in order to calculate the unknown parameters k and k0 from the IM 
hazard curve, PSHA for the study region is required. By determining the 
simplified uniform hazard spectra with 475-year and 2475-year return 
periods (TR-475 and TR-2475, respectively) for the study region, the esti-
mation of the unknown parameters k and k0 from the IM hazard curve is 
easily achievable, which is discussed in detail below. 

As described in Section 7-1, in the present study, using Eq. (7), the IM 
hazard curves for the studied SGFs are estimated. Nevertheless, the 
unknown parameters k and k0 must be calculated to determine the IM 

(a)

(b)

(c)

2.
86

1.
48

1.
47

1.
25

0

0.5

1

1.5

2

2.5

3

3.5

0.63 0.9 1.31 1.53

)g(
yicapac

ci
manyd

naide
M

Fundamental period (sec)

Excluding hazard-OR

0.9

1.53

Short-period SGFs
Long-period SGFs

3.
91

7.
61

2.
43 2.
53

0

1

2

3

4

5

6

7

8

9

10

0.63 0.9 1.31 1.53

E.1(
ycneuqerflaunna

nae
M

-
)50

Fundamental period (sec)

Including hazard-OR

0.9
1.53
Short-period SGFs
Long-period SGFs

2.
82

1.
55

1.
23

0.
95

0

0.5

1

1.5

2

2.5

3

3.5

0.63 0.9 1.31 1.53

)g(
yicapac

ci
manyd

naide
M

Fundamental period (sec)

Excluding hazard-SN

0.9
1.31
Short-period SGFs
Long-period SGFs

3.
17

7.
18

2.
76 2.
90

0

1

2

3

4

5

6

7

8

9

10

0.63 0.9 1.31 1.53

E.1(
ycneuqerflaunna

nae
M

-
)50

Fundamental period (sec)

Including hazard-SN

0.9
1.31
Short-period SGFs
Long-period SGFs

2.
79

1.
57

1.
32

0.
95

0

0.5

1

1.5

2

2.5

3

3.5

0.63 0.9 1.31 1.53

)g(
yicapac

ci
manyd

naide
M

Fundamental period (sec)

Excluding hazard-SP

0.9
1.31
Short-period SGFs
Long-period SGFs

3.
78

7.
24

2.
69 2.
81

0

1

2

3

4

5

6

7

8

9

10

0.63 0.9 1.31 1.53

E.1(
ycneuqerflaunna

nae
M

-
)50

Fundamental period (sec)

Including hazard-SP

0.9
1.53
Short-period SGFs
Long-period SGFs

Fig. 15. Comparison of median dynamic capacity (excluding hazard) and MAF (including hazard) at CP limit state for (a) OR, (b) SN, (c) SP ground motions.  
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hazard curve. To this end, the following steps need to be taken. (a) The 
simplified uniform hazard spectra with TR-475 and TR-2475 for Class D soil 
are obtained using Ref. [70] for 22 different regions of Tehran (see 
Fig. 10). The regioning map of Tehran is shown in Fig. 11. Also, latitude, 
longitude and the name of each region are presented in Table 7. (b) The 
spectral accelerations corresponding to the fundamental period of the 
studied SGFs are determined using the simplified uniform hazard spectra 
with TR-475 and TR-2475 (Sa475 and Sa2475, respectively) for 22 different 
regions of Tehran (see Table 7). (c) The average of the mentioned 
spectral accelerations for the studied SGFs are estimated, which are 
expressed as Sa475,avg and Sa2475,avg, respectively (see Table 7). (d) λIM is 
considered equal to the inverse of TR-475 and TR-2475 and IM is equal to 
the Sa475,avg and Sa2475,avg. Keeping the above in mind, Eq. (5) can be 
rewritten into the following form: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
TR - 475

= k0
(
Sa475,avg

)− k

1
TR - 2475

= k0
(
Sa2475,avg

)− k
(9) 

By solving the two-equation and two-unknown system in Eq. (9), the 
unknown parameters k and k0 are calculated. Then, by putting the 
values of k and k0 in Eq. (5), the IM hazard curves for the studied SGFs 
are obtained (see Fig. 12). 

7.4. MAF of the limit states 

Using the unknown parameters of the PSDMs as well as the IM 
hazard curves given in Sections 7.2 and 7.3, λDM expressed in Eq. (2) for 
the IO, LS and CP limit states were solved as a closed form, the results of 
which are shown in Fig. 13. Also in Table 8, MAF error between the OR, 
SN and SP ground motions at the IO, LS and CP limit states is presented. 
These values can be used as a criterion for measuring the reliability of 
the structures under study in comparison with other structural systems 
or they can be employed in the codes related to the design of such 
structures. 

Fig. 13 and Table 8 clearly shows the difference between the MAF 
values for SGFs with various periods under three sets of the OR, SN and 
SP ground motions. On average at all limit states, the SN ground motions 
relative to OR increases the MAF of Models 1, 2, 3 and 4 by − 4, 12, − 3 
and 16%, respectively; for the SP ground motions relative to OR by − 12, 
11, 3 and 13%, respectively; and for the SN ground motions relative to 
SP by 10, 1, − 6 and 3%, respectively. Also, the rate of change of MAF 
error between the OR, SN and SP ground motions at the IO, LS and CP 
limit states in Models 1 and 3 are higher than Models 2 and 4. 

7.5. PSDA curves 

The output of the PSDA is the curves that estimate the MAF for 
different values of DM, each of which can be considered as a limit state. 
Hence, λDM expressed in Eq. (2) for different values of DM were solved as 
a closed form, the results of which are shown in Fig. 14. These curves can 
be used in the performance-based design for such structures to deter-
mine the design earthquakes with return periods commensurate with a 
given DM. 

As can be seen in Fig. 14, on average in all ϴa,max’s, near-fault ground 
motions (especially pulse-like ones) increase the MAF in Models 2 and 4 
compared to far-fault ground motions and slightly reduce the MAF in 
Models 1 and 3. Moreover, the rate of change of MAF error between the 
OR, SN and SP ground motions in all ϴa,max’s in Models 1 and 3 are 
higher than Models 2 and 4. Also, under any type of ground motion (OR, 
SN and SP), the rate of change of MAF in all ϴa,max’s in Models 3 and 4 
are higher than Models 1 and 2. However, in all ϴa,max’s, under any type 
of ground motion (OR, SN and SP), Models 1 and 3 have higher MAF 
than Models 2 and 4, while according to the observations of Section 6, 
the median dynamic capacity of models 1 and 3 was higher than models 

2 and 4. For a better comparison of the two outputs at the CP limit state, 
the median dynamic capacity (excluding hazard) and the MAF 
(including hazard) for the studied models under OR, SN and SP ground 
motions are shown in Fig. 15. 

8. Conclusion 

In this study, IDA analysis was performed on four SGFs with the bays 
of 20 m and 60 m and heights of 6 m and 12 m using the OR, SN and SP 
ground motions for the first time. The results were presented in the form 
of multi-record IDA curves, summarized IDA curves, PSDMs and PSDA 
curves. Some of the main findings as the contributions of the present 
research are as follows:  

• According to the multi-record IDA curves, the SN ground motions 
relative to SP and OR raised the changes of stiffness and demand 
sensitivity in SGFs.  

• According to the 50% fractile of the IDA curves, near-fault ground 
motions (especially pulse-like ones) reduced the dynamic capacity in 
long-period SGFs compared to far-fault ground motions and slightly 
increased the dynamic capacity in short-period SGFs, and these 
amounts were more significant at the CP limit state than LS and IO. 
At the CP limit state, for the SN ground motions relative to OR, the 
largest reductions the dynamic capacity were related to Models 2 and 
4 (long-period SGFs) with 24 and 17% and the smallest were related 
to Models 1 and 3 (short-period SGFs) with − 5 and 1%, respectively; 
and for the SP ground motions relative to OR, the largest reductions 
the dynamic capacity were belonged to Models 2 and 4 (long-period 
SGFs) with 24 and 10% and the smallest were belonged to Models 1 
and 3 (short-period SGFs) with − 6 and 2%, respectively. However, 
the dynamic capacity of SGFs under near-fault ground motions (SN 
and SP) relative to each other did not depend on their fundamental 
period, and on average in all models, at the CP limit state, the SN 
ground motions relative to SP reduced the dynamic capacity by 7%. 
Also, under any type of ground motion (OR, SN and SP), short period 
SGFs had higher dynamic capacity than long period SGFs.  

• According to the PSDMs, the SN ground motions relative to SP and 
OR enhanced the data dispersion and uncertainty in SGFs, and on 
average in all models, the dispersion of the PSDMs for the SN, SP and 
OR ground motions were 0.153, 0.134 and 0.123, respectively. Also, 
the use of Sa(T1,5%) and ϴa,max as IM and DM, respectively, led to 
very accurate PSDMs in SGFs.  

• According to the MAF of the limit states, on average at all limit states, 
near-fault ground motions (especially pulse-like ones) increased the 
MAF in long-period SGFs compared to far-fault ground motions and 
slightly reduced the MAF in short-period SGFs. For the SN ground 
motions relative to OR, the highest increases the MAF were related to 
Models 2 and 4 (long-period SGFs) with 12 and 16% and the lowest 
were related to Models 1 and 3 (short-period SGFs) with − 4 and 
− 3%, respectively; and for the SP ground motions relative to OR, the 
highest increases the MAF were belonged to Models 2 and 4 (long- 
period SGFs) with 11 and 13% and the lowest were belonged to 
Models 1 and 3 (short-period SGFs) with − 12 and 3%, respectively. 
However, the MAF of SGFs under near-fault ground motions (SN and 
SP) relative to each other did not depend on their fundamental 
period, and on average in all models, the SN ground motions relative 
to SP increased the MAF by 8%.  

• According to the PSDA curves, on average in all ϴa,max’s, near-fault 
ground motions (especially pulse-like ones) increased the MAF in 
long-period SGFs compared to far-fault ground motions and slightly 
reduced the MAF in short-period SGFs. However, in all ϴa,max’s, 
under any type of ground motion (OR, SN and SP), short-period SGFs 
had higher MAF than long-period SGFs.  

• According to the outcomes of the 50% fractile of the IDA curves and 
the PSDA curves, the combination of hazard curve of the study region 
with the results of IDA analysis of the structure was of great 
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importance in evaluating the seismic behavior of SGFs. Without 
incorporating the IM hazard curve, short period SGFs had higher 
dynamic capacity than long period SGFs, however, after integrating 
the IM hazard curve with the results of IDA analysis, the outcomes 
were completely reversed so that short-period SGFs had higher MAF 
than long-period SGFs. This is due to the fact that in the IM hazard 
curves, the MAF values decrease with increasing the fundamental 
period of SGFs.  

• The fundamental period of SGFs was an important factor in the 
amount of damage caused by near-fault ground motions (especially 
pulse-like ones) relative to far-fault ground motions and did not 
dependent on their geometric dimensions, which increased the 
damage in long-period SGFs as well as slightly reduced the damage in 
short-period SGFs. However, the fundamental period of SGFs was not 
a significant factor in the amount of damage caused by near-fault 
ground motions (SN and SP) relative to each other. 

In general, the outcomes showed the importance of near-fault ground 
motions (especially pulse-like ones) on the seismic behavior of long- 
period SGFs, so that compared to far-fault ground motions produced 
significant changes on their seismic behavior. On the other hand, the 
near-fault effects have no significant role on the seismic behavior of 
short-period SGFs, so that far-fault ground motions partially lead to 
more damage compared to near-fault ground motions. However, under 
any type of ground motion, short-period SGFs are more vulnerable than 
long-period SGFs. Finally, it was observed that the combination of 
hazard curve of the study region with the results of IDA analysis of the 
structure is of great importance in evaluating the seismic behavior of 
SGFs. Disregarding the IM hazard curve in the study of SGFs can lead to a 
meaningful deviation of the outcomes from the actual results. Therefore, 
it is recommended that seismic design codes take a more specific look at 
near-fault ground motions (especially pulse-like ones) in long-period 
SGFs, while the near-fault effects can be ignored in short period SGFs. 
Also, under any type of ground motion, in high-seismicity regions (such 
as Tehran), short-period SGFs should be prioritized for retrofitting than 
long-period SGFs. It should be noted that the PSDA results are presented 
specifically for the city of Tehran and these results are valid for the areas 
with high seismicity such as Tehran. Finally, the combination of hazard 
curve of the study region with the results of IDA analysis of the structure 
in evaluating the seismic behavior of SGFs should be emphasized. 
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