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With an increase in the width of the steel gabled frame (SGF) span, in general, the structural mass considerably
increases, as a result of which the vertical ground motions can exert significant inertial force on the members of a
structure. Although numerous studies have confirmed the destructive effects of the vertical component of
earthquake on concrete and steel structures, no research has been devoted to the impact of this component on
steel gabled structures yet. Hence, the findings of this research will, at best, unveil possible new dimensions of
these types of structures. Moreover, the investigation into the behavior of such structures with regard to the
effects of soil-structure interaction (SSI) can help gain a more accurate understanding of their behavior. To this
aim, in the present paper, an incremental dynamic analysis (IDA) was conducted for the first time on four SGFs
with spans of 20 m and 60 m and heights of 6 m and 12 m with and without consideration of the vertical
component of earthquake as well as SSI. Results were collected in the form of multi-record IDA curves, sum-
marized IDA curves, fragility curves and probabilistic seismic demand analysis (PSDA) curves, indicating that the
vertical component of earthquake had a determinative role on the seismic performance of wide-span SGFs. This
component causes the structure to reach the nonlinear region more quickly, raises the stiffness changes in the
nonlinear region, enlarges the data dispersion and demand sensitivity, intensifies the softening behavior, reduces
the dynamic capacity, raises the failure probability, enhances the uncertainty, increases the mean annual fre-
quency (MAF) and accelerates the damage in such structures. However, SSI does not have any significant role in
the seismic performance of SGFs; just partially leading to more conservative results, especially when they have
wide spans. Besides, the results of the PSDA analysis showed that under similar conditions, short-period SGFs are
more vulnerable than long-period SGFs and should be prioritized for retrofitting.

1. Introduction

Industrial buildings are one of the main components of industrial
growth in a country. The recent technological advances in the areas of
construction techniques and building materials and design theories have
enabled designers to use steel gabled frame (SGF) systems for wide-span
industrial buildings so that they are rapidly expanding in developed
countries and have numerous applications. Instances of such structures
are aircraft hangars, industrial factories, warehouses, sports complexes,
conference halls, pools, etc. SGFs are built and implemented in single-,
two-, and multi-span forms; among them, single-span SGFs are more
common and enjoy greater applicability because of creating a space for

the passage of giant vehicles such as aircrafts, creating structures with
unique architecture, advantageous structural style, etc.

SGFs do not have significant ductility due to their low degree of in-
determinacy, and with the formation of a small number of plastic hinges,
instability occurs in these types of structures. For this reason, nonlinear
analysis is not much common for the SGFs, but due to the fact that these
structures are very sensitive to the formation of plastic hinges, it is
necessary to investigate their behavior in the nonlinear region and it
seems that the use of incremental dynamic analysis (IDA), which con-
sists of a large number of nonlinear time-history analyses under a set of
ground motion records, is a good option for them. On the other hand,
ground motions and their effects on structures are probabilistic
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inherently. Accordingly, adopting probabilistic approaches to estimate
the expected response of structures under future ground motions is more
emphasized. In this regard, performance-based earthquake engineering
(PBEE) is a well-known technique for incorporating probabilistic pa-
rameters in the seismic assessment of new and existing structures [1]. To
this aim, PBEE uses the probabilistic seismic demand analysis (PSDA) to
calculate the mean annual frequency (MAF) of exceeding a response
parameter for a given structure at a designated site. Various sources of
uncertainty (e.g., record to record uncertainty, etc.) can be incorporated
into this analysis [2,3].

Considering the fact that the steel gabled structures are classified as
lightweight structures, in most cases, not only their horizontal compo-
nent of earthquake but also their vertical component is disregarded.
However, upon an increase in the SGF span, structural mass significantly
increases. Consequently, the vertical ground motions can cause large
inertial forces in the structural members. Hence, the study of the seismic
performance of wide-span SGFs under such ground motions is of great
importance due to the heavy cost of industrial equipment and the sig-
nificant number of people working in these structures and is a key issue
in any high seismic zone.

Intense vertical ground motions have been observed in earthquakes
occurring in the previous decades [4-7] and destructive effects have
been reported for such motions [8]. Significant damage to the piers of a
bridge [9,10], brittle failure of reinforced concrete columns [11],
decreased shear capacity of vertical structural members [12,13], and
even collapse of structures [14] are some possible effects of the vertical
ground motions. According to reports, in bridges, it may lead to
pounding and vertical separation of girder from bearing. Moreover,
increasing axial forces in piers and damage to decks are other possible
outcomes mentioned in the literature [15,16]. Some recent studies on
the conventional frame structures have indicated that the vertical
component of earthquake can change the structural collapse mecha-
nisms [17] as well as increase the vertical acceleration demands of the
column lines and beam deformation demands [18,19]. Moreover, the
destructive and undesirable effects of the vertical component of earth-
quake on the base-isolated systems in conventional structures were
investigated [20,21]. Research has shown that the vertical component of
earthquake increases the nonlinear vertical displacement [22] and the
demand/capacity ratio [23] in masonry structures. The destructive
impact of the vertical component of earthquake on the tanks has also
been addressed [24,25]. It has been reported that the vertical compo-
nent of earthquake leads to a significant rise of the axial force in the
central columns and even collapse of the underground structures
[26,27]. Further to the above-mentioned researches, many numerical
and experimental studies have highlighted the structural damages due to
the effects of the vertical component of earthquake.

Given that steel gabled structures are considered to be light struc-
tures, almost all studies have disregarded the effects of Soil-Structure
Interaction (SSI). However, it is noteworthy that when a structure is
implemented in soft soil, SSI may exert a significant influence and even
lead to instability of the structure. Hence, considering SSI can help
achieve a better understanding of the investigations into the behavior of
such structures.

Research dealing with SSI has been extensively conducted since the
1970s [28-31]. Such studies have pointed to the significant changes in
the seismic performance of bridges under the SSI effect [32-34].
Furthermore, incorporating SSI in conventional buildings in soft soil can
lead to a meaningful increase in the structural response [30,35]. In some
recent investigations, incorporating SSI in towers has led to increasing
residual settlements [36], natural period and overall deformation of the
structure [37] so that the most important factor in lengthening their
natural period is the rotation of the foundation [28]. Moreover,
considering SSI in nuclear reactors increases the fundamental period
[38,39] and raises the roof drift demand of the structure [40]. In wind
turbines, incorporating SSI enhances the background response [41] as
well as leads to horizontal acceleration and displacement increase at the
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top of the nacelle [42].

Although a review of the literature corroborates the destructive ef-
fects of the vertical component of earthquake and SSI 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 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 with and without consideration of the ver-
tical component of earthquake as well as SSI. The results will be pre-
sented in the form of multi-record IDA curves, summarized IDA curves,
fragility curves, and PSDA curves. A general flowchart for the present
research is given in Fig. 1. Also, the major advantages of this study are
the following:

1. Presenting the multi-record IDA curves for the SGFs for the first time;
2. Evaluation and comparison of the effect of the vertical component of
earthquake and SSI on the seismic behavior of SGFs from the linear
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Fig. 1. General flowchart of the present study.
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region up to the collapse level with the help of multi-record IDA
curves;

3. Presenting the summarized IDA curves for the SGFs for the first time;

4. Evaluation and comparison of the effect of the vertical component of
earthquake and SSI on the dynamic capacity of SGFs with the help of
summarized IDA curves;

5. Presenting the fragility curves for the SGFs for the first time;

6. Evaluation and comparison of the effect of the vertical component of
earthquake and SSI on the failure probability of SGFs with the help of
fragility curves;

7. Presenting MAF for the SGFs for the first time;

8. Evaluation and comparison of the effect of the vertical component of
earthquake and SSI on the MAF of SGFs; and

9. Presenting the PSDA curves for the SGFs for the first time, which can
form a basis for the estimation of the probabilistic seismic demand
and performance-based design of such structures.

2. Geometrical specifications of the studied models
2.1. Structure

In the present paper, four 2D SGF models are utilized with different
spans and heights to analyze and investigate the effects of the vertical
component of earthquake and SSI. The span width of models A, B, C and
D are 20, 20, 60 and 60 m, respectively, and their column heights are 6,
12, 6 and 12 m, respectively. The geometric characteristics of the
studied models are shown 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 (I;) are characterized by non-prismatic members, while the
rest of the length of the rafters up to the ridge is prismatic. In addition,
the slope of the roof is considered at 20%. The foot of the columns enjoys
hinge support.

The used steel was of ST37 type with the elasticity modulus of
2.039E+10 kgf/m?. In all of the studied models, an ordinary moment
frame was incorporated as the lateral force resisting system. The loca-
tion for modeling was assumed to be Tehran, Iran, a high seismic zone.
The gravity loads applied to the studied models 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 [43] 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 [44,45]. Upon
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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. It is worth mentioning that in the shoulder, the dimensions of
the flange and the web were determined in such a way that the section
was compact.

2.2. Infrastructure (footing and soil)

Shear wave velocity at the top 30 m (Vg3p) in northern Tehran is
>760 m/s (class A and B soils), while it is between 180 and 360 m/s in
the south (class D soil) [46,47]. Since the influence of SSI is more evident
on soft soil, in the present paper, the soil beneath the footing of the
structure is considered to be of class D. Accordingly, silty sand with the
properties given in Table 2 is chosen for the analyses [48].

The elasticity modulus of concrete is assumed equal to 22 GPa and
the footing is designed through the limit state method on the basis of ACI
318-14 code [49]. Section dimensions of the footing are given in
Table 3.

3. Nonlinear modeling

For nonlinear modeling and analyzing the soil, footing, and struc-
tural systems, the OpenSees software [50], an open-source software
utilized in the simulation 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 and
nonlinear behaviors of structural systems. The following sections of the
present study discuss the modeling of soil, footing, and structural sys-
tems in detail.

Table 1

Section dimensions of the rafter and column members.
Component Model A Model B Model C  Model D
Column web height at top (m) 0.8 1 1.5 1.5
Column web height at bottom (m) 0.3 0.3 0.3 0.3
Rafter web height at ridge (m) 0.4 0.5 1 1
Rafter web height at eave (m) 0.8 1 1.5 1.5
Web thickness (m) 0.008 0.01 0.014 0.014
Flange thickness (m) 0.01 0.012 0.018 0.02
Flange width (m) 0.18 0.24 0.34 0.4

Slope=20%

=102m -
1= Slope=20% ’,\Z;n
& &
0 0
- Span=20m - Span=60m
(a) (c)
Slope=20%
~102m _
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E g
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(b) (d)

Fig. 2. Geometrical dimensions of (a) model A, (b) model B, (c) model C and (d) model D.
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Table 2
Soil properties [48].
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Unit weight (kN/m>) Friction angle Shear modulus (MN/m?) Poisson’s ratio Cohesion (kN/m?) Radiation damping Tension capacity
18 36° 50 0.35 5 0.05 0.1
Table 3 Table 4
Section dimensions of the footing. Specifications of prismatic microelements.
Model A Model B Model C Model D Part Model A Model B Model C Model D
Length (m) 1.2 1.2 3.2 2.4 Ahg (m) I 0.02 0.02 0.02 0.02
Width (m) 1.2 1.2 3.2 2.4 I 0.02 0.02 0.02 0.02
Height (m) 0.6 0.6 1.6 1.2 11 - - - -
lo (m) I 0.24 0.34 0.10 0.20
I 0.10 0.08 0.24 0.24
3.1. Structure 111 0.25 0.20 0.60 0.60
no I 2x25 2% 35 2 % 60 2 % 60
. . I 2 x 20 2x25 2x25 2x25
. OPenSees was employed in the 2D modeling of the structures. For the - 2% 33 2% 41 2% 41 2% 41
first time a model of SGFs with web-tapered members was developed Ppo (kgh) I 86.4 122.4 36.0 72.0
using prismatic microelements with variable height on the OpenSees i 36.0 28.8 86.4 86.4
platform. For modeling the viscous damping, Rayleigh damping was 1 90.0 72.0 216.0 216.0
adopted [51]. In order to transfer the stiffness and resisting force of the Pso (kgh) il ;8 8 ;7 1 141 5 141 5
rafter from the basic system to the general coordinate system in a totally I 147.1 117.7 353.0 353.0

accurate way through geometric transformation, the corotational
transformation was applied. The nonlinear behavior of the materials in
the rafters and columns was modeled using a nonlinear beam-column
element with distributed plasticity. To this aim, in the OpenSees mate-
rials library, steel01 material with kinematic hardening of 0.02 was
selected and the fiber section was assigned to the rafter and column
elements, which using defined nonlinear materials enables the non-
linearization of all the components of such sections. This material has a
bilinear backbone curve with a post-yield stiffness expressed as a pro-
portion of the initial modulus of elasticity of the steel and accounts for
the Bauschinger effect. Also, since the vertical component of earthquake
is investigated in this study, due to changes in the axial force of the el-
ements, it is necessary to consider the axial force-moment interaction,
which using the fiber method seems to be a good option. In addition,
shear deformations are also accounted for. It should be noted that
deterioration in the elements can be modeled using the plastic hinge
models accepted by guidelines such as FEMA 356 [52], but at present the
relationships of this method exist only for prismatic elements. Also, in
the fiber method, the parameters related to the cyclic deterioration of
materials for non-prismatic elements in order to accurately predict the
deterioration of these types of elements are not currently developed in
the literature. Therefore, since the relationships and parameters repre-
senting the deterioration of non-prismatic elements in the literature
have not been developed at present, there is no choice but to use the
fiber method with steel01 material. Deterioration is generally classified
into overall and local buckling modes. Note that the deterioration of a
non-prismatic element is not merely related to the cyclic deterioration of
material. Hence in this study the overall buckling is considered using
corotational transformation. Also, to prevent local buckling, compact
sections were used (see Table 1) in which the deterioration due to local
buckling was negligible. Also, the ultimate strain of the steel in the
critical fibers was controlled so that it did not exceed the ultimate limit.

In modeling the non-prismatic elements of the rafters and columns,
prismatic microelements with different heights were employed and six
integration points were considered for each microelement. To develop
the SGF model and perform gravity loading in OpenSees platform, the
rafter and column members were divided into two parts and one part,
respectively. Each part has its own characteristics of prismatic micro-
elements and gravity loading, i.e., height difference between the two
sections of microelements (Ahyp), length of microelements (Ip), number of
microelements (ng), point dead load of microelements (Ppp) and point
snow load of microelements (Psp), which their values are presented in
Table 4. It should be noted that in the prismatic area of the rafters,

microelements with a length of 2.5l ;; 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. For a better understanding, the schematic view of
Model D with non-prismatic elements and uniform distribution of
gravity loads (initial model) is shown in Fig. 3(a) and with prismatic
microelements and concentrated gravity loads (final model) in Fig. 3(b).
Also, Fig. 3(c) illustrates the deformations created in model D under
gravity loads. As shown in Fig. 3(c), the SGF model developed in
OpenSees, in addition to considering drifts of the member ends (A), the
local deformation relative to the member chord between the end nodes
(8) is also incorporated, where the rafter has double curvature and the
column has single curvature.

3.2. Infrastructure (footing and soil)

A great body of research has been devoted to developing analytical
models for SSI. Such studies may be classified into three general types,
which are the finite-element methods, macro model formulations, and
Winkler-based methods [53-57]. Among the mentioned analytical
models, the Winkler-based methods have drawn the particular attention
of scholars for their easy usability and high computational efficiency. In
the present study, the modified beam on the nonlinear Winkler foun-
dation (BNWF) model adjusted by Raychowdhury [58] was employed to
incorporate the SSI effects, and for the first time, this method was
developed in the OpenSees platform for the SGFs, shown in Fig. 4. The
accuracy of this modeling is good in simulating nonlinear SSI with 2D
problems.

As Fig. 4(a) indicates, the footing is considered as an elastic beam
element in the BNWF model and the SSI is modeled with a limited
number of springs. Three zero-length spring types are in this model. In
the first type, in order to model the vertical (uplift and settlement)
resistance of the footing, springs in a vertical array are determined with
the QzSimple2 material (q-z spring). The passive resistance of the soil in
front of the footing is simulated by the second type, in which the
PxSimplel material is considered for the springs (p-x spring). Finally,
TxSimplel material is adopted for the springs in dealing with the sliding
resistance of the soil underneath the footing (t-x spring).

The constitutive model of the zero-length element used in the BNWF
method is illustrated in Fig. 4(b). As observed, it is comprised of three
components. A drag and a closure spring are contained in component 1,
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Fig. 3. Schematic representation of model D: (a) initial model, (b) final model developed in OpenSees and (c) deformations created under gravity loads.

a spring with plastic behavior in component 2, and a spring with elastic
behavior connected to a damper parallelly in component 3 in order to
simulate the far-field soil domain. The supporting soil medium includes
(a) a near-field domain adjacent to the footing where the geometrical, as
well as material non-linearity, is wholly incorporated because of SSI and
(b) a far-field domain that is far enough from the footing with negligible
impact of SSI non-linearity. In short, the QzSimple2, PxSimplel and
TxSimplel material models are in fact sets of springs in series repre-
senting the far-field and near-field behavior of the soil-structure systems.
Hysteretic behavior of the QzSimple2, PxSimplel and TxSimplel material
models is shown in Fig. 4(c).

The stiffness intensity distribution along the length of the BNWF
model depends on the type of structural support. In conventional
buildings, which usually have fixed supports, to achieve the given
rotational stiffness of the footing, the non-uniform stiffness intensity is
distributed along the length of the BNWF model. Based on the recom-
mendations of Harden and et al. [59] and ATC-40 [60], the ratio of the
stiffness intensity at the end regions of the footing to that of the mid
region should be larger than 1 (i.e., Rk = kend / kmig > 1). In this case, all
modes of the footing movement (sliding, settling and rocking) are active
under earthquake loading. Fig. 5(a) shows the BNWF mesh discretiza-
tion with variable stiffness intensity for conventional buildings with
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Fig. 4. BNWF method developed in OpenSees for SGFs: (a) schematic representation of BNWF model, (b) constitutive model of the zero-length element and (c)

hysteretic behavior of material models.

fixed supports. On the other hand, in SGFs that usually have hinge
supports, given the lack of rocking of the footings (transitional perfor-
mance of the footings), the rotational stiffness of soil springs should be
ignored and the uniform stiffness intensity is distributed along the
length of the BNWF model. In this case, the transition modes of the
footing movement (sliding, settling) are active under earthquake
loading, but the rocking mode is inactive. Fig. 5(b) shows the BNWF
mesh discretization with uniform stiffness intensity developed for SGFs
with hinge supports. The BNWF mesh parameters for the studied SGFs
are presented in Table 5.

Here, an attempt is made to briefly describe the general hysterical
behavior of these material models and their calibration. As mentioned
by Bolanger [61], QzSimple2 material applied to vertical springs has an
asymmetric hysterical behavior under compression and tension. In the
elastic portion, the instantaneous load q is assumed to be linearly pro-
portional with the instantaneous displacement z through the initial
elastic (tangent) stiffness Kj, as expressed in Eq. (1):

q= K.z (€D)]

The range of the elastic portion is defined by Eq. (2):

9 = Cqu (2)
where qg is the load at the yield point, C, is the parameter controlling the
range of the elastic portion, and gy is the ultimate load.

In the nonlinear (post-yield) portion, the backbone curve is described

by Eq. (3):

n

€Zs0
—g — _ L 3
9= qur — (9un — 90) {cz50+|z"fzf,d (3

where 25 is the displacement at which 50% of the ultimate load is
mobilized, 2{ is the displacement at the yield point, 2° is the displace-
ment at any point in the post-yield portion, and ¢ and n are the consti-
tutive parameters controlling the shape of the post-yield portion of the
backbone curve. The expressions governing both PxSimplel and
TxSimplel are quite similar to Egs. (1)-(3), with variations in the con-
stants n, ¢ and C,, which control the general shape of the curve.

It is obvious from Eqgs. (1)-(3) that response of nonlinear spring el-
ements is controlled by g, and 25 for a particular type of soil, where zs¢
can be correlated with initial stiffness and strength parameters, as
expressed in Eq. (4):

Quit
X, ()]

250 = Fg

where Fy is a calibration factor determined for a given soil type by the
results of several shallow foundation tests [58].

In the present study, the bearing capacity of the footing is deter-
mined using the equations proposed by Terzaghi [62], as follows:

9. = CNCFCSFMF”‘ + }’DquFququq,' + O.SYBN},F},SFWF”' (5)

where the gy is the ultimate vertical bearing capacity per unit area of
footing, ¢ the cohesion, y parameter denotes the unit weight of soil; ¢
represents the soil cohesion; Dy and B indicate the depth of embedment
and the width of footing, respectively; and (Fcs, Fys, Fgs), (Fed, Fqds Fgd),
and (F, Fy;, Fg) parameters denote the shape, depth, and inclination
factors, respectively, defined by Meyerhof [63]. Bearing capacity fac-
tors, Ny, N. and N are calculated by [63-65], respectively. These are as

follows:
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Fig. 5. BNWF mesh discretization: (a) variable stiffness intensity for conventional buildings with fixed supports [59,60] and (b) uniform stiffness intensity developed

for SGFs with hinge supports.

Table 5
BNWF mesh parameters for the studied SGFs.

Parameters Value

Stiffness intensity ratio, Rk = Kend / Kmid 1
End length ratio, R = Leng / L -
Spring spacing, Se = l. / L 2%

Ny = (N, —1)tan(1.4¢) (6)

N, = tan® (45" +§’)e”'""¢ @)

N, = (N;—1)cotd ®

where ¢ is the effective friction angle.
The vertical and lateral stiffness of the footing (K, and Kp) are
calculated by Gazetas equations [66]:

I B\ 075
K, = % 0.73+1.54 (Z) 9
GL B 0.85
K, = 2, 2+2.5<Z) (10)

where G and v are the shear modulus and Poisson’s ratio of soil, and B
and L are the width and length of the footing.

In the nonlinear portion of the backbone curves, the post-yield
tangent stiffness, k;, of the footing is calculated from Eq. (11) [58]:

k — (G — ‘Io)(CZSnOE1 an
(czso —z0 +2)

By incorporating the homogeneous backfill against the footing, for p-
x spring element (PxSimplel material), the passive resistance, p,, acting
on the front side of the embedded footing can be calculated using a
linearly varying pressure distribution as follows [58]:

Pur = 0.5yDIK, (12)

where Kj, is the passive earth pressure coefficient.

Using the classical Mohr-Coulomb failure criteria and ignoring fric-
tion on the sides and front of the footing, the total sliding (frictional)
resistance, ty, for t-x spring element (TzSimplel material) can be
determined as the shear strength between the soil and the footing by Eq.
(13) [581:

ty = Wgtané +Apc a3)

where W is a vertical force applied to the footing, 6 is the friction angle
between soil and footing (1/3¢ < 6 < 2/3¢), and Ay, is the footing area (L
x B).

Further information about the BNWF model can be found in
Ref. [58]. According to Egs. (1)-(13), parameters of g-z, p-x, and t-x
springs (QzSimple2, PxSimplel and TxSimplel materials, respectively)
are determined and are presented in Table 6. As mentioned, the ultimate
capacities of the g-z, p-x and t-x springs are respectively indicated by g,
Pulr and ty. In addition, 250, x50, and xtso stand for the displacement of
springs in both vertical and lateral directions with 50% of the load ca-
pacity in the respective directions.
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Table 6
Parameters of q-z, p-x, and t-x springs.
Model q-2z spring p-x spring t-x spring
Name
Quit 250 Puit Xs0 tuie Xtso
(kN) (mm) (kN) (mm) (kN) (mm)
A 54 18.01 29 0.10 63 0.78
B 54 18.01 29 0.10 77 0.97
C 1008 118.02 454 0.53 226 1.00
D 373 62.82 176 0.29 218 1.36

4. Validation of the studied models

Since there was no similar laboratory reference for the nonlinear
models developed in OpenSees software, they were compared in three
steps by modal, pushover, and nonlinear time-history analyses with the
results of SAP2000 [67], a software tool that has been shown to provide
reliable nonlinear structural response estimates. 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 OpenSees. The results obtained by both pieces of
software were compared for the mentioned three types of analysis. As
mentioned before, validation of models located on flexible substrates by
the BNWF method is presented in Raychowdhury’s report in Ref. [58].
As a result, in this section, only validation of the nonlinear behavior of
models located on the rigid substrate is provided.

4.1. Modal analysis

Validation of models by the modal analysis was gone through with
the aim of comparing the dynamic properties such as the first-mode
period (fundamental period) of the structure in the OpenSees and
SAP2000 software. The fundamental periods of the models located on
rigid substrate in the modal analysis by the mentioned software are
represented in Table 7. To compare the mentioned periods on rigid and
flexible substrates, the fundamental periods of the models implemented
on the flexible substrate in association with the modal analysis were
determined in OpenSees software, as given in Table 7.

As observed in Table 7, the percentage of error between the funda-
mental periods in both pieces of software is negligible, proving the ac-
curate modeling of SGFs in the linear region. Also, it was observed that
consideration of SSI leads to a slight increase in the fundamental period
of Models A, B, C, and D, equal to 0.22, 0.13, 0.32, and 0.15%,
respectively.

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. 6 illustrates diagrams for the drift to the base
shear (pushover curves) derived from the pushover analysis for model D
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. Due to the greater criticality of

Table 7
Fundamental period of the studied models.

Model Name Base OpenSees (sec) SAP2000 (sec) Error (%)
A Fixed 0.896 0.884 1.35

B Fixed 1.533 1.513 1.32

C Fixed 0.626 0.618 1.29

D Fixed 1.312 1.298 1.08

A Flexible 0.898 - -

B Flexible 1.535 - -

C Flexible 0.628 - -

D Flexible 1.314 - -
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Fig. 6. Pushover curve for model D.

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.

According to the pushover curves of Fig. 6, 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 of a small number of plastic hinges, instability occurs in this type
of structure, as can be clearly seen in Fig. 6. Of note, due to the specific
geometrical characteristics of SGFs (sloping beams), gravity loads would
induce an initial negative drift in the shoulder. In addition, the existence
of hinge supports would intensify the mentioned negative drift, as can be
clearly seen in Fig. 6.

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. 7, results for the nonlinear time-history analysis for
model D using the Imperial Valley-06 earthquake record at the Bonds
Corner station with a peak ground acceleration (PGA) of 0.78 g are
provided in the form of horizontal 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 analyses under a set of ground motion records,
the most important step of the validation belongs to this part.

As can be seen in Fig. 7, the dynamic properties and the nonlinear
behavior of the structure are almost identical with a slight difference in
both pieces of software, which indicates the correct coding and accurate
modeling in the OpenSees platform. As mentioned earlier, SFGs expe-
rience a static displacement in the initial state due to gravity loads. After
incorporating the ground motion records, the absolute maximum
displacement for SFGs involves initial static displacement resulting from
the gravity loads plus maximum dynamic displacement resulting from
the ground motion records.

5. Earthquake records selection

Since the dynamic response of a system is highly dependent on the
earthquake records, an appropriate number of records must be selected
to cover the response range of the structure. For this purpose, FEMA
P695 [68] has introduced a set including 22 pairs of far-field records and
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Fig. 7. Horizontal displacement time-history curve corresponding to the shoulder node for model D.

28 pairs of near-field records. With reference to the 28 pairs of near-field
records, 14 pairs of records are identified as pulse-like. This set covers a
wide range of moment magnitude (My) between 6.5 and 7.9 and the
closest distance from the recording site to the ruptured area (Ryyp) is up
to about 25 km. Criteria such as the source magnitude, source type, site
conditions, source-to-site distance, the intensity of a seismic event, and
the quality and reliability of the recording process are included in this
selection. More information on this set of records and their selection is
available in Appendix A of FEMA P695. Furthermore, according to
Shome and Cornell [69], the use of 10 to 20 records often leads to
acceptable accuracy in damage demand estimation. Accordingly, in this
study, 20 records in FEMA P695 were selected from the PEER-NGA
database [70] with the tectonic characteristics of Class D soil (similar
to the background soil assumed). Out of every record, only one hori-
zontal component with more PGA was used in conjunction with the
vertical component. The details of the selected records are given in
Table 8. Also, their elastic response spectrum was created by Seismo-
signal software [71].

6. IDA analysis
6.1. Overview

As described in Section 4.3, IDA analysis includes a large number of
nonlinear time-history analyses under a set of ground motion records.
These records are scaled in such a way that they can cover the range of
linear and nonlinear behaviors as well as the collapse of a structure. The
scale factor of records is defined as a multiplication of the intensity
measure (IM) from a very low level to a high level at which the collapse
of the structure occurs. Also, the damage measure (DM) is recorded in
each analysis. The diagram of DM against IM values on the basis of

which the ground motion records are scaled is called the IDA curve.

6.2. IM and DM selection

In the IDA analysis, an important part is selecting the proper IM and
DM. Selecting an appropriate IM reduces the statistical dispersion of the
IDA analysis data. The selection of the appropriate DM should be based
on the expected performance of the structure as well as its dominant
failure mechanism. In the present paper, the 5% damped first-mode
spectral acceleration (Sa(T1,5%)) and the absolute maximum drift
angle (Op,ax) were selected as IM and DM, respectively.

6.3. Performance levels

One of the methods of determining the structure performance cor-
responding to the specified level of damage and a given limit of the
structure capacity before collapse is employing a criterion that shows
the limit state of its behavior; when the behavior of a structure crosses
the criterion, a limit state occurs and the structure enters a new region.
In the present research, based on FEMA 356, three performance levels (i.
e., limit states) of Immediate Occupancy (I0), Life Safety (LS) and
Collapse Prevention (CP) with the O« values of 0.7, 2.5, and 5% were
selected, respectively.

6.4. Multi-record IDA curves

Multi-record IDA curves well demonstrate the structural behavior
from the linear region to the collapse of a structure for a set of records
selected based on the desired properties. The multi-record and sum-
marized IDA curves for the studied SGFs are shown in Fig. 8. As
described above, given the particular geometrical characteristic of SFGs,

Table 8
Selected records for IDA analysis.

No. Event Station M,y Rryp (km) Vs3o (m/s) PGAv/u,max Record set Pulse
1 Duzce Turkey Bolu 7.14 12.04 293.57 0.248 Far-field No
2 Loma Prieta Capitola 6.93 15.23 288.62 1.087 Far-field No
3 Chi-Chi Taiwan CHY101 7.62 9.94 258.89 0.417 Far-field No
4 Landers Coolwater 7.28 19.74 352.98 0.424 Far-field No
5 Imperial Valley-06 Delta 6.53 22.03 242.05 0.407 Far-field No
6 Loma Prieta Gilroy Array #3 6.93 12.82 349.85 0.613 Far-field No
7 Superstition Hills El Centro Imp. Co. Cent 6.54 18.20 192.05 0.358 Far-field No
8 Northridge-01 Canyon-W Lost Cany 6.69 12.44 325.6 0.641 Far-field No
9 Northridge-01 Beverly Hills-Mulhol 6.69 17.15 355.81 0.667 Far-field No

10 Kobe Japan Shin-Osaka 6.90 19.15 256.00 0.289 Far-field No

11 San Fernando LA-Hollywood Stor FF 6.61 22.77 316.46 0.730 Far-field No

12 Northridge-01 Rinaldi Receiving Sta 6.69 6.50 282.25 1.099 Near-field Yes

13 Duzce Turkey Duzce 7.14 6.58 281.86 0.671 Near-field Yes

14 Imperial Valley-06 El Centro Array #6 6.53 1.35 203.22 4.167 Near-field Yes

15 Imperial Valley-06 El Centro Array #7 6.53 0.56 210.51 1.235 Near-field Yes

16 Erzican Turkey Erzincan 6.69 4.38 352.05 0.474 Near-field Yes

17 Chi-Chi Taiwan TCU065 7.62 0.57 305.85 0.333 Near-field Yes

18 Imperial Valley-06 Bonds Corner 6.53 2.66 223.03 0.685 Near-field No

19 Imperial Valley-06 Chihuahua 6.53 7.29 242.05 0.885 Near-field No

20 Kocaeli Turkey Yarimca 7.51 4.83 297.00 0.752 Near-field No
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gravity loads create an initial negative Op,ax in the shoulder, which in-
tensifies due to the existence of hinge supports and appears positive in
the IDA curves due to its absolute value. This can clearly be observed in
Fig. 8.

As can be seen in Fig. 8, considering the combined effect of the
horizontal and vertical components (shown in Figs. with H&U) increases
the stiffness changes in the nonlinear region of the structure and is
absolutely influential on data dispersion and demand sensitivity, as a
result of which the linear region has been reduced relative to incorpo-
rating the horizontal component alone (shown in Figs. with H). In
addition, by considering both the horizontal and vertical components,
most records bring the structure to the CP performance level at lower
intensities and the structure exhibits a softening behavior, which is
clearly visible in all models. Moreover, SSI has not exerted much change
in the behavior of SGFs under different records compared with the rigid
substrate state.

6.5. Summarized IDA curves

Multi-record IDA curves indicate a large difference between one re-
cord 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 [72].

According to Fig. 8, when the horizontal and vertical components are
applied simultaneously, the obtained dynamic capacity values from the
summarized IDA curves for the SGFs with various spans and heights
clearly indicate different seismic performance compared to incorpo-
rating only the horizontal component. In the 50% IDA curves at the CP
performance level, considering the vertical component of earthquake
reduces the dynamic capacity of Models A, B, C and D by 11, 8, 22 and
28% and in the 84% IDA curves, which is used for important structures,
the reduction is 18, 3, 29 and 28%, respectively, so that the amount of
reduction in dynamic capacity at the LS and IO performance levels be-
comes less significant. Furthermore, incorporating SSI into all perfor-
mance levels exerts an insignificant effect on the dynamic capacity of
SGFs compared with the rigid substrate status, so that on average, with
the 50% and 84% IDA curves at all performance levels, Models A, B, C
and D experience 1, 0, 4 and 2% increase in the dynamic capacity,
respectively. However, the effect of SSI on the dynamic capacity of SGFs
is almost constant at all performance levels.

7. PSDA
7.1. Overview

PSDA is an approach to calculating the MAF (annual probability) of
exceeding a specified seismic demand for a given structure at a desig-
nated site. This method integrates the IM hazard curve for the study
region, which is calculated by probabilistic seismic hazard analysis
(PSHA), into the results of a nonlinear dynamic analysis of the structure
under the influence of a group of ground motion records. It is in fact an
application of the total probability theorem as the base for the PSHA
method. Using DM and IM, PSDA is expressed mathematically in Eq.
(14) [731:

o) = [ G (y\x>|dm(x>| a4

where Apy(y) denotes the MAF of DM exceeding the value y (DM haz-
ard); likewise, Ap(x) is the IM hazard and dip(x) is its differential at x.
In simplistic terms, dip(x) is the annual probability of observing a
particular value of IM. The term Gppn(y/x), which is usually calculated
using the results of nonlinear dynamic analysis under a series of ground
motion records, denotes the probability of DM exceeding the value y
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given that IM equals x. It should be noted that the term Gppn(y/x) refers
to the uncertainty of structural demand at a particular level of IM due to
differences among earthquakes.

With structural capacity information, the results of PSDA (i.e., Appp)
can be used to calculate the MAF of exceeding a specified limit state (e.
g., the CP limit state), often referred to as an annual limit state fre-
quency. The MAF of exceeding a specified limit state, denoted by 1y, is
expressed by Eq. (15) [73]:

Ars = /GLS|DM(,Y)~|KMDM(,Y)| (15)

where dipy(y) denotes the differential of DM hazard; in effect, it is the
annual probability of observing a particular value of DM. The term
Grsipm(y) denotes the probability of exceeding a specified limit state,
given that DM equals y. The MAF of exceeding a specified limit state, by
expansion Eq. (2), is reached by Eq. (16) [72]:

dAy

M dIM

IM=+c0
s = / FIM™S|IM). a6

IM=0

where the quantity in the absolute value is the IM hazard gradient and F
(IM*S1IM) is the cumulative distribution function (CDF) of the IM value
of a specified limit state. To calculate g, first, the CDF of the IM value of
a specified limit state, called the fragility curve, should be obtained.
Then, having the IM hazard gradient of the study region in hand, Eq.
(16) can be easily calculated by the numerical integration method.

7.2. Fragility curves

In order to derive the probability of exceeding a specified limit state
from the outputs of IDA analysis, diagrams called fragility curves are
used. To draw these diagrams, first, the IM values corresponding to a
specified limit state are arranged in descending order for all records.
Then, the probability of exceeding the limit state in the structure is
calculated for values less than or equal to the given IM, which is a CDF,
and its diagram is plotted against IM. These curves indicate the proba-
bility of exceeding a specified limit state for each IM level, regardless of
the IM hazard in the study region, provided that the IM is limited to the
given level. The fitted fragility curves for the studied SGFs at the IO, LS
and CP limit states are shown in Fig. 9.

Fig. 9 clearly shows the difference between fragility curves for the
SGFs with different spans and heights when the horizontal and vertical
components are applied, simultaneously, and when only the horizontal
component is considered. As observed, at the CP performance level,
considering the vertical component of earthquake in all models, espe-
cially in Models C and D (wide-span SGFs), increases the failure prob-
ability at any intensity. At the LS performance level, it is seen that
considering the vertical component of earthquake in all models in-
creases the failure probability at low intensities and vice versa. The
mentioned reduction in the failure probability at high intensities may be
due to the opening of SGFs by the vertical acceleration of earthquake in
the downward direction (from top to bottom) and the positive horizontal
displacement created in the shoulder by the horizontal acceleration of
earthquake in the positive direction (from left to right). Concurrency of
the two reduces the horizontal displacement in the shoulder, which due
to the fact that the earthquake excitations are cyclic, the opposite occurs
similarly. Otherwise, considering the vertical component could increase
the horizontal displacement in the shoulder. Hence, in case the vertical
component is considered, greater data dispersion is expected and
consequently, the slope of the fragility curve decreases, which indicates
greater uncertainty. According to the observations, at the IO perfor-
mance level, the influence of incorporating the vertical component of
earthquake on the failure probability is negligible in models A and B,
while it cannot be overlooked in models C and D. This low failure
probability at the IO performance level may be due to the initial static
displacement that causes SGFs to experience this performance level at
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very low earthquake intensities, especially when they have a short span.
In addition, it is seen that considering the vertical component of earth-
quake at all performance levels, on average, leads to enhancing the
uncertainty and accelerates the damage of SGFs (inverse the slope of the
fragility curve), especially when they have wide spans. Also, considering
SSI at all performance levels, on average, leads to a slight reduction in
the failure probability of SGFs, especially when they have wide spans.
However, the effect of SSI on the failure probability of SGFs at all per-
formance levels is almost constant.

7.3. IM hazard curves

In order to calculate the MAF of the limit states using numerical
integration from Eq. (16), in addition to having fragility curves, it is
necessary to determine the IM hazard gradient. However, in order to
calculate the IM hazard gradient, PSHA for the study region is required.
By determining the simplified uniform hazard spectra with 75-year, 475-
year and 2475-year return periods (Tgr.7s, Tr-475 and Tg.247s5, respec-
tively) for the study region, the estimation of the IM hazard gradient is
easily achievable, which is discussed in detail below. The IM hazard
curve is expressed by a second-order polynomial in a log space in Eq.
(17) [74]:

Ayt = ko exp(— kyInIM — kyIn*IM) a7
with ki, ko > 0 and kg > 0, the latter indicating the (local) hazard cur-
vature. The unknown parameters ko, k; and kg need to be calculated in
order to determine the IM hazard curve. To this end, the following steps
need to be taken. First, the simplified uniform hazard spectra with Tg_7s,
Tr.475 and Tg_475 for Class D soil are obtained using Ref. [75] for 22
different regions of Tehran (see Fig. 10). Second, the average of the
mentioned spectra is calculated for 22 different regions of Tehran (see
Fig. 10). Third, the spectral accelerations corresponding to the funda-
mental period of the studied models are determined using the average of
simplified uniform hazard spectra with Tg.7s, Tr.475 and Tg.2475 (Says,
Sasys and Saggys, respectively) for 22 different regions of Tehran (see
Table 9). Fourth, A is considered equal to the inverse of Tgr 75, Tr.475
and Tg.247s, and IM is equal to the Says, Sasys and Sagsys. Keeping the
above in mind, Eq. (4) can be rewritten into the following form:

1
T = ko EX[)( - kllnSa75 - kzanSa75)
R-T75
1
o= ko exp( — k1InSags — kyln*Sags) (18)
R—475
1
To = ko exp( — k1InSazis — kzin*Sazys)
R—2475

By solving the three-equation and three-unknown system in Eq. (18),
the unknown parameters kg, k; and ko are calculated (see Table 9).

21 Simplified uniform hazard spectra
1.8
15 | single spectra,Tg , 75

single spectra, Ty 45

1.2 single spectra, Ty ;5

o ——average spectra, Ty , s
——average spectra, Ty 475

0.6 | ——average spectra, Ty 5

Spectral acceleration (g)

M — T
0 ! 1 L . ’ n N T T =
0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3
Period (sec)

Fig. 10. Single and average simplified uniform hazard spectra with Tg 2475 and
Tr.475 and Tg.ys for 22 different regions of Tehran.
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Table 9

IM hazard curve parameters.
Parameters Model A Model B Model C Model D
Sagays 0.916 0.396 1.319 0.513
Sagrs 0.463 0.200 0.670 0.259
Says 0.180 0.078 0.261 0.101
ko (1.E-05) 32.058 2.875 82.000 6.250
k1 2.667 3.112 2.474 2.988
k2 (1.E-01) 2.864 2.777 2.973 2.834

Having the values of ko, k; and kj, the IM hazard curve and the IM
hazard gradient for the studied SFGs are determined. Due to the almost
identical fundamental periods of the models located on rigid and flexible
substrates, the IM risk curve and the IM risk gradient are both quite
similar.

7.4. MAF of the limit states

Using the fragility curves and the IM hazard gradient of the study
region given in Sections 7.2 and 7.3, respectively, numerical integration
from Eq. (16) was performed. The MAF values for the studied SGFs at the
10, LS and CP limit states are shown in Fig. 11. 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.

As clearly indicated in Fig. 11, the MAF values for the SGFs with
various spans and heights when the horizontal and vertical components
are applied to them, simultaneously, are different from the case of
incorporating only the horizontal component. Considering the vertical
component of earthquake for Models A, B, C and D increases the MAF
value at the CP performance level by 58, 18, 186 and 126%, respec-
tively; at the LS performance level by 27, 20, 60 and 33%, respectively;
and at the IO performance level by —6, —13, 15 and 24%, respectively.
Also, considering SSI at all performance levels has a negligible effect on
the MAF of SGFs and, on average, for Models A, B, C and D, 1, 0, 3 and
3% reduction is observed, respectively. In addition, under similar con-
ditions, on average at all performance levels, Models A and C (short-
period SGFs) have higher MAF than Models B and D (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.

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, the PSDA curves were calculated using the numerical integration
from Eq. (16) by considering different values of DM as the limit states,
the results of which are shown in Fig. 12. These curves can be used in the
performance-based design for this type of structure to determine the
design earthquakes with return periods commensurate with a given DM.

As can be seen in Fig. 12 and mentioned above, considering the
vertical component of earthquake significantly increases the MAF of
SGFs, especially when they have wide spans, and it becomes less with
decreasing Opnax. In other words, when the strongest earthquake is ex-
pected to occur, the effect of the vertical component of earthquake in-
creases sharply, and on the other hand, when low-intensity earthquakes
are expected, its influence decreases. Also, incorporation of SSI in all
Omax’s has a negligible effect on the MAF of SGFs and, on average,
slightly reduces it, especially when they have wide spans. However, the
effect of SSI on the MAF of SGFs is almost constant at all ©p.y’s.
Moreover, as described in Section 7.4, under similar conditions, on
average in all Op,x’s, Models A and C (short-period SGFs) have higher
MAF than Models B and D (long-period SGFs), because, in the IM hazard
curves, the MAF values decrease with increasing the fundamental period
of SGFs.
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Fig. 11. MAF for the studied SGFs at the IO, LS and CP limit states.

8. Conclusion

In this study, IDA analysis was performed on four SGFs with spans of
20 m and 60 m and heights of 6 m and 12 m with and without consid-
ering the effects of the vertical component of earthquake and SSI for the
first time. The results were presented in the form of multi-record IDA
curves, summarized IDA curves, fragility curves and PSDA curves. Some
of the main findings as the contributions of the present research are as
follows:
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1. According to the fundamental periods in modal analysis, consider-
ation of SSI caused a slight increase in the fundamental period of
SGFs. These slight increases in models A, B, C and D were equal to
0.22, 0.13, 0.32 and 0.15%, respectively.

2. According to the multi-record IDA curves, considering the vertical
component of earthquake caused the structure to reach the nonlinear
region more quickly, enlarged the data dispersion and demand
sensitivity, raised the stiffness changes in the nonlinear region and
intensified the softening behavior. However, the consideration of SSI
did not significantly change the seismic behavior of SGFs.
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Fig. 12. PSDA curves for the studied SGFs.

. According to the summarized IDA curves, considering the vertical
component of earthquake significantly reduced the dynamic capacity
of SGFs, especially when they had wide spans. The largest dynamic
capacity reductions in the 50% IDA curves were related to Models D
and C with 28 and 22%, respectively. Also, consideration of SSI at all
performance levels resulted in a slight increase in the dynamic ca-
pacity of SGFs, especially when they had wide spans.

. According to the fragility curves, considering the vertical component
of earthquake increased the failure probability of SGFs and acceler-
ated the damage in them, especially when they had wide spans. Also,
considering SSI at all performance levels, on average, slightly
reduced the failure probability of SGFs, especially when they had
wide spans.

. According to the MAF of the limit states and PSDA curves, consid-
ering the vertical component of earthquake caused a significant in-
crease in the MAF of SGFs, especially when they had wide spans. The
highest increases in MAF were related to Models C and D with 186
and 126%, respectively. Also, consideration of SSI at all performance
levels led to a slight reduction in the MAF of SGFs, especially when
they had wide spans. In addition, under similar conditions, Models A
and C had higher MAF than Models B and D.

. The effect of the vertical component of earthquake in nonlinear re-
gions was much greater than that in the linear regions. So that at the
10 performance level, its impact is negligible in short-span SGFs,
while it cannot be overlooked with wide-span SGFs. However, the
consideration of SSI had almost the same effect on the seismic
behavior of SGFs in both the linear and nonlinear regions.

17

7. Considering the vertical component of earthquake caused a much
greater difference in the seismic behavior of SGFs with changing
their spans than their heights. This was also the case for the SSI effect
on a smaller scale.

In general, the results showed the importance of the vertical
component of earthquake on the seismic performance of wide-span
SGFs. Disregarding the vertical component of earthquake in the study
of wide-span SGFs can lead to a meaningful deviation of the outcomes
from the actual results, especially when they are subject to severe
earthquakes. Moreover, the results showed that when short-span SGFs
are subject to weak earthquakes, the vertical component of earthquake
is not much important. Also, SSI does not have any significant role in the
seismic performance of SGFs; just partially leading to more conservative
results, especially when they have wide spans. In addition, the results of
the PSDA analysis showed that under similar conditions, short-period
SGFs are more vulnerable than long-period SGFs and should be priori-
tized for retrofitting.
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