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Despite the wide application of steel gabled frame (SGF) systems in large industrial projects, the current liter-
ature lacks accurate information on their seismic performance to ensure satisfactory performance at different
levels of earthquake intensity. Also, given the scant information on the structural performance and their seismic
design parameters in most of the available guidelines, the use of joint analysis of hazard and fragility can be very
important, since both the reference hazard on site and the structural performance are considered. To address this
issue, in the present paper, incremental dynamic analysis (IDA) was performed using 20 ground motions on four
SGFs and their results were collected in the form of fragility curves. Then to obtain the annual rate of exceedance,
hazard curves of the study region were generated and combined with the fragility curves, and finally, the seismic
reliability of SGFs was evaluated at design basis earthquake (DBE) and maximum considered earthquake (MCE)
hazard levels. Seismic reliability results indicated that the available seismic design guidelines lead to a too
conservative design for SGFs, especially when they have long periods, where at the MCE hazard level, long-
period SGFs with about 58% safety margin do not even experience LS performance level. The results of this
study can prove useful for a more efficient design of SGFs in seismic regions.

1. Introduction

Steel gabled frame (SGF) systems are widely used for low-rise
nonresidential building construction throughout the world due to hav-
ing several advantages, including the ability to cover long spans, easy
transfer to other spaces, low weight despite large dimensions, fast con-
struction, recyclable and reusable, easy maintenance, welding ability,
cost efficiency, 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, including
providing space for the passage of enormous vehicles such as aircrafts,
creating structures with unique architecture, and having proper struc-
tural style. The initial system of SGFs in the transverse direction are
usually consists of moment frames with web-tapered, I-section members
with bolted end-plate moment connections to minimize the building cost
through optimization of steel weight and fabrication process. The rate of
change of web depth in SGF members depends on the distribution of
strong-axis bending moments along their members, where they mostly
have a tapered web along the entire length of the columns as well as part

of the length of the rafters. 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. Hence, in most developed and seismically active
countries such as the United States, the critical part length (with high
bending moments) in SGF rafters is usually considered span/10 from the
eave line, but in order to prevent the increase of mass and consequently
the occurrence of strong inertial forces in the ridge, mainly the web
depth is not increased and it is prismatic. For seismic design, SGFs are
generally designed as an ordinary moment frame (OMF) in the United
States. As an OMF, stringent seismic compactness requirements for both
local and lateral-torsional buckling are not required for economic rea-
sons [1]. Nevertheless, if non-compact or slender sections are used in
SGFs, plastic hinges are unlikely to be developed due to the loosened
local and lateral-torsional buckling requirements. Also, due to the spe-
cial geometry of SGFs, their column bases are typically detailed as a
hinge support. This prevents the bending moment from being trans-
ferred to the foundation, which in turn makes the foundations of such
structures lighter and therefore economically viable.

Numerous studies were conducted on the seismic reliability of
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various structures, including bridges [2,3], nuclear power plants [4,5],
dams [6,7] and base-isolated buildings [8,9]. However, due to the fact
that SGFs are considered as light structures, very few studies on their
seismic reliability have been reported so far. Hence, despite the wide
application of SGF systems in large industrial projects, there is a lack of
knowledge regarding their seismic performance under seismic loadings.
This is while despite the residential buildings with rigid diaphragm and
lumped mass at roofs, this type of structure has its own specific seismic
performance that should be studied. Moreover, there is still a lack of
codes or standards dealing with these systems as peculiar load-carrying
structures.

Several experimental and analytical studies were performed by Lee
et al. [10-13] which provided design guidance and provisions for the
design of the web-tapered members and developed by Forest and Murray
[14], Shiomi and Kurata [15] and Ashakul and Murray [16]. Moreover,
studies on the seismic behavior of SGFs consisted of web-tapered
members have been conducted by several researchers. The shaking
table test of 1/5 scale SGFs with compact web-tapered members was
carried out by Hwang et al. [17]. The experimental results showed that if
the width-thickness and depth-thickness ratios do not satisfy the re-
quirements of the compact section, premature local buckling may occur
prior to lateral buckling. The testing also revealed that the elastic flex-
ural strains at various locations of the web-tapered members were
basically identical. In inelastic tests, wide-width plastic hinges as well as
small local ductility demand were observed. In another study, the LRFD
strength of web-tapered members was investigated by Sumner [18] and
Miller and Earls [19]. It was concluded that the LRFD shear strength
provisions were overly conservative. The LRFD shear strength for web-
tapered members was limited to the elastic or inelastic buckling
strength of the web plate. The results also showed that development of
flexural ductility in web-tapered members was difficult. Cyclic testing of
full-scale SGFs consisted of non-compact built-up, web-tapered mem-
bers was performed by Hong and Uang [20]. The test frame failed due to
lateral-torsional buckling of the web-tapered members with significant
strength degradation. The test results indicated that the system had very
high deformability, but the ductility was limited. A similar conclusion
was reported by Wang et al. [21]. They experimentally studied the
hysteretic behavior of 1/3 scale SGFs with web-tapered members and
determined the ductility coefficient of the test frame to be only 1.46.
Two shaking table tests of full-scale SGFs with non-compact and slender
web-tapered members, one on a specimen with light metal panel side-
walls and the other on a specimen with heavy concrete sidewalls, were
conducted by Smith [22]. Each specimen consisted of two parallel
identical symmetrically SGFs, and all four rafters exhibited lateral-
torsional buckling near pinch points. The shaking table test of 1/3
scale SGFs consisted of non-compact built-up, web-tapered members
was conducted by Su et al. [23]. The test results showed that the gov-
erning failure modes were the loosening of bolts at column bases and
local buckling accompanied by lateral-torsional buckling of rafters.
Besides, significant stiffness degradation in the elastic-plastic stage
demonstrated that the ductility of light SGFs was limited. It should be
noted that previous studies were mostly experimental and loaded by
monotonic or cyclic, quasi-static loading, while the results of analytical
investigations with dynamic loading as well as considering different
sources of uncertainty (e.g., record to record uncertainty, etc.) are
relatively lacking. Moreover, in the studies mentioned above, the entire
length of the rafter members was web-tapered, which did not reflect the
current construction practice. Also, the current literature lacks accurate
information on seismic performance of SGFs to ensure satisfactory per-
formance at different levels of earthquake intensity. This is while the
seismic reliability evaluation of SGFs is of great importance and a key
problem in regions with high seismicity, given the enormous costs of
industrial equipment and the remarkable number of individuals working
in these structures.

Given the scant information on the structural performance and
seismic design parameters of SGFs in most of the available guidelines,
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the use of joint analysis of hazard and fragility can be very important
since both the reference hazard on site and the structural performance
are taken into account. Malekizadeh et al. [24] indicated that dis-
regarding the hazard of the study region in the investigation of the
seismic behavior of SGFs leads to a significant deviation of the outcomes
from the actual results and needs to be combined with the results of
structural analysis. Therefore, in the present study, the seismic reli-
ability of four SGFs using joint analysis of hazard and fragility are
investigated. The remainder of this paper is organized as follows. In
section 2, details of the examined SGFs are provided in terms of geo-
metric characteristics and design properties. In section 3, details rele-
vant to nonlinear modeling and gravity loading of the examined SGFs
are presented. In section 4, the seismic hazard of the site and selection of
hazard-consistent ground motions are performed. In section 5, IDA
analysis is conducted on four various SGFs and the production of
fragility curves. In section 6, to obtain the annual rate of exceedance,
joint analysis of hazard and fragility is performed and finally, the seismic
reliability of the examined SGFs is evaluated. The results are discussed at
design basis earthquake (DBE) and maximum considered earthquake
(MCE) hazard levels, and some concluding remarks on the seismic
reliability of SGFs are presented in section 7.

2. SGF geometry and design details

In this paper, four 2D SGF models with different spans and heights
were selected to investigate their structural behavior. The geometric
characteristics of SGFs are shown in Fig. 1. Also, the names and geo-
metric dimensions of each SGF are presented in Table 1. As mentioned in
the literature, the entire length of the columns as well as the region with
a length of span/10 in rafters from the eave line (l,) 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 20% and the base of the
columns enjoys hinge support. The fundamental period of SGFs is
considered as a criterion for the classification of models, so that S20H6
and S60H6 as well as S20H12 and S60H12 are classified as represen-
tative of short-period SGFs and long-period SGFs in the present study,
respectively. It should be mentioned that due to the greater stiffness of
SGFs compared to conventional frames, such frames have a shorter
period.

The density of steel is 7850 kgf/m°®. Young’s modulus for steel is
equal to 2.039E + 10 kgf/m?, and the Poisson ratio is 0.3. In this study,
ST37 steel was used for the rafters and columns. As mentioned in the
literature, for seismic design, SGFs are generally designed as an OMF.
Therefore, in all examined SGFs, OMF was incorporated as the lateral
force resisting system. The modeling site of Tehran, Iran, was a region
with high seismicity and with tectonic characteristics of Class D soil in
line with NEHRP [25]. The gravity loads applied to the 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 [26] was deployed for gravity and lateral loading.
The models were designed based on the load and resistance factor design
(LRFD) method according to AISC 360-10 and AISC 341-10 codes
[27,1]. According to AISC 341-10 code [1], in OMF there is no need to
meet the stringent seismic compactness requirements. Nevertheless, if
non-compact or slender sections are used in SGFs, plastic hinges are
unlikely to be developed due to the loosened local and lateral-torsional
buckling requirements. Therefore, in the present study, the compact
section according to AISC 360-10 code [27] has been employed, which
causes more plastic moment capacity of the members to be used before
local and lateral-torsional buckling occurs. It is noteworthy that in
designing 2D models, it is assumed that the distances between the fly
braces (lateral-torsional braces) in the rafter and the column are 1.7 m
and 2 m, respectively, and the distances between the struts (lateral
braces) in the rafter and the column are 5.1 m and 3 m, respectively.
After completing the design steps and by employing the trial-and-error
approach to achieve an economical model, the section dimensions of
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Fig. 1. Geometric characteristics of SGFs.
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Table 1

Geometric dimensions of SGFs.
Model S (m) H (m) ler (m)
S20H6 20 6 2
S20H12 20 12 2
S60H6 60 6 6
S60H12 60 12 6

the rafter and column members were identified, which are given in
Table 2.

3. SGF nonlinear modeling and gravity loading details

The open system for earthquake engineering simulation (OpenSees)
[28] is a software framework for simulating the seismic response of
structural and geotechnical systems. OpenSees has been developed as a
computing platform for research in performance-based earthquake en-
gineering at the pacific earthquake engineering research center. This
software has advanced capabilities for modeling and analyzing the
nonlinear response of systems and seems promising as an important
means of modeling and analyzing both the linear and nonlinear be-
haviors of structural systems. Hence, for nonlinear modeling and
analyzing the SGF system, the OpenSees software, as an open-source
software, was employed.

OpenSees was used in the 2D modeling of SGFs. The damping ratio
was set to 5% and for modeling the viscous damping, Rayleigh damping
was applied [29]. 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, a corotational
transformation was adopted. In the OpenSees materials library, uniaxial
bilinear steel material with kinematic hardening of 0.02 entitled steel01

was selected. The fiber section was assigned to the rafter and column
elements. Therefore, using defined nonlinear materials enables the
nonlinearization of all the components of such sections. The nonlinear
behavior of the materials in the rafters and columns was modeled using a
nonlinear beam-column element with distributed plasticity. It should be
noted that in this study, shear deformations are also considered. Due to
sufficient lateral and lateral-torsional braces as well as the use of the
compact section in the members of the examined SGFs, buckling is not
expected to occur in the third dimension. Consequently, in the 2D
models developed in OpenSees, it is not necessary to perform out-of-
plane buckling modeling.

For modeling the web-tapered members of the rafters and columns,
prismatic microelements with variable depth were employed and six
integration points were considered for each microelement. Modeling of
web-tapered members using prismatic microelements with variable
depth has been adopted in the studies of Mohri et al. [30], Kucukler and
Gardner [31], and Quan et al. [32], which confirms the use of this
modeling method. However, for the first time, a model of SGFs with
web-tapered members has been developed using prismatic microele-
ments with variable depth on the OpenSees platform. The study of Liu
et al. [33] showed that in modeling web-tapered members using pris-
matic microelements with variable depth, the accuracy of modeling
increases with increasing the number of microelements. Therefore, in
order to increase the accuracy of modeling in the mentioned method, the
depth difference between the two sections of adjacent microelements
(Ahg) was considered to be a very small value, i.e., 0.02 m.

In this study, to develop the SGF model and perform gravity loading
in OpenSees, the rafter member and column member were divided into
two parts and one part, respectively. Each part has its own character-
istics of prismatic microelements and gravity loading, i.e., Ahg, length of
microelements (lp), number of microelements (ng), point dead loads (Pq)
and point snow loads (Ps), which are shown in Fig. 2, and their values

Table 2

Section dimensions of the rafter and column members.
Model Column web Column web Rafter web Rafter web Web Flange Flange

height at top (m) height at bottom height at ridge height at eave thickness (m) thickness (m) width (m)
(m) (m) (m)

S20H6 0.8 0.3 0.4 0.8 0.008 0.010 0.18
S20H12 1.0 0.3 0.5 1.0 0.010 0.012 0.24
S60H6 1.5 0.3 1.0 1.5 0.014 0.018 0.34
S60H12 1.5 0.3 1.0 1.5 0.014 0.020 0.40
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Fig. 2. Schematic representation of the SGF model developed in OpenSees.

are presented in Table 3. It is noteworthy that in Part III, microelements
with a length of 2.5 1y ; were considered. 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. It should be noted that 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.
Fig. 3 shows the deformations created in the SGF model under gravity
loads. As can be seen, due to the using prismatic microelements for
modeling web-tapered members, in addition to considering displace-
ments of the member ends (A), the local deformation relative to the
member chord between the end nodes (8) is also considered. Besides,
under gravity loads, the rafter has double curvature and the column has
single curvature. The absolute gravity drift angle (|6;|) in the rafter and
column members for SGF models is presented in Table 4. Given that in
this paper the ground motions are applied horizontally on SGF models,
so despite the fact that Oy is higher in the rafters than in the columns, the
drift angle in the column is considered as a criterion. In other words, if
the vertical component of earthquake is applied to SGFs, it is necessary
to check the drift angle in the rafter and column simultaneously as a
criterion. After completing the nonlinear modeling process of SGFs in
OpenSees, the first-mode horizontal period (fundamental period) of the
structure was determined by performing an eigenvalue analysis and

Table 3
Characteristics of prismatic microelements and gravity loading.
Model Part Ahg (m) Io (m) ny Py (kgf) P (kgf)
S20H6 I 0.02 0.24 2x25 86.4 -
I 0.02 0.10 2x20 36.0 58.8
111 - 0.25 2 x 33 90.0 147.1
S20H12 I 0.02 0.34 2 x35 122.4 -
1I 0.02 0.08 2x25 28.8 47.1
111 - 0.20 2 x 41 72.0 117.7
S60H6 I 0.02 0.10 2 x 60 36.0 -
1I 0.02 0.24 2x25 86.4 141.2
111 - 0.60 2 x 41 216.0 353.0
S60H12 I 0.02 0.20 2 x 60 72.0 -
1I 0.02 0.24 2x25 86.4 141.2
111 - 0.60 2 x41 216.0 353.0
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given in Table 5. Validation of the SGF model was presented by Mal-
ekizadeh et al. [24].

4. Seismic hazard and selection of ground motions

In this study, the hazard curves are obtained by considering the 5%
damped first-mode spectral acceleration (Sa(T1,5%)) as intensity mea-
sure (IM). For the considered location of SGFs, seismic hazard is calcu-
lated using the probabilistic seismic hazard analysis (PSHA). The PSHA
in this paper has been considered from the results of the Phase I project
of the Greater Tehran region to a radius of 150 km [34] developed by the
Engineering Optimization Research Group of the University of Tehran,
Iran. Their output was presented in the form of simplified uniform
hazard spectra with 5% damping with 475-year and 2475-year return
periods. Therefore, a linear function is calibrated in a log-log space to
match the relation between the seismic hazard and the spectral accel-
eration corresponding to the fundamental period of SGFs as expressed in
Eq. (1) [35]:

Ao (x) = kox™*

@

Where Ap(x) is the annual rate of IM exceeding at x, k is the log-log
slope and kg can be thought of as the annual rate of exceeding a unit IM.
To determine the hazard curve, the unknown parameters k and ko must
be calculated. In the present study, the unknown parameters k and kg
according to the fundamental period of SGFs were prepared from Mal-
ekizadeh et al. [24] and their values are presented in Table 6, and using
simplified uniform hazard spectra with 5% damping with 475-year and
2475-year return periods for 22 different regions of Tehran located in
site soil class-D (Vs3g = 255 m/sec) were determined. Details about the
seismic hazard coordinate system of 22 regions of Tehran can be found
in [24].

For probabilistic seismic performance assessment, the selection of
appropriate ground motions that are representatives of the seismic
hazard of the site under consideration is very important. Accordingly,
the ground motions used in this study were selected with tectonic
characteristics of Class D soil (similar to site soil). Also, since the dy-
namic response of a system is highly dependent on the earthquake
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Fig. 3. Deformations created in the SGF model under gravity loads.

Table 4
Absolute gravity drift angle in the rafter and column members.
Model member |6g| (rad)
S20H6 Rafter 0.00734
Column 0.00246
S20H12 Rafter 0.00434
Column 0.00073
S60H6 Rafter 0.00527
Column 0.00511
S60H12 Rafter 0.00795
Column 0.00402
Table 5

Fundamental period of SGF models.

Model Fundamental period (sec)
S20H6 0.90
S20H12 1.53
S60H6 0.63
S60H12 1.31

Table 6

Hazard curve parameters [24].
Model k ko
S20H6 2.421 32.683E-05
S20H12 2.408 4.350E-05
S60H6 2.437 79.344E-05
S60H12 2.416 8.066E-05

records, an appropriate number of ground motions must be selected to
cover the response range of the structure. According to Shome and
Cornell [36], the use of 10 to 20 ground motions often leads to accept-
able accuracy in damage demand estimation. Hence, in the present
study, 20 ground motions in FEMA P695 [37] were selected from the
PEER-NGA database [38] for nonlinear dynamic analyses. This set
covers a wide range of moment magnitude (My) between 6.54 and 7.62,
and the closest distance from the recording site to the ruptured area
(Ryup) is up to about 23 km. Also, from each ground motion, a horizontal
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component with more PGA was used. Details of the selected ground
motions are provided in Table 7, where their elastic response spectrum
was generated by Seismosignal software [39].

5. IDA analysis and production of fragility curves

As mentioned in the literature, since SGFs are very sensitive to the
formation of plastic hinges, it is necessary to evaluate their behavior in
the nonlinear region, and it seems that using of incremental dynamic
analysis (IDA), which includes a large number of nonlinear time-history
analyses under a set of ground motions, is a suitable option for them.
Therefore, considering that the major goal of this paper is the seismic
reliability evaluation of SGFs at different levels of earthquake intensity,
IDA analysis was performed using the 20 ground motions selected in
section 4, and the multi-record IDA curves for the examined SGFs are
revealed in Fig. 4. Prior research [24] has clearly indicated that in the
probabilistic seismic assessment of SGFs, the use of Sa(T1,5%) and the
absolute maximum drift angle (8, max) as IM and damage measure (DM),

Table 7
Selected ground motions.
No. Event Station My, PGAmax (8)
1 Chi-Chi Taiwan CHY101 7.62 0.340
2 TCUO065 7.62 0.575
3 Duzce Turkey Bolu 7.14 0.806
4 Duzce 7.14 0.515
5 Erzican Turkey Erzincan 6.69 0.496
6 Imperial Valley-06 Bonds Corner 6.53 0.777
7 Chihuahua 6.53 0.254
8 Delta 6.53 0.350
9 El Centro Array #6 6.53 0.449
10 El Centro Array #7 6.53 0.469
11 El Centro Array #11 6.53 0.367
12 Kobe Japan Shin-Osaka 6.90 0.233
13 Kocaeli Turkey Yarimca 7.51 0.322
14 Loma Prieta Capitola 6.93 0.439
15 Gilroy Array #3 6.93 0.368
16 Northridge-01 Beverly Hills-Mulhol 6.69 0.488
17 Canyon-W Lost Cany 6.69 0.404
18 Rinaldi Receiving Sta 6.69 0.472
19 San Fernando LA-Hollywood Stor FF 6.61 0.195
20 Superstition Hills El Centro Imp. Co. Cent 6.54 0.357
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level with incremental steps of 0.05 g to a high level where the collapse
of the structure occurs, and the ©, max parameter was recorded at each
step of the analysis. According to FEMA 356 [40], three performance
levels of immediate occupancy (I0), life safety (LS) and collapse pre-
vention (CP) were considered as damage levels with the ©, max values of
0.7, 2.5 and 5%, respectively. It is noteworthy that due to insufficient
information of the regulations on the performance-based design of SGF
systems, in the FEMA 356 [40], conventional steel frame systems were
used to determine the performance levels of DM. It should be noted that
before conducting the nonlinear time-history analysis at each step of the
IDA analysis, static analysis was performed under gravity loads. Because
of the specific geometrical characteristics of SGFs (sloping rafters),
gravity loads create an initial horizontal displacement in the shoulder. In
addition, the hinge supports amplify the mentioned horizontal
displacement, as can be clearly seen in Fig. 4. Therefore, SFGs experi-
ence a static displacement in the initial state due to gravity loads. After
incorporating the ground motion, the absolute maximum displacement
for SFGs involves initial static displacement resulting from the gravity
loads plus maximum dynamic displacement resulting from the ground
motion. For example, in Fig. 5, results of the nonlinear time-history
analysis for S20H6 using the Imperial Valley-06 earthquake record at
the El Centro Array #11 station with a peak ground acceleration (PGA)
of 0.367g are provided in the form of horizontal displacement time-
history curves corresponding to the shoulder node. It is noteworthy
that ©, max is an absolute value so it appears positive in IDA curves.

In order to derive the conditional probability of reaching a certain
damage level for a given IM from the outputs of IDA analysis, diagrams
called fragility curves are used. Using the results of IDA analysis and the
performance levels corresponding to various damage levels, it is now
possible to generate fragilities by Eq. (2) [41]:

P(DM|IM) = PIDM > y|IM = x| (2)

Where P [DM > y | IM = x] defines the probability of DM exceeding
the value y given that IM equals x.

Assuming a lognormal distribution for DM given IM, Eq. (2) is
rewritten as a closed form in the following [42]:

P[DM > y|IM = x|

=1—P[DM < y|IM = x]

1o i)

i <lm](x)ﬁf lny)

Where 7(x) and f are the logarithmic mean and logarithmic standard
deviation of DM given IM, respectively, and are obtained using the re-
sults of IDA analysis and the power law function [43]. ®(.) is the

3)
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cumulative function of standard normal distribution.

Fragility curves are developed for various SGFs using the closed form
of fragility function shown in Eq. (3). Plots of the fragility curves for
SGFs with ©, max as the DM are shown in Fig. 6, which illustrate the
relative vulnerability of the four SGFs over a range of earthquake in-
tensities and damage levels. The relative vulnerability of various SGFs is
compared in terms of their probability of entering into different damage
levels. Fragility curves for various SGFs are also compared by evaluating
the relative change in the median value of the fragility curves.

The evaluation of the fragility curves offered a valuable insight on
the seismic performance of various SGFs in terms of the probability of
damage. From Fig. 6a it is evident that all SGFs have the similar prob-
ability of damage irrespective of the intensity level. However, the
probability of damage for various SGFs is more pronounced in the other
damage levels. According to Fig. 6b, in general, S60H6 shows better
seismic performance at CP performance level as compared to other
models. As depicted in Fig. 6¢, S20H12 is more likely to experience
damage at a lower intensity while S60H6 showed much better perfor-
mance as it showed only 12% probability of damage at a Sa(T1,5%) of 3
g. However, an interesting behavior is observed at all performance levels
where S20H12 and S60H12 (long-period SGFs) have the highest prob-
ability of damage and S60H6 and S20H6 (short-period SGFs) have the
lowest one.

The various SGFs are also compared in terms of the relative change in
the median value of the fragility curves which indicates the Sa(T1,5%)
associated with a 50% probability of reaching a certain performance
level. Table 8 compares the median Sa(T1,5%) for different performance
levels of four various SGFs. The median Sa(T1,5%) for various SGFs at I0
performance level ranges from 0.09 g to 0.15 g. However, at higher
performance levels, i.e., at LS and CP, the median Sa(T;,5%) varies over
a wide range from 0.54 g to 1.23 g and 1.18 g-3.94 g for LS and CP,
respectively.

As mentioned above, at the IO performance level, similar behavior of
SGFs seismic performance was observed, which can be due to the initial
gravity drift angle that causes SGFs to experience this performance level
at very low earthquake intensities. As a result, accurate seismic dynamic
behavior of SGFs cannot be observed at the IO performance level. ©, max
due to primary static gravity loads and secondary dynamic seismic loads
relative to the IO performance level for various SGFs are shown in Fig. 7.
The highest ©, max due to gravity loads relative to the IO performance

Table 8

Comparison of median Sa(T1,5%) (g).
Model 10 LS CP
S20H6 0.140 0.740 1.835
S20H12 0.127 0.539 1.184
S60H6 0.146 1.231 3.935
S60H12 0.091 0.617 1.751

s o

= ©
s o o o
2 % 2 g

Probability of damage
Probability of damage
by

Probability of damage
by

04 Immediate occupancy 04 Life safety 04 Collapse prevention
——S20H6 ——S20H6 ——S20H6
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Fig. 6. Fragility curves at (a) IO, (b) LS, and (c) CP performance levels.
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Fig. 7. ©,max due to primary static gravity loads and secondary dynamic
seismic loads relative to the IO performance level.

level for S60H6 and S60H12 are 73% and 57%, respectively, and the
lowest one for S20H12 and S20H6 are 10% and 36%, respectively.
However, S60H6, which has the shortest period among the models,
although requires only 19% O, max due to seismic loads to reach the IO
performance level, it needs the most earthquake intensity (i.e., 0.15 g)
compared to other models to experience this performance level. On the
other hand, S20H12, which has the longest period among the models,
requires 90% O, max due to seismic loads to reach the IO performance
level but experiences this performance level at low earthquake intensity
(i.e., 0.13 g).

6. Joint analysis and SGF seismic reliability

Joint analysis of hazard and fragility is becoming an extensive and
unavoidable tool for estimating earthquake casualties. Given the scant
information on the seismic performance of steel gabled frames (SGFs)
with web-tapered members in most of the available seismic design
guidelines, the use of such an analysis can be very important since both
the reference hazard on site and the structural performance are
considered. Joint analysis of hazard and fragility in terms of the annual
rate of DM exceeding is expressed as Eq. (4) [41]:

Fragility A Hazard
A (x)

—_——f
Jow(y) = / PIDM > yJIM — ) )

Eq. (4) consists of two terms of hazard and fragility, which were
estimated in sections 4 and 5, respectively. The annual rate of exceeding
different damage levels is developed for various SGFs by combining the
results of hazard and fragility according to Eq. (4). Then the return
period and the probability of exceedance in 50 years corresponding to
performance levels were obtained, which are listed in Table 9. Results
show that all SGFs have a very high probability of IO (probability of
exceeding IO performance level in 50 years) while S60H6 has the
highest probability of 500%, which is 58%, 93% and 71% higher than of
S20H6, S20H12 and S60H12, respectively. A comparison of the four
SGFs in terms of exceeding LS reveals that S20H12 has the lowest
probability of exceeding LS performance level in 50 years, which is only
1.02%. On the other hand, S20H6 resulted in the highest probability of
exceeding LS performance level in 50 years, which is 3.73%. Also, all
SGFs have a low probability of CP, which S60H12 has the lowest
probability of 0.11%. Among the four various SGFs, S20H6 has the
highest probability of CP, which is 63%, 56% and 73% higher than
S20H12, S60H6 and S60H12, respectively. However, an interesting
behavior is observed at all performance levels where S60H6 and S20H6
(short-period SGFs) have the highest annual probability of exceedance
and S20H12 and S60H12 (long-period SGFs) have the lowest one. A
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Table 9
Annual rate, return period and probability of exceedance in 50 years corre-
sponding to performance levels.

Model Performance Annual rate of Return Probability of
levels exceedance period exceedance in 50
(year) years (%)
S20H6 10 4.21E-02 24 208.33
LS 7.45E-04 1342 3.73
CP 8.28E-05 12,077 0.41
S20H12 IO 0.66E-02 151 33.11
LS 2.03E-04 4917 1.02
CP 3.05E-05 32,758 0.15
S60H6 10 10.21E-02 10 500.00
LS 5.62E-04 1781 2.81
CP 3.30E-05 30,269 0.17
S60H12 IO 2.89E-02 35 142.86
LS 2.83E-04 3538 1.41
CP 2.27E-05 43,966 0.11

closer look into the probability of damage and the annual probability of
exceedance for various SGFs presented in sections 5 and 6, respectively,
shows that the annual rate is strongly influenced by the seismic hazard
of the site. Where without incorporating the seismic hazard, short-
period SGFs had better seismic performance than long-period SGFs,
but after integrating the seismic hazard with the results of fragility
analysis, the outcomes were completely reversed so that short-period
SGFs had a higher annual rate than long-period SGFs.

Herein, a basic safety objective (BSO) in accordance with FEMA 356
[40] has been used to evaluate the seismic reliability of various SGFs.
The BSO is intended to approximate the earthquake risk to life safety
traditionally considered acceptable in the United States. Buildings
meeting the BSO are expected to experience little damage from rela-
tively frequent and moderate earthquakes, but significantly more dam-
age and potential economic loss from the most severe and infrequent
earthquakes that could affect them. The level of damage and potential
economic loss experienced by buildings rehabilitated to the BSO may be
greater than that expected in properly designed and constructed new
buildings. Therefore, the buildings when subjected to design basis
earthquake (DBE) and maximum considered earthquake (MCE) hazard
levels should not exceed LS and CP performance levels, respectively. As
mentioned earlier, due to insufficient information of the regulations on
the performance-based design of SGF systems, in the FEMA 356 [40],
conventional steel frame systems were used. Fig. 8 illustrates the seismic
reliability of four various SGFs in terms of ©, max hazard and safety at the
DBE (return period = 475 years) and MCE (return period = 2475 years)
hazard levels relative to the LS and CP performance levels, respectively.
At the DBE hazard level, the highest ©, nax hazard relative to the LS
performance level for S60H6 and S20H6 are similarly 72%, and the
lowest one for S20H12 and S60H12 are 42% and 58%, respectively. In
other words, all SGFs subjected to DBE are between the IO and LS per-
formance levels, indicating that the available seismic design guidelines
lead to an acceptable design for SGFs. However, S20H12 and S60H12,
which are in the category of long-period SGFs, appear to be too con-
servative with 57% and 42% ©, max safety, respectively. On the other
hand, at the MCE hazard level, the situation is similar to the DBE hazard
level, except that short-period SGFs subjected to MCE are between the LS
and CP performance levels with about 43% ©, max safety. However,
long-period SGFs subjected to MCE do not experience the LS perfor-
mance level, where they appear to be very conservative with about 58%
O, max safety. A closer look reveals that under more severe earthquakes,
Oa,max safety increases, and the available seismic design guidelines lead
to a more conservative design.

7. Conclusion

In this study, IDA analysis was performed using 20 ground motions
on four SGFs, and their results were collected in the form of fragility
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Fig. 8. ©,max hazard and safety at (a) DBE, and (b) MCE hazard levels relative to the LS and CP performance levels, respectively.

curves. Then to obtain the annual rate of exceedance, hazard curves of
the study region were generated and combined with the fragility curves,
and finally, the seismic reliability of SGFs was evaluated at DBE and
MCE hazard levels. Some of the main findings as the contributions of the
present research are as follows:

e From Fig. 7, it can be concluded that the geometric dimensions of
SGFs are an important factor in the amount of ©, max due to gravity
loads, but for ©, max due to seismic loads, the fundamental period of
SGFs is the determining criterion. The results of the primary static
gravity analysis clearly showed that the S60H6 and S60H12, which
are in the category of long-span SGFs, experienced more O, max due
to gravity loads than S20H6 and S20H12, which are in the category
of short-span SGFs. But the results of the secondary dynamic seismic
analysis revealed that the S60H12 and S20H12, which are in the
category of long-period SGFs, experienced more ©,max due to
seismic loads compared to S60H6 and S20H6, which are in the
category of short-period SGFs.

The initial drift angle due to gravity loads caused SGFs to experience
the 10 performance level under very low earthquake intensity,
especially when they had short periods. The S60H6, which has the
shortest period among other models, had the highest probability of
exceeding IO performance level in 50 years by 500%. This means
that the seismic behavior evaluation of SGFs at the IO performance
level cannot be important. Therefore, it is recommended that if the
performance levels of FEMA 356 are used for the seismic behavior
evaluation of SGFs, the IO performance level can be ignored.

In general, the results of fragility analysis showed that the proba-
bility of damage for long-period SGFs was higher than short-period
SGFs. However, after combining fragility and hazard, the outputs
demonstrated that the annual probability of damage for short-period
SGFs was higher than long-period SGFs. The results of fragility
analysis and joint analysis are opposite. This is due to the fact that in
the seismic hazard curves, the annual rate values decrease with
increasing the fundamental period of SGFs. Therefore, in the seismic
behavior evaluation of SGFs, the use of fragility analysis alone is not
sufficient, and it is recommended that the seismic hazard uncertainty
of the site be considered. This conclusion supports the results of
Malekizadeh et al. [24] on the role of seismic hazard on the seismic
performance of SGFs.

The results of seismic reliability of SGFs showed that at the DBE
hazard level, the highest ©, nax hazard relative to the LS performance
level for short-period SGFs was about 72%, and the lowest one for
long-period SGFs was about 50%. In other words, all SGFs subjected
to DBE were between the 10 and LS performance levels, indicating
that the available seismic design guidelines lead to an acceptable
design for SGFs. However, long-period SGFs with about 50% safety
margin appear to be too conservative. On the other hand, at the MCE
hazard level, the situation was similar to the DBE hazard level,
except that short-period SGFs subjected to MCE were between the LS

and CP performance levels with about 43% safety margin. However,
long-period SGFs subjected to MCE did not even experience the LS
performance level, where they appear to be very conservative with
about 58% safety margin. A closer look reveals that under more se-
vere earthquakes, safety margin increases, and the available seismic
design guidelines lead to a more conservative design.

From the joint analysis of hazard and fragility for various SGFs, it is
expected that the SGFs will incur a low annual loss and provide
significant financial benefit in the long run since these systems
showed a very low annual probability of collapse. However, a
detailed loss estimation needs to be carried out before highlighting
the potential financial benefit of SGFs. Moreover, performing further
study considering the construction, repair and maintenance cost of
SGFs, along with the development of a loss-hazard relationship, will
shed more light on the potential economic benefit of this system.
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