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ABSTRACT

Strong earthquakes such as Bam and Sarpol-e Zahab show that it is necessary to pay attention to
earthquakes in Iran. Existing and under construction buildings in Iran, due to the increasing population
and the decrease of land for building construction, has caused an increase in the population in buildings
and an increase in the construction of high-rise structures. In many earthquakes in Iran and its surrounding,
for example, the earthquake in Turkey and Syria in 2023, many buildings have completely collapsed. In the
current research, considering the importance of building stability in earthquakes, by using a researcher-
made questionnaire with five criteria and twelve sub-criteria, the opinions of eighty experts in the
construction industry (university professors and doctoral students in the fields of structural engineering and
earthquake engineering) were collected. The data was entered into the Expert Choice software and analyzed
and weighted using the hierarchical analysis method. The results showed that the presence of damage in
the vertical members of the building (with a statistical weight equal to 0.493), especially the columns, is the
most important factor in the complete collapse of the steel building in an earthquake. The structure control
system criterion (0.048), including sub-criteria of bracing, seismic damper and seismic isolator, has the
least effect on the complete collapse of the building in an earthquake. Column (0.404), vertical connections
(0.220) and horizontal connections (0.098) were introduced as the most important criteria in the complete
collapse of a building in an earthquake.
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1. Introduction

Earthquake is a natural and regular event that is caused by the change in the internal state and the
movement of the earth's crust plates [1]. Earthquakes cause strong shocks on the earth's surface
due to the release of a lot of energy inside the earth [1, 2]. When the continental plates on the mantle
change position relative to each other, earthquakes occur. The continental plates move very slowly
over hundreds of years and change shape continuously [2, 3]. An earthquake will occur when the
stresses in a part of the continental plates exceed the earth's resistance capacity. Earthquake energy
is very high and spreads in the form of seismic waves inside the earth and reaches the earth's surface
at a very high speed [1, 3, 4]. In general, the earthquake has different effects on the building
according to various factors such as magnitude, distance to the building location and focal depth
[1, 5]. Strong earthquakes cause extensive damage to weak buildings. Many buildings were
completely destroyed in the earthquakes of Turkey and Syria [2], Sarpol-e Zahab [6] and Bam [7,
8], due to the lack of a proper and integrated structure. Sometimes an earthquake causes the
destruction of bridges, landslides, cracks in the ground, changes in river flow, and dam destruction
[1]. The occurrence of severe earthquakes in the sea can cause tsunamis in coastal areas [9], an
example of which was observed in the Tohoku earthquake [10] in the coastal areas of Japan.
Therefore, the occurrence of an earthquake can lead to the occurrence of minor and widespread
damages in all kinds of structures [1], which has become one of the most important topics
investigated in various civil engineering sciences. Therefore, due to the location of Iran on the
Alpine-Himalayan seismic belt and the occurrence of many earthquakes with high Richter
magnitude in Iran [1, 6-8], it is very important to know how earthquakes affect buildings and
investigate the most important causes of damage to buildings during earthquakes. In the current
research, the most important causes of the complete collapse of the building in its different parts
have been identified and introduced. Also, the desired factors have been prioritized and weighted
by the hierarchical analysis method. Zhao et al [11] investigated the seismic behavior of composite
structures under aftershocks with different damage levels. This research was done with dynamic
incremental analysis method. The results showed that the creation of plastic hinges in composite
frames occurs in severe aftershocks, and these hinges increase at an acceleration equal to 0.4g.
Wang et al. [12] evaluated the collapse of reinforced concrete columns after repeated earthquakes.
This research has investigated the thousand columns as the main cause of building damage in
severe earthquakes. Liang et al. [13] proposed a new seismic damage assessment method for single-
layer spherical mesh shells based on permanent displacement under successive earthquakes.
Spherical shells are used as emergency shelters in military areas and earthquake areas. Modeling
was done with finite element software. The results showed that permanent displacement in
structural members is the best indicator to express the amount of damage in successive earthquakes.
Isic et al. [14] evaluated the structural damage of 27 mosques in Adiaman province due to the 2023
earthquake in Turkey. These places are located in the eastern Anatolian fault zone. Reports showed
that there were many structural damages in mosques and other buildings, which had reinforced
concrete frames, and the buildings had completely collapsed. However, due to the time of the
earthquake, the loss of life due to the collapse of concrete structures was low. A small number of
mosques investigated in this research, like earthquake-resistant structures, did not have any
damage. As a result of field studies, the main cause of damage to these structures is their
construction by local craftsmen without engineering services. Zhongsheng et al. [15] conducted a
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comprehensive study on the damage of ancient buildings caused by the 1927 earthquake in Gulang,
with a magnitude of eight on the Richter scale (located in northwest China). This study showed
that the impact of severe earthquakes on ancient buildings is mainly manifested in the destruction
of building structures. For example, we can mention the cracks in the frameworks, the damage in
the connections of the ancient structures and the collapse of the dome structures. The amount of
damage has changed under the influence of factors such as the intensity of the earthquake, the type
and quality of materials, the type of structure, the type of foundation, the distance and direction of
the earthquake. Ince [16] assessed the structural damage in reinforced concrete buildings (located
in Adiyaman province) after the 2023 Kahramanmaras earthquake (Turkey). Two earthquakes with
a magnitude of 7.7 on the Richter scale (at a depth of 8.5 km from the ground) and 7.6 on the
Richter scale (at a depth of 7 km from the ground) occurred at a focal distance very close to each
other (about 90 km from each other). In these earthquakes, more than 35000 buildings were
destroyed. Also, between February and May, more than 30000 aftershocks with a magnitude of 2
to 6.6 occurred. Observations showed that seismic regulations, especially regarding the design of
reinforcements in reinforced concrete buildings, have been ignored. Also, the designers should
have been more careful in designing the discontinuity of frames and stairs. Khanmohammadi et al.
[17, 18] evaluated eighty residential buildings after the Sarpol-e Zahab earthquake, with a
magnitude of 3.7 on the Richter scale. They classified damage to steel structures into five groups,
including damage to load-bearing walls. Zhao et al. [19] measured the seismic performance of
composite structures under aftershocks. They subjected the 10-story steel structure to seismic
waves with the incremental dynamic analysis method. The results showed that the presence of
primary seismic damage in the building can increase the lateral deformation of the structure during
the earthquake and reduce the internal forces and resistance of the structure. The existence of
primary deformation can increase plastic joints in composite frames during aftershocks. Zhang et
al. [20] conducted a shaking table test on a precast concrete shear wall and investigated its damage
mechanism in severe earthquakes. The results showed that the failure modes in the structure after
a severe earthquake include (a) bending and shear failure of composite beams, (b) damage to the
horizontal interface between composite beams and floor slab, (c) penetration of the horizontal
interface between the prefabricated wall and the floor slab and (d) Vertical crack in joint. Damages
(@) to (c) can be seen in the prefabricated wall. Song et al. [21] investigated the damage caused by
the earthquake in China and Kazakhstan (2003). This study is a field investigation of earthquake
effects on buildings. In this study, the damages of all types of buildings and surface damage have
been investigated. The results showed that the complete collapse of buildings with brick walls
occurred more than other types of houses.

2. Analysis Hierarchy Process (AHP Method)

This method was created by Thomas L. Saati in 1970 [22] and is used as a comprehensive method
in solving civil engineering problems [23]. This method is based on multi-criteria decision-making,
which can be used to solve complex engineering and project management problems. The AHP
method combines the observations and thoughts of a person in a purposeful way, based on
comparisons. This method examines all factors (general and partial) affecting the purpose of the
research [22-25]. The important advantages of AHP analysis include: (a) the consistency of the
manager's decisions, (b) performing comparisons in choosing optimal and correct solutions, (c) the
possibility of applying different criteria and sub-criteria in evaluating the goal and (d) the
possibility of reaching the best Factors affecting the target [26]. In AHP analysis, the project
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manager may want to weight the criteria. Therefore, it is possible to evaluate the sub-criteria of
each criterion in influencing the goal. AHP analysis has four different models which are specified
in Table 1. The classical model (Model 2 in Table 1) is the most comprehensive method in AHP
analysis, which includes objective, criterion and sub-criteria [24, 26].

Table 1. Types of models in the analysis hierarchy process (AHP method) [22, 26].

Indicator
Goal Criterion Sub-Criteria Option
Model NO.
Model 1 Yes Yes No No
Model 2 Yes Yes Yes No
Model 3 Yes Yes No Yes
Model 4 Yes Yes Yes Yes

3. Research Methodology

The present research has been done by gathering the opinions of experts and analyzing the data
with the AHP method in the Expert Choice software [27, 28]. In common studies, different AHP
analysis models are used that have factors including (a) Goal, (b) Criterion, (c) Sub-Criterion and
(d) Option [22, 26]. In the current research, the research model has "Goal", "Criterion” and "Sub-
Criterion”. Therefore, five criteria were used to create a hierarchical research tree (Figure 1). The
criteria were determined with the help of library resources (including articles, books and
engineering regulations).

Goal: Structural Causes of Complete Collapse of Steel Building
during an Earthquake

Criterion 3: Criterion 4:

Criterion 1: Criterion 2: eteeiAl r : Criterion 5:
Horizontal Vertical Lzl Vertical Loading Structural Control
Member (A) Member (B) Surfaces (C) Surfaces (D) System (E)

Sub-Criterion 1:
Beam (A1)

Sub-Criterion 1:
e Bracing system
El

- Sub-Criterion 1: ey .
Sub-criterion 1: Bl Sub-Criterion 1:
ki 0. Sub-criterion 2: Sub-criterion 2: _Criterion 2- Sub-Criterion 2:
Sub-Criterion 2: : ub-criterion 2: Sub-Criterion 2: ub-Criterion 2:
Joist (A2) | Bearing Walls Foundation (C2) Vertical m  Seismic damper
(B2) connections (D2) (=)

Sub-Criterion 3:
Horizontal
Connections (C3)

~
~.

Sub-Criterion 3:
e Seismic isolator
(E3)

Figure. 1. Hierarchical model of the current research.

The questionnaire was modified and created with the help of the opinions of the academic
community including professors and PhD students in the fields of structures, earthquakes and
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construction management. The questionnaire has very good reliability (measurement tool's ability
to create results with similar conditions) and validity (measurement tool's ability to check
characteristics) [29-31]. To check the reliability of the questionnaire, Cronbach's alpha coefficient
[32, 33] was used, which is stated in Equation 1:

a=21-33 1)

Where: a is Cronbach's alpha coefficient, K is Number of parameters, S? is Variance of parameter
number i, S% is Total variance of the test. Cronbach's alpha coefficient calculated by Equation 1
was equal to 0.9136. Cronbach's alpha values above 0.9 are always considered very suitable and
excellent. Therefore, the reliability of the questionnaire is confirmed. Also, the validity of the
questionnaire was modified and confirmed with the opinions of university professors. To determine
the sample size of the research population (n), Cochran's formula [32, 33] (Equation 2) was used.
The real research community, all university professors and civil engineering PhD students, is
unlimited.

n = %) 2

Parameters in Equation 2:

S: This index is the multiplication of parameter p (probability of trust and success) and parameter
q (probability of distrust and failure), which is considered equal to 0.5 in studies.

ZZ: The value of this index is equal to 1.9 at the error level of 0.05.

d: This index represents the calculation error, which is considered equal to 0.05 in research.
Based on Equation 2, the sample size was calculated to be 35 people. To increase the validity of
the research results, the sample size was increased from 35 to 80 people. By performing paired
comparisons using the nine-degree method [22, 25, 26], (presented in Table 2), the opinions of 80
people from the statistical population were collected through a questionnaire.

Table 2. Nine-degree method for comparing research criteria and sub-criteria [31].

Value Description Comparison status (a) compared to (b)
1 Index (a) and (b) have the same importance. Equally Preferred
3 Index (a) is slightly more important than (b). Moderately Preferred
5 Index (a) is more important than (b). Strongly Preferred
7 Index (a) is much more important than (b). Very Strongly Preferred
9 Index (a) is absolutely more important than (b). Extremely Preferred
2-4-6-8 Values express the middle value. Middle

4. Numerical Results

4.1. Comparison Matrix

At the end of the field studies, the necessary primary data were collected. Then the average points
obtained were calculated, which are presented in Table 3 and Table 4. These results are used as
input data in Expert Choice software to perform AHP analysis.
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Table 3. Comparison matrix of criteria

Criteria A B C D E

A 1 -6 -2 -5 2

B -6 1 4 3 7

C -2 4 1 -3 3

D -5 3 -3 1 5

E 2 7 3 5 1
Table 4. Comparison matrix of sub-criteria

Sub-Criteria | A1 | A2 |B1|B2|C1|C2|C3|Dl1|D2|El1|E2|E3

Al 114|0|0|O0O|O0O|J0O|]O0O]O0O|0]O0]O

A2 411]0|]0]J]O0O]J]O0O]J]O]J]O0O|O]O|O]O

B1 0|01 ]8|]0]0|0|J0]0]0]O0]|O0

B2 0|]0|8|]1]0]0|O0O|]O0]0]O0]O0]|O

Cl 0|J]0O|]O0]|]O0 |1 |4 |-3/]0]0]0]O0]|0O0

C2 0|J]O0O|]O0O|]O0O|4]|]1|-8]0]0]0]O0]|0O0

C3 0|/]0|]0|]0|-3|]-8[1|]0]0|0]O0]|0O0

D1 0oJ]o0Oj]O0Oj]O]O]O|O|1]|]-5[0]|]0]|0

D2 0J]O0O]O0O]O]|]O]|]O|O|-5]1]0]0]|0O0

El 0|0 |]O0O]O]|]O]|]O|]O]|]O0O]O0O]|1]|3]|4

E2 0oJ]oO0Oj]O0O]j]O]O]O|O|]O0O]O0|3]|]1]|2

E3 0J]oOj]O0Oj]O]|]O]O|O|]O]O|4]2]|1

4.2. Statistical Weight of Criteria
It can be seen in Figure 2 that according to the criteria; (1) vertical members (0.493), (2) vertical
loading surfaces (0.269), (3) horizontal loading surfaces (0.120), (4) horizontal members (0.070)
and (5) Structure control system (0.048) has the greatest effect on the complete collapse of steel
buildings during an earthquake. The results showed that the vertical members have a large statistical
weight. Also, the inconsistency rate of the collected data is equal to 0.03. By reviewing study
sources [27-31], inconsistency values less than 0.1 are very appropriate. Therefore, the collected
data have good consistency and focus.

0.493 o
0.5
= 04 0.269
@ 0.12 o
= 02 007 0.048
g 7 i =
5
S Horizontal Horizontal Structure Vertical  Vertical
n loading members  control loading members
surfaces (A) system (E) surfaces (B)
© (D)
Criteria

Figure. 2. Statistical weight of criteria by performing hierarchical analysis.
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4.3. Statistical Weight of Sub-Criteria

After processing the data in the software, the results of the AHP analysis were obtained in the sub-
criteria section, which is presented in Figure 3. It can be seen in Figure 3 that sub-criteria
respectively; (1) Column (0.404), (2) Vertical connections (0.220), (3) Horizontal connections
(0.098), (4) Beams (0.058), (5) Bearing walls (0.50 0), (6) Shear wall (0.044), (6) Bracing system
(0.039), (8) Roof and Floor (0.037), (9) Seismic damper (0.015), (10) Joist (0.014), (11) Foundation
(0.011) and (12) Seismic isolator (0.009) have the greatest effect on the complete collapse of steel
buildings during an earthquake.
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Figure. 3. Statistical weight of sub-criteria by performing hierarchical analysis.

4.4. Dynamic Diagram

In Figure 4, the dynamic diagram of the criteria and sub-criteria of the research (influence
percentage of the index in the complete collapse of steel buildings during an earthquake) can be
seen. In Figure 4, it can be seen that criteria and sub-criteria are separated in the left and right part
of the diagram. In this figure, the statistical percentage of effectiveness is expressed. Statistical
percentage and prioritization of these criteria: (1) Vertical members (49.3%), (2) Vertical loading
surfaces (26.9%), (3) Horizontal loading surfaces (12%), (4) Horizontal members (12%) and (5)
Structure control system (4.8%). Also, Statistical percentage and prioritization of sub-criteria: (1)
Column (40.4%), (2) Vertical connections (22%), (3) Horizontal connections (9.8%), (4) Beams
(5.8%) (5) Bearing walls (5%), (6) Shear wall (4.4%), (6) Bracing system (3.9%), (8) Roof and
Floor (3.7%), (9)) Seismic damper (1.5%), (10) B Joist (1.4%), (11) Foundation (1.1%) and (12)
Seismic isolator (0.9%).
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Figure. 4. Dynamic diagram of (a) criteria and (b) sub-criteria

4.5. Linear and 2D Sensitivity Analysis

In the sensitivity analysis, the impact of criteria and sub-criteria combined and separately (sum of
impact on the target determined in the last vertical column of the graph) can be seen on the target.
In Figure 5, the sensitivity analysis of criteria and sub-criteria is presented.
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Figure. 5. Sensitivity Analysis graph of criteria and sub-criteria.
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In Figure 6, 2D sensitivity analysis diagram of sub-criteria is presented. In this graph, the status of
the sub-criteria of each criterion (comparatively) is shown (The 2D sensitivity graph for the
structural control system criterion is not presented.).
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Figure. 6. 2D diagram of sensitivity of sub-criteria for criteria including (a) horizontal members, (b) vertical
members, (c) horizontal loading surfaces and (d) vertical loading surfaces.

4.6. Linear Gradient
In Figure 7, the linear gradient for the structure control system criterion is presented. In this graph,
the slope of the line shows the influence of the sub-criteria on the goal.
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Figure. 7. Linear gradient for structure control system.
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In Figure 7, the influence of sub-criteria including (a) Bracing system, (b) Seismic damper and (c)
Seismic isolator, on the complete collapse of steel buildings during an earthquake can be seen.

5. Conclusion

By evaluating the results obtained in the previous section, the summary of the results is as follows:
- The results showed that the criterion of "vertical members" is the most important factor in the
complete collapse of steel buildings during an earthquake. The vertical members bear the gravity
loads of the structure (dead, live, snow, etc.) and transfer them to the foundation. During an
earthquake, the columns bear the axial (compressive) force caused by the gravity loads and the
Shear force caused by the earthquake load at the same time. Therefore, very large forces are applied
to the columns. Therefore, many damages are caused to the columns during the earthquake, which
will cause the complete collapse of the building. Therefore, the vertical members (with a statistical
weight equal to 49.3%) have a great influence on the complete collapse of the steel building during
an earthquake. The building designer must be careful in the correct design of the vertical members
(especially the columns and load-bearing walls of the building). The correct design of the column
will increase the stiffness of the entire structure and prevent the building from collapsing during an
earthquake.

- The results showed that the structure control system (bracing system, seismic damper and seismic
isolator) have little effect on the collapse of the building during an earthquake. Building energy
depreciation systems have a great effect on the absorption and depreciation of earthquake energy
and reducing the forces on the columns. But these effects are indirectly determined by the purpose.
This result expresses the thoughts of the engineering community.

- The results showed that the column sub-criteria, vertical joints and horizontal joints are the most
important sub-criteria to prevent the structure from collapsing during an earthquake. If the columns
and connections of the steel structure are designed correctly, the possibility of the complete
collapse of the building is greatly reduced.

- The results showed that the difference in the weight of the criterion with the first rank (vertical
members with a statistical weight equal to 0.493) and the criterion with the last rank (structure
control system with a statistical weight equal to 0.048) is very high. The correct design of the
column and structural joints (horizontal and vertical) increases the economic efficiency of the
building. By reducing the probability of the building collapsing, the residents of the building are
more secure, and the necessary costs for possible damages during an earthquake will be greatly
reduced. With the correct design of columns and structural connections, additional purchase costs
of dampers, isolators and braces will be greatly reduced.
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