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1. Introduction

The structural system of historical structures in
Iran consists of ribbed vaults that allow gravity
loads to be concentrated on four columns. Seismic
evaluation of existing arched structures is necessary.
The best method of seismic assessment is the limit
analysis that accurately describes the seismic
behavior of the masonry arch structure (Stockdale et
al., 2018; Zampieri et al., 2019). Geometric damage
and fatigue in masonry arches reduce the perfor-
mance of the structure. Their analysis is needed to
evaluate the capacity of structures to bear external
loads (Zampieri et al., 2016).

Analyzing the effects of an earthquake on a
historical structure is very important for cultural
heritage organizations. To preserve and maintain
them, it is essential to analyze the damage process,
and appropriate numerical modeling methods
should be developed to assess their vulnerability
(Bartoli & Betti, 2013; Castori et al., 2017).

Types of research have been carried out on
historical masonry structures experimentally and
numerically, and there are many examples, including;
historical arched masonry bridges (Gonen & Soydz,
2021; Milani & Lourengo, 2012; Ozmen & Sayin,
2018), towers (Castellazzi et al., 2018; Micelli &
Cascardi, 2020), minarets and mosques (Altunis Sik
& Geng, 2017; Gunes et al., 2021; Seker et al., 2014),
churches (Atmaca et al., 2020; Hemeda, 2019;
Kujawa et al., 2020) and chimneys (Masciotta et al.,
2017). Specific structures, such as castles, fortresses,
and fortifications, have been investigated regarding
structural behavior (Tiberti et al., 2016).

It is necessary to understand the impact of
near-fault and far-fault earthquakes on the stability
of various structures. The effect of near-fault ground
motions has been expressed more strongly (Talebi
Jouneghani et al., 2017), and the researchers
investigated the factors affecting the non-linear
behavior of structures in the near-fault accelerations.
The results showed that these earthquakes have
behavior factors equal to or greater than design
earthquakes on structures (Hatzigeorgiou, 2010). In
this regard, researchers have stated that near-fault
ground motions have more impact effects on
structures than far-fault ground motions (Grimaz &
Malisan, 2014). Also, the difference between
near-fault and far-fault earthquakes on structures has
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investigated, which showed that the effects of
far-fault earthquakes can be as crucial as near-fault
earthquakes (Ozmen & Sayin, 2021).

The current research is based on the article
published in the 9" International Conference on
Earthquake Identification and Earthquake Engineer-
ing (Taghi Panahi et al., 2024). This research
examines the performance of multi-span historical
vaulted masonry structures in different geometries
and heights. Since these structures are historical
monuments, it is necessary to know their performance
?under the acceleration of the earth. Also, examining
the process of spreading damage and vulnerable
areas in structures can provide better solutions for
their maintenance and strengthening. In the present
study, nonlinear dynamic time history analysis has
been used to achieve unique and effective results.
This analysis done using six records of the near-fault
and far-fault earthquakes.

The structures were exposed to these accelera-
tions from two directions. The displacement of
the structure in the direction of acceleration and
orthogonal direction, the acceleration of the ground
input to the structure (ag), and the plastic strain
investigated in each analysis. It is worth mentioning
that understanding the performance of structures in
different plans and heights can open a new window
in the maintenance or even reconstruction of such
structures.

2. Structural Characteristics and Ground
Motions of Case Studies

2.1. Near-Fault and Far-Fault Ground Motions

Pulse-type characteristics are essential properties
of near-fault and far-fault ground motions; thus, six
acceleration records selected. The acceleration and
amplitude in Figure (1) and the information shown
in Table (1).

One of the most critical points in time history
analysis is the selection of accelerometers. To select
the most appropriate acceleration, FEMA695 used,
and the duration, magnitude, and number of
accelerations selected according to its guidelines
(Federal emergency management agency, 2009).
The distance between near-fault and far-fault
movements stated in various articles (Bayraktar &
Hokelekli, 2020; Khan et al., 2019), which state that
the near-fault earthquakes (<10 km) and the far-fault
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earthquakes (20 to 100 km) are significantly strong ground motion with a larger velocity pulse
different (Bayraktar & Hokelekli, 2020; Bertolesi  that inserts high energy into the structure, poten-
etal., 2018; Giillii & Karabekmez, 2017; Szolomicki  tially increasing structural responses and causing
et al., 2015). The near-fault earthquake involves significant damage (Cao & Ronagh, 2014; Davoodi
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Figure 1. Selected acceleration and Fourier amplitudes: (a and b) near-fault and far-fault Coyote Lake; (c and d) near-fault and far-
fault Westmorland; (e and f) near-fault and far-fault record 14186612.
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Table 1. Properties of selected near-fault and far-fault accelerations.

Name Earthquake Name Vs (m/s) PGA(g) M, Distance to Fault (KM) Ts(s)
El Coyote Lake 349.85 0.25 5.74 7.42 6.2
E2 Coyote Lake 367.43 0.132 5.74 20.67 6.2
E3 Westmorland 191.14 0.18 5.9 7:57 8
E4 Westmorland 362.38 0.1 59 20.37 10
E5 14186612 289.87 0.1 4.69 3.15 5.52
E6 14186612 348 0.022 4.69 22.05 10

et al., 2013; Giilli & Karabekmez, 2017). There is part of the Agha Bozorg Mosque in Kashan, also
are different methods for selecting accelerations,  built in the 13" century AH (19" century CE) during
and two methods used in this article. The first the Qajar dynasty. The structures examined in
method based on the distance (M), the distance to  three plans and at different heights. The height of
the fault (R), the type of fault (F), the type of local the bases in all structures changed to 1800, 2800
soil (S) and the main cycle time of the structure and 3800 mm to evaluate their effect. The structure
(S(T))). The second method is using uniform line  with various plans and their geometry can see in
spectrum (UHS). Figure (2).
According to FEMA 695, two accelerations are

needed in the time history analysis in the far and 3. Numerical (FE) Model Generation and

Properties
near fault. i )
If more accelerations are used, they should 3.1. Material Properties
have seismic acceleration peaks close to each other, A sensitive issue in all studies on the behavior of

and the rest of the accelerations can have different historical structures is the characterization of the
seismic acceleration peaks (Federal emergency mechanical properties of the materials (Llopis-
management agency, 2009). Pulido et al., 2019). It is not possible to take

material samples because of the limitations placed

2.2. Selection of Dimensions of Historical o the preservation of a monument. Therefore, in

Struct . . .
ructures this research, the properties of materials have been

The investigated structures were two in Iran  used from previously published articles. These was
from the historical and scenic center of Kashan. done by considering materials similar to those in
Structures 1 and 3 are Tabatabaei House, built in  previously published articles (Valente & Milani,
the second half of the 13" century AH (19" century  2019) using the mechanical properties shown in
CE) during the Qajar dynasty. The other structure  Table (2).

Table 2. Mechanical properties for a numerical model of structures (Valente & Milani, 2019).

Material Young's Modulus Poisson's Density Compression Strength Tension Strength
My, Ratio (Kg/m®) M,, M,
1500 0.2 1800 24 0.15
o \\
{ N
04m \\
N
4
72m ,
444 3.05m
s 3 3
S 3 8
423 m L701 m ., 551m . ~ L / . ..9225m~
i 1.27 5= 2.25
(a) Tabatabaei House (b) Agha Bozorg Mosque (c) Tabatabaei House

Figure 2. The dimensions of the structures with different plans and the height of the bases as variable elements in height.

56 JSEE / Vol. 26, No. 4, 2024



Investigating the Performance of Multi-Span Structures with Different Geometries and Heights under Near-Fault and ...

3.2. Damage Plasticity Constitutive Model

A scalar variable was used to model failure
under compression and tension in the damage
plasticity constitutive model. This constitutive
model simulates the effects of irreversible damage
associated with failure mechanisms occurring in
concrete and other quasi-brittle materials under low
confining pressures. Concrete damage plasticity
(CDP) model is useful for evaluating seismic-
induced damage in structures. CDP is based on the
mechanism of failure, i.e., tensile cracking and
compressive crushing, of the analyzed structure
(Zampieri et al., 2015) (Figure 3).

For all the materials involved in the analysis, a
non-linear model is adopted. The main features of
the model are the following: (1) linear and
isotropic behavior in the elastic area and (2)
elastic-plastic damageable behavior in the non-
linear area, taking into account the difference
between compressive and tensile strengths and the
softening brittle behavior is reached. The plasticity-
based damage model assumes that the main two

failure mechanisms are tensile cracking and
compressive crushing (Zhao et al., 2023). The
parameters of the concrete damage model can see
in Table (3).

The compressive stiffness was recovered after
crack closure using loading variables from tension
to compression. The tensile strength did not
recover because of the changes in loading from
compression to tension after creating micro-
cracks. Under uniaxial stress conditions, the loss
of elastic stiffness can be calculated as follows
(Milani & Valente, 2015):

(1-d)=(1-S,d,)(1-5, d,) (1)

where S, and S, are functions of the stress state
and have been introduced to model the stiffness
of recovery effects due to stress reversal. They
can be computed using the following equations:

S, =1-w,(0)
S, =1-w,(1-H(0))

0<w, <1

0<w, <1

)
where w, and w, are the weight factors that control
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Figure 3. General non-linear uniaxial stress-strain behavior and for the present simulation under (Milani & Valente, 2015).

Table 3. Surface-to-surface contact parameters for interfaces (Bayraktar & Hokelekli, 2020).

Surface-to-Surface Contact

Interface Normal behavior Tangential behavior Cohesive behavior
. . Normal Stiffness Shear Stiffness
Between Masonry Hard Friction Coefficient (MPa/mm) (MPa/mm)
Knn KSS Ktt
0.3 0.36 0.175 0.175
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recovery of the tensile and compressive stiffness,
respectively, upon load reversal and show the uniaxial
load cycle assuming the default behavior available in
Abaqus, which correspond to w,= 0 and w,= 1
(D'Altri et al., 2019; Milani & Valente, 2015).

The simulations were performed by using the
Abaqus code. The response under the damage
plasticity constitutive model is affected by the
following main parameters: dilation angle v,
eccentricity €; ratio f,,/ f,, between the biaxial
compressive yield strength and the uniaxial com-
pressive yield strength; coefficient k; viscosity
parameter X, and the damage variables d, and d,
(Abdulla et al., 2017; D'Altri et al., 2019) (Table 4).

Table 4. Constitutive parameter values for damage plasticity
model for masonry (Milani & Valente, 2015).

Parameter 0] €

f co /fbu k 1

1.16

Amount 0.1 10 0.666 0.02

3.3. Interface Interaction Model

Interface elements were used to account for the
plastic behavior and possible failure modes of the
mortar. This done using the cohesive element in
Abaqus. The shear and normal stress damage
models also were used to allow for the degradation
and removal of elements after failure. After mortar
failure, the interaction between the blocks controlled
by Mohr-Coulomb friction behavior (Nasiri & Liu,
2017). Contact assumed to be zero thickness;
therefore, hard contact assigned as the normal
behavior of general contact. These means that no
penetration of the surfaces could occur (Bayraktar
& Hokelekli, 2020) (Table 3).

Evaluation of the damping mechanisms in

masonry structures is complex and has not yet been
thoroughly investigated. In this study, the Rayleigh
damping model considered, and the mass-pro-
portional damping (a,) and stiffness-proportional
damping (a,) coefficients assumed to be 0.35 and
0.00305, respectively. The New mark-beta method
used for integration in the time domain (Zampieri et
al.,2015).

3.4. Finite Element Modeling and Analysis

The 3D FE models of the studied buildings cre-
ated using Abaqus software. SolidWorks software
used to design the structures. The springs and
vaults modeled integrally with the roof, and they
didn't have the ability to move together. The bases
and infill wall were modeled separately, and
connected, then attached to the roof. The elements
have the ability to slide and move and can slide
together under the incoming forces.

The connection of the rib cover (roof, vault and
spring), base and wall elements was made by spring
modeling.

In this way, the normal and shear stiffness
were defined and assigned to the joints. Columbus
model used for friction modeling. To investigate
the effect of height on structures, all analyses
done with three different base heights of 1800,
2800 and 3800 mm separately. The behavior of
masonry structures modeled with the concrete
damage model, which explained in section 3.2.

To achieve better response convergence, mesh
sensitivity analysis performed on three one-span
structures. The results showed that the best mesh
size, which has less effect on the maximum
displacement and also saves analysis time, is
120 mm. Figure (4).

Testing the Meshing Result and Displacement

30000 800
w R - - N
- 0.12, 10000 g |= Computational Time (s)- Structure1
E 20000 £ | ——#— Computational Time (s)- Structure2
© 000 :,‘_:,' =@ Computational Time (s)- Structure3
S £
2 @@= Displacement (mm)- Structure1
B 0.125, 7000 S P ()
2 10000 —— ot »— Displacement (mm)- Structure2
. )
g — O | === Displacement (mm)- Structure3
3 '
L -200
0.08 0.1 0.12 0.14 0.16 0.18
Mesh Size (m)
Figure 4. Mesh sensitivity analysis according to the applied force and maximum displacement.
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For verification by the same authors, the 1:1
scale of structure examined in the laboratory in the
past, and numerical analysis now done to verify
the results. The test set-up can be seen in full in
the article (Taghi Panahi et al., 2020), and these
structures are taken from the historical structures
of Iran. The materials of the model and the ex-
perimental structure are exactly the same as the
structure under investigation.

In Figure (5), the longitudinal cracks in the
roof, as well as the hinges at the spring and 1.4
vaults, are comparable. Shear-sliding cracks in
foundations can confirm the accuracy of the
modeling results. Numerical and experimental
responses and the stress-strain diagram are in very

- +8.365e+01

-+5.577e+01

-+1.050e+01

good agreement.

4. Response of all Structures
4.1 Failure Modes of Masonry arc Structures

The FE method was used to support the sim-
ulation of masonry structures. Figure (6) shows the
first and second frequencies and the mode of the
structures.

In all structures, the first and second failure
modes occurred in the rib cover (Figure 6). In
structure 1 with one or two spans, the higher failure
modes observed in the rib cover and the bases.
However, in three-span structure 1, deformation in
the middle span was much less than in the two side
spans in the fourth mode. In two-span structure 2,

+7.668e+01
+6.971e+01
+6.274e+01

+4.880e+01 g
+4.182e+01 |
+31485¢+01
+2.788e+01
+2.091e+01
+1.3946+01
+1.195¢+01

(a) Experimental Tests

=== Numerical Analysis in 1/4 Vault

= Experimental Analysis in 1/4 Vault
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Numerical Analysis in Spring

Comparison of Stress-Strain Diagram
in Experimental and Numerical Analysis
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(b) Stress — Strain Diagram

Figure 5. Comparison of numerical analysis and experimental tests (Taghi Panahi et al., 2023).
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Figure 6. Deformed shapes of structures in the first and second natural modes and frequencies.

the infilling wall between the columns had in-plane
movement. However, in two-span structure 2, the
movement of the filling wall was out-of-plane. In
three-span structure 2, the filling wall of the
middle span did not move in the fourth mode.
However, in the fifth mode, all the filling walls
exhibited in-plane movement.

4.2. Response of Structure 1 to Near-Fault and
Far-Fault Ground Motions

Structure 1 has thick vaults and springs placed
on strong and large foundations. This structure
investigated with three different heights of 5, 6 and
7 m, and the following results obtained. The square
plan can be one of its features. The maximum
displacement in multi-span structures for the E3
record obtained in the spring direction.

However, for the Coyote Lake far-fault record,
the displacement was more significant for the
near-fault record. For all structures with different
heights and in the direction of the spring, the
displacement decreases with the increasing
number of the second span. The percentage of
reduction in displacement in Third span was about
5-8% more than second span. In the direction of
the vault, in a structure with a height of 5 m, the
effect of the third span reduces the displacement of
the structure up to twice that of the second span.
In the structure with a height of 6-7 m, a 4-6%
reduction in displacement has observed.

In the direction of loading in the vault and the

60

spring, the ratio of the vault/spring in the structure
with various heights is different. In the structure
with a height of 5 m, increasing the second span, a
very small decrease rate has observed, and in the
third span, this rate remains approximately constant.
But in structures with a height of 6 and 7 m, a
decrease in displacement was observed at a
constant rate with the increase of spans from 1 to
3. In the direction of loading in the spring at all
heights, the displacement reduction rate is minimal
and has a constant slope. This ratio ranges from 35
to 40%. Figure (7).

In the direction of loading in the vault, the
displacement increase ratio in the structures with a
height of 5 and 6 m, and the 2 and 3 spans are very
close to each other, which increases with a minimal
slope and at a constant rate. In the direction of the
spring, this slope is slightly higher than the direction
of the vault, which has increased by about 2-4%
in different accelerations. The displacement at the
height of 6 and 7 m in the direction of loading in
the vault has decreased with the increasing
number of spans, and the slope reduction ratio is
about 3-6%. In the direction of the spring, this ratio
varies in different accelerations, and in the third
span, the displacement decreases with a smaller
slope. These show that the third span in the
structure with a high height had a more significant
impact.

The place of maximum displacement in the
structures with different heights is variable. In the

JSEE / Vol. 26, No. 4, 2024
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Figure 7. Vault/spring ratio of displacement in multi-span

structure 1 and all heights under near-fault acceleration
(Coyote Lake).

one-span structure with a height of 5 m, in the
direction of the vault, the most displacement is
created in the middle of the vault to the top and the
bottom, which is the place of the hinges. In the
high-frequency content accelerations, maximum
displacement has continued towards the top of
the structure, which causes the hinges and large
displacements have observed. By increasing the
number of spans to two, when the acceleration
enters the structure, the maximum displacement
occurs at the bottom of the structure. When the
acceleration exits the structure, the maximum
displacement occurs in the vault and roof, which to
be appeared the bending failures. By reducing the
frequency content and the far-field acceleration,
the maximum displacement has created on one side
of the structure at the top and on the other side at
the bottom towards the bases. In the three-span
structure, the middle span has no maximum dis-
placement. In the one-span structure, with the
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Figure 8. Displacement in one-span Structure 1 at different
heights in the direction of the vault under near-fault acceleration
(Westmorland).

increasing height, the maximum displacement is
stretched to 1.4 vault to base, which causes
significant moments to be created at the connection
point of the roof to the bases, and the maximum
displacements occur in these areas Figure (8).

Under the high-frequency-content accelerations,
a significant plastic strain occurs in the structure,
which starts from the connection of the vault and
the spring to the roof and expands to the roof.
The structure with a height of 7 meters has had
out-of-plane movements at the bases, which is
associated with high tensile strains and causes
shear-sliding failures. The place of connection of
the vault and the spring to the roof is longitudinal
fractures along with the crushing of the masonry
elements, which can lead to the separation of the
ceiling. In low-frequency-content accelerations,
the value of plastic strains is less than the maximum
plastic strain under pressure Figure (9).
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to two spans. The third span has decreased with
a lower slope rate. In the structure with a height of
7 m, this decreasing process has become much
less with the increase in the number of spans, so that
in the two-span structure, it has become half of
the other two structures, and in the three-span
structure, there was an increase of 5-10%. The
displacement ratio of the vault to the spring in the
direction of loading in the vault and the spring with
the increasing the second span, the reduction ratio
has done slowly. In the third span, this decreasing
process has increased to 3-5%. In the orthogonal
directions of loading, as the number of spans
increases, the rate of reduction in structures with
heights of 5 and 6 m is greater than that in a
structure with a height of 7 m. The number of
spans in these two structures significantly impacts
the reduction of displacement, with ratios ranging
from 50% to 65% (Figure 10).

==o—\/ault-1-Span E1
—a-\/ault-2-Span E1
Vault-3-Span E1

Spring-1-Span E1
=& Spring-2-Span E1
== Spring-3-Span E1

Examining the Damage Process under Coyote
Structure 1 - o ;
Lake Acceleration in the Direction of the Spring
Height 6 m Strain Start Ultimate Strain
1 Span ‘gg
Wi
2 Span .
1 Span ‘
PE, Max. Principal
o
=
2 Span g
i Span ‘

Figure 9. Plastic strain in structure 1 under near-fault and
far-fault Coyote Lake acceleration.

4.3. Response of Structure 2 to Near-Fault and
Far-Fault Ground Motions

Structure 2 featured a rectangular plan with
medium-thickness vaults and springs. It has been
investigated at three heights of 3.85, 4.85 and 5.85
meters. The structure experienced six distinct
accelerations from two directions. The multi-span
structures showed the most significant displacement
under the near-fault E3 record. Under the E2 record,
notable displacement occurred in the direction of the
spring. Increasing the number of spans resulted in
reduced displacement. In the analysis of the vault's
loading and the displacement of the structure with
one to two spans and two to three spans, it was
observed that the displacement at heights of 5 and
6 m decreased by approximately 20-30% from one
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Displacement-Height Diagram under E1 Acceleration in Multi-Span
Structures 2 in the Direction of Loading in the Vault and the Spring
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Figure 10. Vault/spring ratio of displacement in multi-span

structure 2 and all heights under near-fault acceleration
(Coyote Lake).
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With the increase in height, displacement has
increased, which is normal. In the direction of
loading in the vault and the spring, this value varies
in different accelerations and at a height of 5 to 6 m.
In the second and third spans in the direction of
the vault, the decrease was more by 1-2%. In the
direction of loading in the spring, in different
accelerations, the decreasing process of displacement
has been variable and sometimes constant, but
generally, this process is upward. Regarding the
height of 6 to 7 m, the growth rate was the same in
both directions of the structure. The percentage
of reduction in displacement in the far-fault
accelerations is more than the near-fault, Therefore,
the displacement reduction is about 25% in the
near-fault accelerations and 30-50% in the far-fault
accelerations.

The maximum displacement in the direction of
the spring occurred during loading on both sides of
the structure, and hinge and fracture observed in
these areas in all structures. It can say that the
spring performance was very poor. When the
acceleration is applied to the structure in the
direction of the vault, the high-frequency-content
accelerations and the one-span structure, the
maximum displacement is created at the top of
the structure, but the bases also had a large
displacement. But in other accelerations, the
maximum displacement appears in 1.4 vaults
towards the bases. The hinge created in this area,
and displacement also appears at the connection
of the base to the rib cover. But in other accelera-
tions, the maximum displacement appears only in
1/4 vaults towards the bases. By increasing the
number of spans, the area of the maximum
displacement in the first span is at the top and in
the end span is at 1.4 vaults. By increasing at the
height, maximum displacements do not appear at
the top of the structure. In the three-span
structure, the middle span does not have a large
displacement, and only the spans on both sides of
the structure at the top and 1.4 vaults have had
maximum displacement, and hinge has appeared
in those areas (Figure 11).

The amount of plastic strain is higher than
the compressive strains defined for the structure.
The strains were observed at the connection of
the spring to the roof, which is the beginning of
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Figure 11. Displacement in one-span structure 1 at different
heights in the direction of the vault under near-fault acceler-
ation (Westmorland).

the damage in the structure (Figure 12).

4.4. Response of Structure 3 to Six Near-Fult and
Far-Fault Ground Motions

Structure 3 had a rectangular plan with a very
long side. The narrow vaults and the springs located
on a thin foundation. The structure has investigated
with heights of 4.2, 5.2 and 6.2 m. Increasing the
number of spans, a decrease in displacement has
seen, which shows that the number of spans can
have a positive effect in reducing the displacement
process in structures. The impact of the third span is
very variable compared to the second span. In such
a way, in near-fault and high-frequency-content
accelerations, the third span had less effect in this
decreasing process. In far-fault and lower-frequency-
content accelerations, the third span had a more
significant impact, which varies by 10-25%. In the
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Structure 2 Examining the Damage Process under Coyote
Lake Acceleration in the Direction of the Spring
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Figure 12. Plastic strain in structure 2 under near-fault and
far-fault Coyote Lake acceleration.

direction of the vault, increasing the spans in all
accelerations has reduced displacement by 10 to
20%.

The ratio of the displacement of the vault to the
spring is minimal in the direction of loading and its
orthogonality, which varies from 18 to 23%, and
shows that the displacement in the direction of the
vault was much less than that of the spring. One of
the reasons for these low displacements in the vault
is massive displacements in the direction of the
spring, which quickly destroys the structure and
does not allow the structure to move much in the
direction of the vault. Although the displacement
has decreased with increasing the number of spans,
due to its slight slope, it could not have a good
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Figure 13. Vault/spring ratio of displacement in multi-span
structure 1 and all heights under near-fault acceleration (Coyote
Lake).

effect on the structures. So, 1-2% reduction in
displacement has observed, which is very insig-
nificant (Figure 13).

Increasing the height of these structures from
4.2 to 5.2 m has increased the displacement in
the direction of the vault. The increasing process
is very evident in low-frequency-content accelera-
tions. The structure has performed more reasonably
under these accelerations. Increasing the height
from 5.2 to 6.2 m, the structure's performance in
high-frequency-content accelerations and high
duration has been so weak that the structure is
quickly destroyed and does not allow the structure
to move more. In low-frequency-content accelera-
tions and the direction of loading, the displacement
has increased by about 30 to 40%.

The maximum displacement in the structure
with a height of 4.2 m occurred at 1/4 vault to
bottom. However, in the high-frequency-content

JSEE / Vol. 26, No. 4, 2024



Investigating the Performance of Multi-Span Structures with Different Geometries and Heights under Near-Fault and ...

accelerations, the bottom of the structure also had
large displacements. By increasing the height, the
maximum displacements are observed at the top of
the structures, which indicated the hinge is created
above the structure. Of course, the out-of-plane
movements of the filling walls can see with
sliding-shearing fractures, which have reached
their maximum value in the structure with a height of
6.2 m. Massive out-of-plane movements can see in
the bases in all structures, which become much
more with increasing height. Of course, bending
fractures in the roof can see in all structures. Height
can cause severe damage to the structure, but the
displacement location has not changed. In some
structures, the place of maximum displacement
expanded towards connection the vault to the
base. By increasing the number of spans, the
maximum displacement observed at the connection
of the vault to the base, which shows that bending
fractures have also involved the base. In two-span
structures, both spans have maximum displacement
at the top of the vault or the roof and the connection
of the vault to the bases, this value reduced with
the third span, and the middle span has less dis-
placement than the side spans. The out-of-
plan movements of the bases have improved
(Figure 14).

The plastic strain has been so high that the
structure destroyed under tensile and pressure
strains, which are the main factors in damage. Bases
damaged by large out-of-plane movements.
Compressive strains also destroy the structure by
crushing the elements, which can see at the
connection of the spring to the roof. The process of
damage starts from the connection of the vault to
the roof and continues to the top of the roof. Of
course, the bases have also had great strains. One of
the essential features of the rectangular plan is
the separation of the filler wall from the side bases
(Figure 15).

4.5. Effects on Nine Structures of Six Near-Fault
and Far-Fault Ground Motions

The frequency content and parameters such
as the amplitude and duration are essential
characteristics of an earthquake record that can
use to estimate the damage to a structure. The
results showed that the linear and non-linear
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Figure 14. Displacement in one-span Structure 3 at different
heights in the direction of the spring under near-fault acceler-
ation (Westmorland).

responses of the structures were significantly
affected by the frequency content of the acceler-
ations. The frequency content has a significant
effect on the response of the structure; thus, it
analyzed in both the narrow and broadband ranges.
The narrow band covers a small frequency range
and most of the far-fault acceleration fell into this
category. The broadband frequencies fell into an
extensive range, and most near-field accelerations
were in this category. E3 acceleration has a lower
seismic acceleration peak than E1, but it caused
severe damage to all structures. The reason for this
was its high-frequency content. In the primary
frequency range, this peak acceleration was
powerful. Also, its duration was 8 s, which was
longer than the duration of E1, which caused a
significant change in the structure.

It determined from the seismic response studies
of the structures that the parameter that caused an
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Structure 3 Examining the Damage Process under Coyote
Lake Acceleration in the Direction of the Spring
Height4.2 m Strain Start Ultimate Strain
PE, Max. Principal
SNEG, (fraction = -1.0)
(Avg: 75%)
+9.496e-02
peFite
1 Span petree
374800
+3.957¢-02
o]
2.374¢-02
Fowy
7.914e-03
.000e +
PE, Max. Principal
SNEG, (fraction = -1.0)
(Avg: 75%)
49.675¢-02
l +8.8690-02
+8.063¢-02
- +7.2570-02
+6.450¢c-02
2 Span B i85
+4.031e-02
- 43.225e-02
+2.419e-02
I 11613002
+8.063e-03
+0.
PE, Max. Principal
SNEG, (fraction = -1,0)
Cavg: 759
+7.600e-02
prereeety
3 Span 13830001
nses
43.455¢-02
' +2.764¢-02
133500
+1.382e-02
18303003
1538055
Height 5.2 m Strain Start Ultimate Strain
PE, Max. principal
SNEG, (fraction = -1.0)
(Avg: 75%)
1 Span
2 Span
SNEG, (fraction = -1.0)
(Avg: 75%)
+8.842e¢-02
B e
3 Span =y e
1 +5.158e-02
o +4.421e-02
I +3.6840-02
 +2.947¢-02
+2.210e-02
+1.474e-02
i +7.368e-03
+0.000e +00

Figure 15. Plastic strain in Structure 3 under near-fault and
far-fault Coyote Lake acceleration.

increase in structural damage was the frequency
content of the earthquake (Afreen et al., 2021). By
comparing three structures with different spans, it
can see that structure 1 had less displacement
than the other two structures at all heights, which
shows that it performed much better. The maximum
displacement in three structures was at 1.4 vaults,
which was almost the same in all structures, and by
increasing the height, the location of the maximum
displacement changes.

The out-of-plane movements of the bases with
the separation of the filling wall in the high structure
with a rectangular plan can be seen well. Slip-shear
fractures in bases can see especially in high-
frequency-content accelerations. The process of
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reducing the displacement in the valve/spring ratio
of displacement in structure 1 is more than in the
other two structures, which shows that the two
directions of the structure have displaced close to
each other. But in the structure with a rectangular
plan, the direction of the spring has had much
larger displacements than the direction of the
vault.

5. Conclusion

- Multi-span structures with different heights, and
having different dimensions in plan investigated.
Six near-fault and far-fault accelerations selected
with different durations, distances to the fault and
ground accelerations. These records applied to the
structures separately in the directions of the vault
and the spring. The following results obtained:

- When the plan is closer from the square to the
rectangle, the structure's performance weaker and
the stiffness and resistance reduced. Also, with
increasing height, this weakness is more evident.
The increase in displacement from structure 1 to
2 in three heights of about 12, 18 and 20% and
from structure 2 to 3 in three heights of 57, 70
and 75% has reported. Therefore, the narrower
the structure becomes, the faster its stiffness
decreases.

- In all plans, with the decrease in the height of
the bases, sliding-shear behavior is seen, and
with the increase in the height of the base, the
out-of-plane movements cause flexural failure
due to the slenderness and increase of the
anchor.

- In a structure with a rectangular plan, pressure
damage spreads from the top of the spring to the
middle of the roof and the connection point of
the spring to the roof, as well as the side parts.
If in the square plan, most of the damage is from
the connection point of the spring to the vault. In
the rectangular plan, high tensile strains and
damage caused by it are more evident.

- In all three types of geometry and plan,
increasing the height of the structure has a
significant effect on increasing displacement. But
since the roof system is also very essential, which
saw in the first mode of vibration, this height in
crease effect is not significant. But with the
increase in height, the slope of the increase in
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displacement in the structure 1 becomes slower.
But in the second structure, which is narrower,
the growth rate of deformation at higher heights
is faster. Due to the rectangular plan, the effect
of height on the performance of the structure is
more evident, in such a way that in increasing
the base height to 2.8 m, about 10% and in height
to 3.8 m, about 20% increase in displacement
observed. The growth rate of displacement with
increasing height is higher in the direction of
the spring than in the direction of the vault. In
the narrower structure, with the increase in
height, the difference in the displacement of the
spring to the vault has increased significantly and
has been reported up to five times.

- The process of damage in the structure with a
square plan starts from the connection of the
vault and the spring to the roof, and in the
structure with a rectangular plan, this process
starts from the connection of the spring to the
roof and spreads throughout the structure.

- Inthe structure with L/B=3.3 and the rectangular
plan, the foundation exhibited out-of-plane
movement, and the structures sustained damage.
Although the displacement decreased strongly in
the three-span structure, out-of-plane movement
observed. In some structures, the most significant
displacement occurred in the foundations or at
the bottom of the structure (Bayraktar &
Hokelekli, 2020; Llopis-Pulido et al., 2019).
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