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Historical heritage structures are especially vulnerable to earthquakes because
they were designed only for gravity loads without any consideration of lateral
loads. For this reason, the preservation and maintenance of these structures are of
great cultural, economic, and social importance. The present study investigates the
seismic vulnerability of a historical structure called Kashan Bazaar, located in
Kashan (central Iran), dating back to the 17th century. The detailed 3D geometrical
model of this structure was drawn using SolidWorks software. Finite element
numerical method was used to evaluate the response of Bazaar structure using
macro-modeling approach. Static, modal, and nonlinear static (pushover) analyses
were carried out using two cases, with soil-structure interaction (SSI) and without
SSI (fixed-base). According to the results, considering the SSI has a significant
influence on the mode shapes, vibration frequencies, and the structural responses.
The structure of Bazaar can withstand gravity loads as well as DBE demands
in fixed-base model. However, the results of the SSI analyses show the structure
weakness against lateral loads.
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ABSTRACT

1. Introduction

Cultural heritage buildings represent a set of
particular values, which are considered as every
country's identity and history [1]. Today, the deter-
mination of the responsible institutes and the
recommendations of the international councils on
monuments and sites (ICOMOS) are to ensure the
preservation of the identity and importance of these
structures [2]. It is obvious that existing historic
masonry buildings inherently have little capacity to
withstand seismic loads, because in addition to low
strength materials, horizontal load philosophy has
been overlooked during their construction. Therefore,
the performance of masonry structures against
lateral load is ambiguous and needs further investig-
gation. Due to the complexity of the geometry,
material properties, and boundary conditions in

historical structures, finite element method (FEM) is
often used to assess their behavior [3-6].

Various approaches have been used for the
seismic response analysis of masonry structures.
Page [7] was one of the first researchers to consider
numerical modeling of bricks. Lourenço et al. [8]
modeled the masonry wall in a micro-level using
contact elements. In this method, the masonry
unit and mortar are defined separately. Due to the
difficulty in understanding geometry, modeling,
and the need for high computational effort, the
micro-level analysis is suitable for small structures
and structural details. Hence, there remains an
important place for simple and practical numerical
solutions to the analysis of large and complex
engineering problems. The macro-behavior for
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computational modeling of masonry structures was
first proposed by Lourenço [9]. In macro-modeling
method, a detailed description of the interaction
between units and mortar is not necessary for
seismic analyses on large structural members. From
combined experimental and numerical results, it
was concluded that macro-modeling technique may
offer an adequate method to characterize the
structural behavior [9].

Soil-structure interaction specially for structures
resting on relatively soft soils amplifies the lateral
displacements and influences the seismic per-
formance and vulnerability of the structure [10-11].
Although for lightweight structures on stiff soils,
ignoring the SSI effects might be acceptable, soft
soil sites was found to have a significant influence
on the force and displacement demands of
foundation-structure system [12]. Therefore, in
historical masonry structures due to the finite height
and hard sections, the interaction between soil
and structure could cause a serious impact. In the
literature, there are very few studies for the seismic
assessment of historical structures taking SSI into
account. For example, Fathi et al. [4] computed the
effect of SSI on the Tabriz historical Citadel using
the concrete damage plasticity (CDP) model and
macro-analysis. They reported that considering
the SSI caused about 2.5 times increase in the
vibration period, increased displacement, increased
overturning probability, reduced acceleration and
altered stress distribution. Güllü and Jaf [5]
evaluated the historic masonry bridge by considering
the SSI effect by means of complete three di-
mensional FEM. Their results showed that SSI
can cause an increase in displacement by about
63% in the longitudinal direction and 80% in the
transverse direction, as well as 12% decrease in
acceleration along the longitudinal direction and
56% in the transverse direction.

In this paper, the seismic safety of the historical
Bazaar in Kashan has been investigated. Following
field surveys, a part of the Bazaar structure with
minimal intervention and damage to the historic
fabric of the structure was taken to create 3D
geometrical model using SolidWorks program [13].
The ABAQUS finite element package [14] was
used to perform the numerical macro-analyses.
The results show that considering the SSI has a

significant influence on the natural frequencies,
modal shapes, seismic capacity, displacement
demand, and the tensile damage distribution of the
model. The structure of Bazaar can withstand
gravity loads as well as DBE demand for the fixed-
base condition. However, the analyses results
with respect to the SSI effect show the structure
weakness against lateral loads.

2. Kashan Historical Bazaar

The Bazaar in Pahlavi language has been used
in the forms of Wazar and Vakar, which means a
community or place to trade. The origin of this word
in Iran and the world goes back several thousand
years. The Bazaar first formed seasonally and
then weekly in the vicinity of the large villages and
became temporary from time to time. In order to
utilize Bazaars in all seasons, ceilings were created
for them and became permanent architectural
structures. Kashan has been a place of cultural
network since the ancient past, and its historical
bazaar is one of the important commercial centers
on the Silk Road [15]. The Kashan Bazaar com-
plex has been registered as one of Iran's national
monuments with registration number 1284.
Figure (1) shows the location of Bazaar that
includes more than 40 historical buildings in itself.
This ancient complex has undergone many historical
changes over the centuries. Its history dates back
to the 10th century. The Kashan Bazaar suffered
severe damage by a devastating seismic event
occurred in December 1778 [16]. The present
structure was rebuilt on the basement of the pre-
vious Bazaar.

Like other historical Bazaars of Iran that were
created in the Islamic era, the Bazaar of Kashan
has a linear structure and includes a series of
interconnected masonry buildings implementing
various functions. As shown in Figure (2), the
Kashan historic Bazaar complex consists of a
succession of vaults and consecutive arch that are
3 m to 5 m wide. Figure (3) shows the different
components of the Bazaar. The main structure of
the Bazaar includes a covered passageway with a
large number of shops on both sides; its main
pathway is called "Rasteh Bazaar". The Rasteh
Bazaar has been constructed using Ribbed-vault
(taq-va-cheshme). The Ribbed-vault system is one
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Figure 3. Components of Bazaar structure.

Figure 2. Kashan Bazaar path.

Figure 1. Location of Kashan Bazaar [17-18].

of the prominent Iranian methods of vault  construc-
tion [15].

The Kashan Bazaar has suffered substantial
damage during its life. The structural damages
observed in the Bazaar are sometimes due to the
lack of proper protection and maintenance or due
to the possible loads and potentially damaging
factors. Possible destructive factors consist of high
gravity loads such as heavy snow or earthquake
lateral loads. In some areas, the prevalence of
these damages is such that the structural form of
the bazaar has been altered. As shown in Figure (4),
deep cracks can be seen in the arches of the Bazaar
structure. Therefore, cracking through the gypsum
board has not only distorted the beauty of the
structure but has also altered the bearing perfor-
mance of the structure. Note that, the selected
segments for numerical modeling had no deep and
severe cracks.

The permeation of moisture on the Bazaar
arches, vaults and even domes is another observed
damage in Kashan Bazaar. Generally speaking,
there are two issues regarding moisture and masonry
structure. The first is that moisture absorption by
masonry is very high and the second is that moisture
increases the rate of erosion of masonry. As a result,
moisture is a major disadvantage for masonry. It
should be mentioned that due to inadequate moisture
insulation, lack of regular inspection and improper
performance of the sewage system, the whole
structure had high humidity (see Figure 5). Some
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adobe bearing pier walls were also out of their
original form and were in poor condition. This
inappropriate situation includes large cracks (even
to the extent of coating removal), deformation,
moisture permeation, and so on. Some of the domes
of Kashan Bazaar structure have been executed
flat after collapsing and during the repair. This
contradicts the overall form of the Kashan Bazaar
and has distorted the visual aesthetics of the
structure. Thus, another point for finite element
modeling was that the chosen segments were free
from these tips (moisture, etc.).

3. Numerical Model

The studied historical Bazaar structure is com-
posed of clay bricks and lime-cement mortar. The
properties of masonry cannot be ascertained by
the properties of the constituent materials and can

Figure 4. Deep cracks in the arches and vaults.

Figure 5. The permeation of moisture on the arches, vaults and domes.

only be obtained by experiment. Due to the lack of
specific in situ testing and experimental data, the
mechanical properties of the masonry material was
assumed based on the LC1 knowledge level, provided
by existing design codes [19]. Moreover, the
implementation of a practical and straightforward
model for the complex behavior of masonry
material is still under investigation [20]. One of the
main obstacles is the specificity of each masonry
unit, which is in geometry and in the type of material.
It was found that concrete damage plasticity based
material model is suitable for the simulation of
brittle materials such as ceramics and masonry [21-
22]. Therefore, the CDP material model was used
to perform numerical analysis. Table (1) illustrates
the mechanical properties adopted for masonry in
the present study. The parameters needed to define
the CDP behavior model are given in Table (2).

Table 1. Mechanical properties of masonry [19].
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Figure 6. Masonry constitutive law in tension and compression used in this study.

Table 2. Plastic parameters of the CDP Model.

Karimi et al. [23] performed a sensitivity analysis
for the response of masonry structure to the plastic
values of the CDP model.

The CDP model is based on the assumption of
an isotropic damage description in tension and also
in compression [14]. Figures (6a) to (6d) represent
the masonry constitutive behavior in tension and
compression. As shown in Figure (6a), the
compressive stress-strain follows a linear rela-
tionship up to the yield stress, followed by a linear
hardening up to the crushing stress. Then, a linear
softening branch is assumed. However, the tensile
stress-strain relationship is linear up to the peak
stress, followed by a linear softening behavior
(Figure 6b). For both tension and compression
behavior, the decrease of the initial elasticity
modulus is shown by two damage parameters of

cd  and td using the following relationships:

0) )(1 ( pl
c c c cd Eσ = − ε − ε                                       (1)

0) )(1 ( pl
t t t td Eσ = − ε − ε                                      (2)

where, cσ  is compressive stress, tσ  is tensile stress,

0E  is the initial modulus of elasticity, cε is the
compressive strain, tε  is the tensile strain, pl

cε  is
the plastic compressive strain, and pl

tε  is the plastic
tensile strain. The values of the damage parameters
( cd  and )td  vary between zero representing the
start of softening and 1.0 at the end (Figures 6c
to 6d). Since the employed tensile strength is
noticeably lower than the compressive strength,
only tension damage is assumed to be active.

The dilation angle controls the amount of
plastic strain created during plastic shear. It is
assumed that the dilation angle is constant during
plastic failure. The degree of dilation angle in
masonry is very low [22-23]. It is also not possible
to extract this important parameter through testing.
Eccentricity is related to the slope of the flow
potential function. If it is considered zero, then the
mentioned function would be linear; it also causes
some difficulties to converge by very small values.
fb0 /fc0 is the ratio of compressive strength of
two-axis concrete to uniaxial compressive strength.
For this parameter, a value between 1 and 1.27 is
recommended [23]. There was a divergence in
selecting values less than 1, but no change in
values greater than 1.27. Viscosity is a parameter
that helps to continue the solution after cracking
and reducing hardness. Finally, for parameter Kc a
value between 0.5 and 1 is recommended [23].
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Soil behavior is considered as elasto-plastic by
Mohr-Coulomb constitutive model. The Mohr-
Coulomb strength model is widely used in
geotechnical issues. The validity of the results of
the Mohr-Coulomb model has been verified by
comparison with experimental results for sandy
site soils [24-27]. In the Mohr-Coulomb behavioral
model, failure is controlled by maximum shear
stress, which is itself dependent on normal stress. In
order to know the stress condition of the material at
the moment of failure by the maximum and minimum
principal stresses, Mohr circles must be drawn.
According to Figure (7), the Mohr-Coulomb failure
line is the best straight line to draw a tangent to
these circles. The Mohr-Coulomb shear failure
criterion is given by Equation (3).

tancτ = + σ φ                                                    (3)

where τ  is the shear stress, c is the material co-
hesion, σ  is the normal stress, and φ  is the friction
angle of material. Table (3) shows the details of
various soil properties, extracted from the actual
geotechnical project [28].

In the numerical modeling process, geometric
details play a key role. For this reason, two methods
were used for more accuracy in collecting points.
At first, the selected arches are captured from
different distances, and then the images are analyzed

Table 3. Details of soil properties.

Figure 7. Mohr-Coulomb shear failure criterion [15].

using ImageJ software [29] and the different
measures of sections are obtained. To ensure the
validity of the software results, the size of different
sections was also estimated using point transfer
and triangulation method [30]. The values obtained
in both methods overlapped well with each other.
Finally, the geometric model of the Bazaar structure
is constructed by SolidWorks software.

The ABAQUS environment was used for
structural analysis of the geometry imported from
SolidWorks. The seismic assessment of Kashan
historical Bazaar structure is studied with two
comparative base conditions, the SSI and fixed-
base systems. Figure (8) shows the detailed 3D
finite element models with and without SSI.
According to the previous research [31], the soil
profile was assumed 45 m long and 21 m wide.
Based on the geotechnical report [28], the sub-
surface soil is considered as five layers and bedrock
at a depth of 21 m. The interaction between the
foundation and the surrounding soil was defined
by contact elements using normal and tangential
behavior. For this purpose, the coefficient of friction
between the foundation and the surrounding soil
was considered to be 0.577 [28]. The condition
of stress continuity and deformation adaptation at
the boundary between soil layers was considered
by 9952 Tie elements in ABAQUS. 14382 and 9870
reduced brick octahedral elements (C3D8R) were
used to meshing Bazaar structure and its foundation,
respectively. Also, 32770 brick octahedral elements
(C3D8) were used in order to soil meshing. Totally,
66974 elements and 91139 nodes were used in the
numerical model to achieve realistic results. In order
to apply the appropriate boundary conditions in the
fixed-base model, the pier wall bases were fixed in
all three translational directions. In the flexible
base model, the degrees of freedom of the lateral
sides of the soil profile were fixed in the case of
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Figure 8. 3D view of the model and boundary conditions: (a) Without SSI, and (b) With SSI.

perpendicular to the plane. In order to simulate bed-
rock, the degrees of freedom of the soil profile
were also fixed in all translational directions.

4. Validation of Numerical Model

The first step in numerical finite element
modeling is to ensure that the workflow is correct.
With the increasing use of numerical software
and finite element modeling, coincidence (or
closeness) of results to the reality is essential.
Hence, model validation is performed to ensure the
accuracy of numerical results. Karimi et al. [20]
investigated the behavior of both masonry infilled
and arch walls in a laboratorial manner. In order to
validate the numerical modeling process of Bazaar
structure, the wall tested in Ref. [22] was con-
sidered and the numerical results were compared
with the experimental results. The masonry wall
was constructed with solid brick clay and mortar
plaster with a volume ratio of one to one. Also to
obtain stress-strain diagram, uniaxial pressure test
and three-point bending test was done [22]. Using
the above information, the CDP model was used to
model the masonry behavior.

It is noted that the reported plastic parameters
by Ref. [22] were not valid values to define CDP
model. After correspondence with the author of
this Ref., the values of Table (2) were used for the
present article. The geometry, boundary conditions,

Table 4. Mechanical and geometrical properties of masonry wall [22].

material properties and loads were modeled
according to the laboratory sample. The masonry
wall specifications are as shown in Table (4).
Figure (9) shows the finite element model of the
wall. In order to mesh the wall, the brick 10-node
element (C3D10) and to mesh the U-shaped steel
profiles, 4-node 3D rigid element (R3D4) was used,
respectively. The analysis was defined as hysteresis
and loading protocol similar to the experiment.
Figure (10) compares the hysteresis curves obtained
from numerical analysis and experimental data.
Moreover, Figure (11) compares the envelope of
hysteresis curves from the experimental and nu-
merical analysis of the wall model. It is observed
that the simulated results are in good agreement
with the experimental measurements.

Figure 9. Wall numerical model.
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5. Numerical Analysis

After constructing the geometric model, defining
the behavioral model, applying boundary conditions,
and mesh generation it is necessary to show that
numerical model can predict responses with acce-
ptable accuracy and precision. The experimental
frequency analysis is suitable to assess the accuracy
of numerical modeling using the vibration charac-
teristics of the system. Although the expression of
vibration modes is a linear estimate, it can provide a
good insight into the main weaknesses of the
model. In addition, the vibration properties of the
structure will be required in the nonlinear pushover
analysis method. Therefore, modal analyses were
performed on both 3D finite element models, with
and without SSI, in order to define dynamic prop-
erties of the structure and its modal shapes. For
eigenvalue analysis, there are three methods of
AMS, Subspace, and Lanczos in ABAQUS
software [14]. Due to the more capability of
Lanczos in analyzing sophisticated issues, this
method was used in the present study. Equation (4)

Figure 10. Comparison between experimental and numerical
hysteresis curves.

Figure 11. Comparison between experimental and numerical
hysteresis curves envelope.

gives the natural frequencies and modes of a
system.

2 0i iK M  −ω φ =                                                  (4)

where K is the stiffness matrix, iω  is the ith eigen-
value (natural frequency), M is the mass matrix,
and iφ  is the ith eigenvector (natural modes).

Pushover procedure is frequently used for the
seismic damage assessment. The seismic assessment
of the structure is determined by a capacity curve.
In which, the vertical axis represents the base shear
and the horizontal axis indicates the displacement
of the control point. Since the behavior of historical
masonry throughout the structure is generally not
the same, the choice of control point in the pushover
analysis of such structures is crucial and vital.
Therefore, it is better to use the mean of different
control points at the same height instead of one
control point [32-33]. In this study, the displacement
control points are considered according to Figure (12).
For pushover analysis, vertical loads including
gravity loads are first considered. The lateral loads
are then inserted separately in the positive and
negative directions of the horizontal axes of the
structure, namely X and Z in Figure (8). Note that
due to the symmetry of the structural model, its
response to lateral load in each coordinate axis has
been investigated only in one direction. Lateral
load distribution was assumed based on a mass
proportional distribution proposed by NTC 2008
regulations [19]. The capacity curve was stopped
at the corresponding displacement of the base
shear equal to 85% of the maximum value [21].

Figure 12. Displacement control points in the pushover
analysis.
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In order to overcome the complexity of numerical
convergence, an implicit integration solver under
quasi-static conditions has been used.

Structural vulnerability is investigated by using
the N2 method [19]. In this method, using the
participation factor, the multi-degree of freedom
(MDOF) system is transformed into an equivalent
single-degree of freedom (SDOF) system. Then
based on the principle of equal energy, its capacity
curve is transformed into a bilinear elastic-perfectly
plastic load-displacement relationship. The elastic
demand spectrum is then converted to an inelastic
demand spectrum based on the equations given
by Fajfar [34]. It should be noted that the elastic
demand spectrum was extracted based on the
Standard No. 2800 [35] for two earthquakes with a
return period of 475 years (DBE) and 2475 Year
(MCE). Then the capacity curve and the inelastic
demand spectrum are taken to the acceleration-
displacement response spectrum (ADRS) format.
The point where the two curves collide is called
target displacement.

Table 5. Vibration periods and participation factors for the first thirteen modes.

6. Results and Discussion

The vibration period is an important parameter
of a structure to estimate its seismic demand.
Convergence analysis was performed to determine
the most appropriate element size to be used in the
finite element model. Table (5) shows the vibration
periods of the first thirteen modes of the studied
structure obtained in the modal analysis considering
two comparative base conditions. The fundamental
fixed-base period of the structure under study was
evaluated as 0.101 sec, through the simplified
formula of NTC 2008 (T1 = 0.0187 h, height
h = 5.4 m). As a consequence, the period value
of 0.117 sec form numerical analysis (Table 5) is in
agreement to the value provided by the NTC
code. Furthermore, Table (5) provides the parti-
cipation factors of the first thirteen modes for
both the fixed-base and the SSI models. According
to Table (5), the participation factors of the two
base conditions differ in the same modes. It is
observed that the important modes are displacement
in both the first and fifth modes while the primary
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modes in terms of twisting for the fixed-base case
are different than the SSI. Figure (13) shows a
sensitivity analysis regarding the first mode vibration
period of the structure and the number of elements
used in the fixed-base model. The analysis indicates
that when the number of elements increases, a
convergent behavior is accomplished.

Figure (14) show the modal shapes of the Bazaar
structure for the largest three vibration periods.
According to Figure (14a), the first fixed-base
mode is a combination of displacement in the Z-
direction and rotation in the X-direction, the
second mode rotation in the X-direction, and the
third mode rotation in the Y and Z-direction. Regar-
ding the reported results on Figure (14b), the first
SSI mode is a combination of displacement in the

Figure 14. Modal shapes of the first three modes: (a) Fixed-base, and (b) SSI.

Figure 13. Fundamental vibration period versus number of finite
elements for the fixed-base model.

Z-direction and rotation in the X-direction, the
second mode rotation in the X-direction, the third
mode rotation in the X-direction, and the displace-
ment in the Y-direction. Therefore, we can conclude
that considering SSI affects the modal shapes, so
that by comparing the first 60 modes of the two base
conditions only two common modes were found.

The comparisons in terms of common modes are
reported in Table (6), in which the vibration period
in the SSI model is significantly higher than the
fixed-base model. Seismic codes generally use the
period ratio (flexible-base period, T%  to fixed-base
period, T) of structures to assess their response to
earthquake loadings. As shown in Table (6), period
ratio is ranging from 3.62 to 3.83 for the first two
common modes. On the basis of FEMA 440 [35],
the effective period ( )T%  shall be determined as
follows:

* * 2

1 fixed fixed

x

K K hT
T k kθ

= + +
%

                                 (5)

Table 6. Vibration periods of common modes of the models with
different base conditions.
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where *
fixedK  is the fixed-base model stiffness, h

is the effective height of the structure, xk  is the
horizontal stiffness of the foundation system, and
kθ  is the rotational stiffness of the foundation.
The soil properties are as presented in Table (3).
Note that using the weighted average of the elastic
modulus of different soil layers, the equivalent
modulus of elasticity is assumed to be 34.32 MPa.
The dimensions of the foundation were considered
14 m × 9 m. Finally, the period ratio from Equation (5)
is calculated to be 3.27. It can be seen that the
effective period derived from the FEMA 440
guidelines is in good agreement with the results
obtained by the numerical simulations.

Figure (15) shows the capacity curves of the
studied models from pushover analysis. In order to
describe the effect of the SSI, a comparison is
presented between two different base conditions
for fixed-base and SSI models. The reported results
on Figure (15) show that the presence of the SSI in
the system produces a decrease of initial stiffness
and base shear, and an increase of displacement
capacity. As shown in Figure (15), the SSI leads to
a decrease of 9.6% and 4.4% in the base shear at

Figure 15. Comparison of capacity curves for fixed-base and
SSI models (X and Z directions).

the yield and collapse points, respectively, in the
X-direction and also an increase of 233.3% and
294.1% in the displacement at the mentioned
points. In addition, the base shear reduces as much
as 32.2% and 23.6% for the yielding and collapse,
respectively, and the corresponding displacements
increase as much as 13.8% and 61.9% when the
SSI is considered in the Z-direction. As expected,
the SSI effect is more noticeable in the direction
where the structure has higher stiffness. The
differences in the overall flexibility of the models
along the X and Z directions are associated to the
presence of the bearing pier walls in the X-direction.

Figure (16) illustrates a comparison of pushover
results between the capacity spectrum and the
demand spectrum in the ADRS format. The bilinear
capacity curve of the equivalent SDOF system is
presented and the structural demands are for two
different seismic intensity levels of DBE and MCE.
Displacement demand and the displacement
capacity arising from pushover analyses are
compared to evaluate the seismic vulnerability of the
structure. As shown in Figure (16), the fixed-base
structure remains linear in the X-direction while
moves to the collapse boundary in the Z-direction
under the DBE demand. However, the results of
SSI analyses for DBE demand led to the reduction
of base shear, increase of displacement, and the
reduction of safety factor due to the deformability
of the soil. Although the structural capacity exceeds
structural demand arising from the regulation
spectrum along the X-direction, yet the structure
does not have sufficient capacity in the Z-direction.
Under the MCE demand, the structure will in no
case withstand the resistance and will certainly
collapse. Therefore, the obtained results show that
the effect of SSI is detrimental to the seismic
response of structure, and the neglect of SSI in
analysis over-estimates the capacity of the structure
and leads to unrealistic responses.

Figure (17) shows the contours of the damage
prediction for different three time steps of the
push over analysis (indicated by letters A, B, and
C). These steps correspond to the occurrence of
the ultimate tensile strain tuε = 0.15% (A), the onset
of plastic yielding and the attainment of the ultimate
strain in compression cuε = 1.5% (B), and the
maximum displacement corresponding to the
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Figure 16. Comparison between capacity and demand spectra for fixed-base and SSI models in the ADRS format (X and Z
directions) for different seismic intensity DBE and MCE levels.

Figure 17. Damage distribution for fixed-base and SSI models (load direction: X and Z axes

collapse of the Bazaar structure (C). The reported
results on Figure (17) are presented for both the
fixed-base and the SSI models in X and Z directions.
Even far from the structural collapse, the achieve-
ment of the ultimate tension strain is indicative of a

local failure mechanism; thus it should be prevented
in the case of heritage constructions. The analyses
show that, in all cases, the onset of damage is associ-
ated with the occurrence of plastic yielding at the
pier wall base. When the compression strain
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Figure 17. Continue.

exceeds its elastic limit, i.e. cε = 0.3%, plastic points
in the Z-direction tend to diffuse mostly in the
upper regions including the dome-to-arch connection,
the middle part of the short arches, and one-third
of the pier wall side to the long arches. Moreover,
in the X-direction, plastic points develop mainly at
the dome-to-short and -long arch connection as
well as the connection of short arch-to-adobe pier.
It is observed that the structural damage, in the
case of fixed-base model, is more widespread
throughout the structure due to the rigid condition at
the base. The analyses reported show that the
damage configuration and plastic points basically
alter with the effect of SSI. Hence, it can be
concluded that the deformability of the soil has a
considerable effect on the strain distribution and

subsequently the damage contours.
Furthermore, the simulated results agree generally
with those observed during the field surveys.
Figure (18) shows the crack distribution by means
of a representative photo taken from the survey
compared with the obtained numerical results
arising from point B of the push over analyses. It is
observed that the typical seismic induced cracks
are less marked than those of the numerical results.
Note that such differences can be corresponded to
the level of earthquake hazard assumed for the
numerical simulation. As described in Section 5,
seismic intensity was taken based on the design
recipes of a current code [36], whose intensity
level may differ with the actual level experienced
during the structural life of the Bazaar.
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Figure 18. Crack distribution from: (a) Point B of the push over analyses, and (b) Representative photo of the survey.
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7. Conclusions

The seismic vulnerability of Kashan historical
Bazaar structure under the two hazard levels was
assessed by three-dimensional pushover analyses
with consideration of soil-structure interaction.
The elasto-plastic behaviors of soil and masonry
materials were modeled by the Mohr-Coulomb and
CDP criteria, respectively. The numerical 3D finite
element model of Bazaar structure was constructed
in ABAQUS program. The accuracy of the finite
element model was evaluated by comparing nu-
merical results with the laboratory results. Based on
the present research, concluding remarks are
summarized as follows:
v Foundation flexibility has a significant effect on

the vibration periods of the Bazaar structure. In
fact, the SSI increased up to 3.62 times the
fundamental period of the structure compared
to the fixed-base condition.

v The comparison of capacity curves indicates
that the lateral stiffness strengthened the SSI
effect, since the overall flexibility of the system
is more pronounced when the Bazaar structure
is loaded along the direction with the presence of
bearing pier wall.

v The Bazaar structure with the fixed-base con-
dition exhibits a better performance than the SSI
system. Accordingly, the effect of SSI is
detrimental to the seismic response of structure
and, therefore, the neglect of SSI in analysis
leads to unrealistic responses.

v The Bazaar structure is able to sustain its
stability against DBE demand for the fixed-base
condition. However, the weakness of the struc-
ture is observed to increase when SSI effects
are incorporated. It will also collapse due to the
MCE demand intensity.

v The structural damage distribution and plastic
points were basically affected by the flexibility
of foundation. Moreover, damage configurations
from numerical analyses are in a general agree-
ment with those of the survey.
Finally, the results obtained in this article can be

helpful to quantify the SSI effects on the seismic
assessment of a historical construction. However,
this study still needs to be verified for additional
more-time consuming nonlinear dynamic simulations
to show more accurately the high vulnerability of

ancient masonry structures due to horizontal loads.
Consequently, consistent ground motions that have
similar mechanism to the nearby faults should be
adopted to reproduce seismic loads. Furthermore, the
mechanical parameter for the constitutive model
can be improved using field experimental data.
This information will be definitely essential for
seismic retrofitting decision-making process of such
structures.
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