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Abstract
Historical masonry structures are the most important features that distinguish our cultural heritage, from here comes the
importance of protection this type of masonry structures from collapse under earthquakes effect or other dynamic loading
such as blast loading. Therefore, Seismic Base Isolation is used to reduce earthquakes damages and protect structures from
collapse. This paper aims to study the Effect of Seismic Base Isolation, using High Damping Rubber Bearing (HDRB) on
ExistingMasonryStructures subjected to dynamic loads such as earthquakes, through utilizing numericalmodeling ofmasonry
structures. This paper includes definition of seismic base isolation mechanical characteristics, and definition of numerical
modeling approaches for structural masonry analysis. The studied masonry structure is the old AWQAF Directorate Building
inAleppo,which is islamic government building affiliated to the SyrianMinistry ofAWQAF; In order to perform the numerical
modeling, equivalent masonry properties used for this structure were also determined. This structure was analyzed applying
nonlinear dynamic analysis-time history method, and reanalyzing it by using seismic base isolation, type HDRB applying
the same method. The results of the two analyses were discussed and compared, and the conclusions of this paper showed
reduction in shear force when using seismic base isolation, and reduction in stresses that appear in structure because the
stresses are located in the level of base isolation system.

Keywords Numerical modeling · Masonry structures · Heritage structures · Dynamic analysis · Isolated structure · Hysteresis
loops

1 Introduction

Seismic base isolation systems are considered one of themost
important techniques that be used to design seismic resistant
structures, and retrofitting existing structures to resist earth-
quakes, because they reduce the damages of earthquakes and
protect structures from collapse.

Historic/heritage structures made of masonry are sub-
jected to process of degradation with time, earthquakes
constitute a significant cause of degradation. The seismic
assessment and retrofitting of heritage structures has become
an issue of great importance around the world today. There-
fore, the importance of retrofitting this type of structures is
vital in order to preserve our architectural heritage [1].
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The aimof this paper is retrofitting existingmasonry struc-
tures that are not designed to resist seismic loads, to resist
these loads by using seismic base isolation system, as a result
the ground beneath the building can move without transmit-
ting these motions into the structure, therefore reducing its
deformations and stresses [2].

Some types of Seismic base isolation systems are High
Damping Rubber Bearing, HDRB, is only composed of rub-
ber and steel shims, and it possesses necessary flexibility as
well as energy-dissipation capabilities [3].

Several studies have been done for masonry and heritage
structures under the effect of earthquakes, where researcher
Jäger et al. (2009) did research at the University of Dresden
in Germany. In this research, Takiyya SulaymaniyahMosque
in Damascus was modeled using the LS-DYNA program to
study the behavior of the heritage masonry structure under
the effect of earthquakes, and each calculationwas performed
usingparallel 40 Intel Itaniumprocessors “SGIAltix 4700” at
the center of High-Performance Computing of TU-Dresden.
The calculation for the model was carried out along 7 days
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for only 20 s of loading. The results of the analysis showed
the collapse of the portico and parts of the structure; hence,
the importance of providing this type of important structures
with seismic base isolation system to protect these structures
from collapse [4].

And there are many studies in masonry structures under
the effect of earthquakes in Syrian Arab Republic such as the
research in 2007 of the minaret of Great Umayyad Mosque
in Aleppo which was subjected to severe atmospheric condi-
tions and many strong earthquakes. The recent one occurred
near Aleppo was on 13/8/1822 with magnitude of 7.4 on
Richter scale, and the other one was on 3/4/1872 with mag-
nitude of 7.2 on Richter scale. These earthquakes had major
effects on the minaret such as tilting, twisting, in addition
to longitudinal and horizontal cracks in the inner and outer
walls of the minaret [5].

Another research was done about a minaret of the
ADILIYA Mosque in 2018 in Aleppo which was also sub-
jected to earthquakes; in addition to damages due to wars
[6], the study showed that the stresses exceeded the allowed
stresses, and a study of the damaged minaret has been done,
where practical steps for restoration and reconstruction were
taken, [6].

Also, research of the domes of many mosques in Aleppo
city was done in 2021, which was also subjected to earth-
quakes, in addition to damages due to wars [7], the study
showed that the tension stresses exceeded the allowed
stresses [7].

All previous research showed that the stresses exceeded
the allowed stresses especially tension stresses in masonry
structures, so the structures had been damaged under the
effect of earthquakes, from here comes the importance of
protection the masonry structures from the effects of earth-
quakes by providing themwith seismic base isolation system
which is considered one of the most important methods used
in retrofitting the old historical masonry building.

In the 1995 Hyogoken Nanbu Earthquake in Japan, the
many buildings were severely damaged. Especially, the dam-
age was concentrated to the buildings designed by the old
seismic design code in Japan. The many seismic evaluation
and retrofitting projects were progressing favorably in Japan.
In retrofitting construction methods, there are various type
of strengthening methods; the most popular one is the newly
adding the reinforced concrete wall or the steel brace inside
the existing open frame. These methods have the demerits
of changing the interior and exterior of buildings. Recently,
the base isolation technology has been used to eliminate the
above demerits and to increase the high seismic performance
[8]. So, the researcher Seki et al. (2000) did research; in this
research, the first masonry building in Japan was isolated in
1999, consisting of one floor, a hall with masonry walls and
wooden roof, in order to overcome the weak resistance of
these structures when exposed to earthquakes [8], and the

researcher Seki et al. (2012) did research to study the behav-
ior of the same building that was isolated in 1999 under the
effect of the earthquake that occurred in Japan in 2011. The
results showed that the seismically isolated building did not
have any damages compared to the traditional buildings near
this building, where the importance of using the seismic iso-
lation technology was emphasized to resist earthquakes with
preserving the architectural form of those structures [9].

2 Materials andMethodology

This paper was done according to the following steps:

• Explain numerical modeling approaches for structural
masonry analysis.

• Definition of seismic base isolator mechanical character-
istics.

• Methodology of selection of HDRB isolators.
• Determination of numerical constants used in modeling
masonry structure and methods of analysis used in the
modeling. The SAP2000V20.2.0 program [10], will be
used to model the studied structure in both fixed and iso-
lated cases.

• Description of structure, and modeling fixed structure.
• Modeling isolated structure using HDRB type.
• Studying nonlinear behavior of seismic isolator, where the
ABAQUS2019 program [11], will be used to study the
nonlinear behavior and draw energy dissipation loops.

• Compare the results of the two cases and reach a set of
recommendations and proposals.

2.1 Defining of Numerical Modeling Approaches
for Structural Masonry Analysis

Numerical modeling and analysis of masonry structures is
one of the greatest challenges faced by structural engineers.
This difficulty is attributed to the number of factors such as:
dimension and anisotropy of themasonry units,mortarwidth,
material properties of both brick and mortar, and quality of
workmanship.

Numerical modeling of masonry structures could be sum-
marized as following [12]:

2.1.1 Macro-Modeling

In this method, masonry units, mortar and masonry unit—
mortar interface are modeled as a homogeneous continuum.

This method may be preferred for analysis of large-scale
masonry structures, it is not suitable for detailed stress anal-
ysis of small masonry units, due to difficulty of capturing all
its expected failure modes.
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Fig. 1 Bilinear model of isolator unit [13]

2.1.2 Simplified Micro-Modeling

In this method, masonry units are represented as continuum
elementswith same size of original dimensions plus real joint
thickness. The mortar joint is also modeled as an interface
with zero thickness.

This method leads to reduction in computational effort
and yields a model that is applicable to a wider range of
structures.

2.1.3 Detailed Micro-Modeling

In this method, masonry units and mortar in joints are repre-
sented by continuum elements whereas masonry unit–mortar
interface is represented by discontinued elements. While this
modeling leads to more accurate results, it requires complex
and intensive calculations using advanced computing devices
with very high performance, thus, limiting its application to
small-scale laboratory specimens and structural details.

2.2 Defining of Seismic Base Isolator Mechanical
Characteristics

Seismically isolated structures are established on assump-
tions of effective damping and effective stiffness of isolation
system, aswell as linear stiffness of structure’s seismic force-
resisting system.

The bilinear model, used to express the relation between
shear force and lateral displacement, can be defined by three
parameters: elastic stiffness ke, post-yield stiffness kp, and
characteristic strength Q, as shown in Fig. 1.

2.2.1 Bilinear Model of High Damping Rubber System

The three parameters used to generate a bilinear model for
a high damping rubber bearing are conventionally derived

from tangent shear modulus G, and effective damping βeff.
Then, post-yield stiffness is calculated by Eq. (1) [14, 15]:

kp � G.A

tr
(1)

where A is bonded area of rubber, and tr is total rubber
thickness. The characteristic strength Q, can be evaluated
by Eq. (2) [13]:

Q � πβeffkpD2
D(

2 − πβe f f
)
DD − 2Dy

(2)

whereDD is denoted as design displacement, yield displace-
ment Dy, is unknown until the parameters, ke, kp, and Q are
determined.

The yield force of the bearing Fy, is easily determined as
follows by Eq. (3) [13]:

Fy � Q + kp.Dy (3)

Then, the elastic stiffness of high damping rubber bearing
becomes as shown by Eq. (4) [13]:

ke � Fy
Dy

� kp +
Q

Dy
(4)

The effective stiffness at design displacement can be
derived as follows by Eq. (5) [13]:

keff � 2Q(DD − Dy)

πβe f f D2
D

(5)

2.2.2 Vertical stiffness of High Damping Rubber System:

The vertical stiffness of rubber bearing is given by Eq. (6)
[14, 16]:

KV � EcA

tr
(6)

where Ec is modulus in compression and is given by Eq. (7)
[14]:

Ec � 6GS2K

6GS2 + K
(7)

where K is bulk modulus of material, the value ofK varies
quitewidely in referencematerial, ranging from1000 to 2500
MPa. The value most commonly used is 2000 MPa as indi-
cated in the reference [13].
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where S is shape factor for a circular bearing of diameter
∅ is given by Eq. (8):

S � ∅

4tr
(8)

2.3 Methodology of Selection of HDRB Isolators

• Assuming an effective design period of isolated structure
(TD) is greater than three times elastic fixed-base period
of structure above isolation system [3].

• Determination an initial horizontal effective stiffnesses of
seismic base isolators in accordance with actual vertical
dead load applied to isolator from Eq. (9) [14]:

KH � W

g
×

(
2π

TD

)2

(9)

• Determination an initial dimension of isolator from
Eq. (10) [14, 17]:

KH � G.Ar

tr
(10)

where (G) is effective shear modulus, (tr) is total rubber
thickness and (Ar) is bonded rubber area. Where value of
(tr) and (G) are assumedand (Ar) is calculated, then isolator
radius required is determined.

• Selection type of seismic base isolator based on the tables
provided by international companies specialized in man-
ufacture of seismic base isolators, as one of international
companies is AGOM.

Where type of isolator was selected in accordance with
actual vertical dead load applied to isolator and in accordance
with isolator radius that was initially calculated in previous
step, then the type of rubber isolator that was selected will
be checked in subsequent steps.

• After selection suitable seismic base isolator and deter-
mination its dimensions from previous step, horizontal
effective stiffness is recalculated for each isolator from
Eq. (10), and verification that it is within allowed values
that exist in the tables.

• Calculation value of minimum horizontal stiffness of iso-
lation system (KDmin) which is equal to sum of effective
horizontal stiffnesses for all isolators which were calcu-
lated in previous step.

• Calculation effective period of isolated structure (TD) at
design displacement (DD), from Eq. (11) [3]:

TD � 2π

√
W

KDming
(11)

• Calculation design displacement (DD) of isolated struc-
ture, from Eq. (12) [3]:

DD �
(

g
4π2

)
CVDTD

BD
(12)

where CVD seismic coefficient CV, BD numerical coeffi-
cient related to the effective damping of isolation system
at design displacement βD.Where DD’ is used instead of
DD when Dynamic analysis is used as shown in equation
(13) [3]:

D
′
D � DD√

1 +
(

T
TD

)2
(13)

• Calculation value of maximum horizontal stiffness of iso-
lation system (KDmax), from Eq. (14) [3]:

KDmax � 1.1 × KDmin

0.9
(14)

• In all cases, values of all calculated displacements in pre-
vious steps should not exceed value of allowed maximum
horizontal displacement of rubber isolator as shown in
Eq. (15) [14]:

Dmax � ∅

1 + KH × h/w1
(15)

• Calculation the value of vertical stiffness of isolation sys-
tem (Kv), as shown in Eq. (6).

2.4 Determination of Nonlinear Characteristics
of Seismic Isolators

When using equivalent static analysis, linear response spec-
trum analysis, or linear time-history analysis, effective stiff-
ness (keff) and effective damping (βeff) of isolator are only
used on modeling. In case of using nonlinear time history
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analysis, the following properties also are used: elastic stiff-
ness (ke), yield displacement (Dy), and ratio of post-yield
stiffness to elastic stiffness, (μ � kp/ke) [3].

These properties are determined according to following
steps, after selection used isolators:

• The value of effective horizontal stiffness of isolator (Keff)
is equal to value of (KH), which was calculated in previous
paragraph.

• Effective damping (βeff) is determined from tables pro-
vided by isolator manufacture companies.

• Calculation yield displacement (Dy), from Eq. (16) [13]:

Dy � Q

9kp
(16)

where Q was calculated from equation (2), and kp was cal-
culated from equation (1).

• The yield force (Fy) is calculated from Eq. (3).
• The elastic stiffness (ke) is calculated from Eq. (4).
• After determining all properties, base isolated structure is
modeled and analyzed. Then, story displacements should
not exceed allowed values. In addition, tension and com-
pression stresses values should not exceed allowed stresses
values.

In addition to, the displacements of all isolators according
to all loading conditions should not exceed the value of max-
imum horizontal displacement allowed for rubber isolator.

2.5 Numerical Constants Used for StudyingMasonry
Structures

The engineering model that will be studied in this research
is a masonry structure; therefore, the structural system is
masonry walls. The seismic zone of Aleppo city is (2C), so
the seismic zone factor is Z � 0.25.

Since bearing of structure foundation soil used is (2.5
kg/cm2); therefore, the soil profile type is (SD), thus Ca �
0.32, Cv� 0.47, for fixed structure [1], and for isolated struc-
tures, CAD value is taken as Ca and CVD value is taken as Cv
[3].

Nonlinear dynamic analysis- time history method will be
used in this paper, where an actual earthquake will be applied
to the structure.

2.6 Description of Structure

The studied masonry structure is the old AWQAF directorate
structure in Aleppo; the structure is located in Baza Square
of old city. Its construction date back to around 1940 AD /
1359 AH by the engineer Hikmat Al-Yaziji.

The structure consists of twofloors, groundfloor and base-
ment, the height of the ground floor is 5m, height of first floor
4.5m, height of second floor is 3.5m, and height of basement
is 4 m. The thickness of masonry walls is 50 cm in each of
first floor, ground floor and basement, while its thickness is
40 cm on last floor.

New equivalent material has been defined that represents
thematerial of themasonry unit, taking into account themor-
tar [5, 18], where the weight per unit volume of masonry is
equaled (γ � 27 kN/m3). The height of masonry unit equals
(Lm � 40 cm), and the thickness of mortar equals (LG �
0.3 cm). Themasonrymodulus value of elasticity equals (Em

� 18GPa), themortar modulus value of elasticity equals (EG

� 0.1 GPa), so the equivalent modulus of elasticity (Eeq) is
obtained according to Eq. (17) [19, 20]:

Eeq � Em × EG × Leq

Em × LG + EG × Lm
(17)

where (Leq) is the equivalent height and it is taken equal to
height of masonry unit plus thickness of mortar, substituting
in Eq. (17):

Eeq � 18 × 0.1 × 40.3

18 × 0.3 + 0.1 × 40
� 7.72GPa

Thus, (Eeq � 7.72 GPa) is the equivalent modulus of
elasticity will be used in modeling the historical masonry
building. In general, the values of the equivalent modulus of
elasticity range from (3 GPa) to (9 GPa) [19].

Since the historical masonry structures have high resis-
tance to compression and weak resistance to tension, so
according to Syrian Arab Code for unreinforced bearing
walls in buildings, the allowable compression stresses were
(1.5 MPa � 15 kg/cm2), and the allowable tension stresses
were (0.15 MPa � 1.5 kg/cm2) [1].

2.7 Modeling the Historical Masonry Building

The idea is to supply the existing building with seismic isola-
tion by gradually separating it from foundation and installing
the isolators at the level of upper level of foundation between
a two-stage system of R/C beams [21].

In this paper, the whole structure was modeled by
using macro-modeling method based on several previ-
ous researches such as those mentioned in the references
[6, 7, 22]. The structural analysis and design program
SAP2000V20.2.0 [10] will be used, where actual studied
structure is replaced with a model, and this is done by divid-
ing each masonry unit of structure into small-dimensional
elements, and these elements are connected among them-
selves with virtual points called nodes, which in turn form
the ends finite elements [6, 7, 22].
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Finite elements of type (Shell-Thick Elements) were used
to model structure walls [1].

Figure 2 shows the studied structure, where Fig. 2a shows
horizontal plan of studied structure with places of masonry
walls system before placing seismic isolators.

Figure 2b shows horizontal plan of studied structure with
places of seismic isolators,where lower reinforcement beams
were placed under seismic isolators, and bottom base of each
isolator is fixed to it. Upper reinforcement beamswere placed
on seismic isolators, and top base of each isolator is fixed
under it.

Dimensions for upper reinforcement beams are (60× 40),
and for lower reinforcement beams are (60 × 30).

Figure 2c shows 3D shape of studied structure after mod-
eling it on SAP2000V20.2.0 program, with finite element
used in modeling with local axis on it, where each of local
axis1 and 2 are located in the same plane of element and axis3
is located in perpendicular to element plane, and stresses S11
represent stresses in direction of local axis1, and stresses S22
represent stresses in direction of local axis2, and stresses are
positive if they are tension stresses, and negative if they are
compression stresses [1].

2.7.1 Using Nonlinear Dynamic Analysis-Time History
Method for Modeling Fixed Structure

The Sakarya earthquake was applied, this earthquake
occurred in the year 1999 near Sakarya in Turkey, a max-
imum intensity was 7.2 on the Richter scale.

The applied earthquake data are given as an equation
between time of shake and its accelerations in terms of the
gravitational acceleration g � 9.81 m/sec2, where Fig. 3
shows applied shake data over a period of 20 s, where value
of maximum acceleration of applied shake was 0.628 g at t
� 5.92 s.

Scaling of this shake was also done to correspond to
expected earthquake intensity for Aleppo city according to
Syrian Arab Code, with a maximum acceleration of 0.25 g.

The load combinations used in nonlinear dynamic
analysis- time history method are shown in Eqs. (18), (19),
(20) [20]:

U1 � 1.4D + 1.7L (18)

U2T H � 1.32D + 0.55L + 1.1T H (19)

U3T H � 0.99D + 1.1T H (20)
Fig. 2 The Studied historical masonry building. a Horizontal plan
before placing seismic isolators, b Horizontal plan with places of seis-
mic isolators, c 3D shape of studied structure with finite element used
in modeling
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Fig. 3 Chart (acceleration-time) of Sakarya earthquake [20]

After finishing modeling and analysis, values of periods
and base shear forces according to each direction are as fol-
lows:

TX � 0.143 sec, TY � 0.173 sec

VT HX � 23335 kN , VT HY � 22512 kN

2.7.2 Using Nonlinear Dynamic Analysis—Time History
Method for Modeling Isolated Structure

The isolators were designed, final specifications of isolators
and seismic isolation system were done as shown in para-
graph (5), where all equations were programmed using Excel
because of overlapping equations and long calculations, and
for accuracy and speed in completing these calculations. The
type of rubber isolator was chosen based on the tables pro-
vided byAGOMcompany [23], and then, design results were
compared with allowed values in these tables. The damping
ratio used is β � 10%, and value of rubber shear modulus
is G � 0.4 MPa according to values indicated in the tables
provided by AGOM company [23], as shown in Table 1.

Table 2 shows specifications of seismic isolators used in
modeling and comparing them with allowed values from
tables provided by AGOM [23].

Linear and nonlinear seismic isolator properties that will
be used in isolator modeling were also determined, as shown
in Table 3.

Table 2 The design values of seismic isolator-type HDRB

Seismic isolator
specifications-Type (HDRB)

Design values Allowed
values

Isolator diameter D (mm) 450 450

Isolator height H (mm) 248 248

Thickness of total rubber layers
(mm)

114 114

Greatest reaction on isolator (kN) 663 2559

Vertical stiffness (kN/m) 401,912 < 525,000

Horizontal stiffness (kN/m) 558 560

Maximum displacement (mm) 372 > 250

Table 3 Seismic isolator properties used in modeling

Seismic isolator properties used in modeling seismic
isolator

Design
values

Effective stiffness Keff (kN/m) 558

Effective damping βeff 10%

Vertical stiffness (kN/m) 401,912

Elastic stiffness Ke (kN/m) 4793

Yield force Fy (kN) 21

Ratio of post-yield stiffness to elastic stiffness μ 0.1

After completingmodeling and analysis, values of periods
and base shear forces of isolated structure according to each
direction are as follows:

TD(x) � 2.02 s, TD(Y) � 2.024 s.
VTHX � 5954 kN, VTHY � 5967 kN.
For displacement, story drift should not exceed value of

allowed story drift for isolated structure when using dynamic
nonlinear analysis- time history method (0.02/RI) [3].

2.8 Studying Nonlinear Behavior of Seismic Isolator

After completing modeling of structure and confirming fea-
sibility of using seismic isolators in reducing values of shear

Table 1 The allowed values based on the tables provided by AGOM company [23]

HDRB/ S–10% damping, horizontal displacement � 250 mm

item Dg Tq H tot Kb Kv Ned, max Fzd L W

E-Safe (mm) (mm) (mm) (kN/mm) (kN/mm) (kN) (kN) (mm) (kG)

HDRB/S � 400 × 253 400 110 253 0.45 459 422 2554 450 174

HDRB/S � 450 × 248 450 114 248 0.56 525 635 2559 500 209

HDRB/S � 500 × 248 500 114 248 0.69 785 1175 4015 550 257

HDRB/S � 550 × 237 550 112 23 0.85 904 1693 4847 600 294

Significance of bold is the allowed values of seismic isolator-type HDRB used in modeling
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Table 4 Periods and shear forces
values for fixed and isolated
structure

Studied structure Periods values (sec) Shear forces (kN)

X Direction Y Direction X Direction Y Direction

Fixed structure 0.143 0.173 23,335 22,512

Isolated structure 2.02 2.024 5954 5967

ψ % 93% 91% 74% 73%

forces and accelerations occurred in structure and thus reduc-
ing stresses occurred in structure, that is, ensuring the safety
of structure during exposure to earthquakes. It is necessary
to study behavior of seismic isolators due to their dissipation
of earthquake energy and elastic–plastic behavior which is
expressed as hysteresis loops, which are energy dissipation
loops.

Hysteresis loops express relation between lateral displace-
ment and applied shear force at every moment in time of
earthquake and to ensure safety of these isolators.

The seismic isolator-type HDRB was modeled by using
detailed micro modeling method based on several previous
researches such as thosementioned in the references [24–26].

To achieve this, ABAQUS 2019 finite element program
was relied on modeling seismic isolator- type HDRB, as this
program is considered one of the most powerful and most
important engineering programs used in micro numerical
modeling.

The components of seismic isolator- type HDRB and their
geometric dimensions were defined; these components are
rubber and steel. Both the rubber layers and steel sheets were
modeled. Appropriate finite element was selected for each
of rubber layers and steel sheets, in addition to complete
bonding between these layers and sheets. Then, applying the
vertical load which isolator is exposed to and horizontal dis-
placements which isolator is exposed to at each interval of
the earthquake were obtained from the SAP2000 program,
where modeling steps were based on the references [24, 25,
27].

After completing the modeling and analysis process using
the ABAQUS program, shear forces values that affected on
isolator were obtained at each time interval of earthquake.
Furthermore, the horizontal displacements values which iso-
lator is exposed to at each time interval of earthquake were
obtained. Then, relation between horizontal displacements
values and shear forces values was drawn in order to obtain
the hysteresis loops that express response of seismic isolator
during earthquake.

3 Results and Discussion

The results showed an increase in periods values and a
decrease in shear forces values in case of isolated structure

Fig. 4 Comparison between base shear forces and accelerations for
fixed and isolated structure. a Chart (base shear force–time), b Chart
(acceleration-time)

than fixed structure, which leads to a reduction in stresses
values that occurred in isolated structure, as shown in Table
4.

Seismic isolators worked to raise the seismic efficiency
of structure, as these isolators absorbed the energy entered
the structure, and thus, reduced the forces transmitted to the
upper part of the structure.

Figure 4 shows a comparison between base shear forces
and acceleration for fixed and isolated structure.

Figure 4a shows that base shear force in isolated struc-
ture is significantly lower than fixed structure when applying
Sakarya earthquake, asmaximumbase shear force inXdirec-
tion reached in case of fixed structure 23335 kN at time t �
4.01 s, while in case of isolated structure it reached 5954k N
at time t 7.65 s. That means that providing structure with
isolation system decreases base shear force by (74%), thus
reducing stresses generated within structure.

Figure 4b also shows a comparison between variable
acceleration values at every interval for fixed and isolated
structure when they were subjected to applied earthquake on
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Table 5 Maximum story drifts
values for fixed and isolated
structure

Sakarya earthquake Maximum story drifts values (mm)

Story First Second Third Forth

Fixed structure 0.78 1.61 1.05 0.53

Isolated structure 0.3 0.5 0.39 0.2

ψ% 62% 69% 63% 62%

Table 6 Maximum values of stresses (S11) and (S22) for fixed and isolated structure

Sakarya earthquake S11 S22

Compression
stresses (-) MPa

Tension stresses ( +
) MPa

Compression
stresses (-) MPa

Tension stresses (
+) MPa

Seismic loads and combinations TH U2TH U3TH TH U2TH U3TH TH U2TH U3TH TH U2TH U3TH

Fixed structure 1.1 1.3 1.2 0.9 1.1 1.2 2.1 3.3 3 2.1 1.4 1.7

Isolated structure 0.3 0.4 0.3 0.14 0.12 0.13 0.6 1.5 1.4 0.15 0.12 0.1

ψ % 73% 69% 75% 84% 89% 89% 71% 55% 53% 93% 91% 94%

last floor. The acceleration values are usually maximum on
higher floors of structure,wheremaximumacceleration value
in case of fixed structure reached 6458 mm/sec2 at time t �
4.01 s, while that value in case of isolated structure reached
2665 mm/sec2 at time t � 7.64 s, therefore providing struc-
ture with isolation system contributed to decrease the value
of acceleration on last floor by (59%).

As a result of the important role of seismic isolation system
in reducing the base shear forces, this means a decreasing in
the forces affected the structure, and thus a decreasing in
the story drifts, which means the protection of the structural
elements in the building.

By checking story drifts of structure, the story drifts are
within allowed values for all seismic loads and combinations,
as Table 5 shows a comparison between values of maximum
story drifts when applying Sakarya earthquake for fixed and
isolated structure.

Table 5 shows thatmaximum story drifts values in isolated
structure are lower than fixed one, which leads to a reduction
in values of stresses in isolated structure.

The results also show that tension stresses exceeded
allowed values in case of fixed structure, but became within
allowed values in case of the isolated structure, thus the struc-
ture became safe and stable against seismic loads.

Where Table 6 shows a comparison between maximum
values of compression and tension stresses for both directions
(S11) and (S22)when applying the Sakarya earthquake in case
of fixed and isolated structure for seismic forces.

It is noted from Table 6 that values of compression and
tension stresses that occurred in isolated structure were lower
than that of fixed one, it is also noted that unverified values
of compression and tension stresses in fixed structure have

become verified in isolated structure; thus, the effectiveness
of using seismic isolation in this type of structure appears
here.

Figure 5 shows the compression, tension and shear stresses
distribution diagram for both directions (S11) and (S22) under
effect of seismic combination (U2TH). The whole structure is
stable, there are local zones occurred where tension stresses
are above allowable stresses this lead to local damage; how-
ever, when we provide structure with seismic base isolation
system the tension stresses almost diminished and the behav-
ior of the structure is representing the rigid body motion.

Figure 5a shows compression and tension stresses dis-
tribution diagram (S11) for fixed and isolated structure, it
is noted that unverified tension stresses in fixed structure
are highly concentrated in places of openings, while values
of tension stresses in the isolated structure are significantly
decreased and become within allowed values.

Figure 5b also shows compression and tension stresses
distribution diagram (S22) for fixed and isolated structure,
it is noted that unverified tension stresses in fixed structure
are highly concentrated in places of openings, while val-
ues of tension stresses in isolated structure are significantly
decreased and become within allowed values.

Figure 5c also shows shear stresses distribution diagram
(S12) for fixed and isolated structure, it is noted that unveri-
fied shear stresses in fixed structure are highly concentrated
in places of openings, while values of shear stresses in iso-
lated structure are significantly decreased and becomewithin
allowed values.

Thus,when the base seismic isolation is used, the structure
remains safe, stable and not subject to collapse in the event
of exposure to earthquakes.
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Fig. 5 stresses distribution
diagram under the effect of
seismic combination (U2TH).
a Compression and tension
Stresses distribution diagram
(S11), b Compression and tension
Stresses distribution diagram
(S22), c Shear Stresses
distribution diagram (S12).

The relation between horizontal displacements values and
shear forces values was drawn in order to obtain hysteresis
loops that express the response of seismic isolator during
earthquake.

Figure 6 shows model of seismic isolator- type HDRB
used in ABAQUS with the resulting hysteresis loops under
the effect of the applied earthquake.

Figure 6 shows the hysteresis loops that express the
response of the seismic isolator during earthquake, which
are several loading and unloading cycles in the positive and
negative directions, where the seismic isolator dissipates the
energy of the earthquake.

It is noted from Fig. 6 that the value of the maximum
positive displacement which the isolator is exposed reached
109 mm, which is within the allowable design values. The
force, which the isolator is exposed, reached 63.64 kN, and
the value of the maximum negative displacement which the
isolator is exposed was 83 mm, which is within the allowed
design values.

From the foregoing, providing structure with base seismic
isolation system contributed to reducing base shear forces,
and thus reducing values of stresses occurring in structure,
thus the structure remains safe and stable under effect of
earthquakes.

For the considered building, which has historical and
architectural value the technique of installation of seismic
isolators has especially important meaning. First of all, an
infringement of the external view of the building should not
take place under any circumstances. Secondly, no one stone
of the facade should fall down during implementation [21].
The Methodology of constructing seismic base isolation in
masonry structures to resist earthquakes is done according to
steps in the reference [21].
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Fig. 6 Model of seismic isolator-
type HDRB with hysteresis loops

4 Conclusion

In this research, the effect of providing the base seismic iso-
lation system on an existing masonry structure was studied
when an actual earthquake was applied to the structure. The
study showed the effectiveness of this system significantly in
reducing the shear forces, and decreasing the accelerations
occurred at the structure. Hence, results lead to reduce in the
stresses occurred in the structure, especially tension stresses,
that have decreased significantly.Moreover, these stresses are
almost non-existent in large areas of the masonry structure.
Consequently, maintaining this type of important structure
and keeping them safe and stable under the effect of earth-
quakes.

5 Recommendations:

• Using the dynamic nonlinear analysis-time historymethod
which studies the dynamic response of the structure dur-
ing each interval of the specified time intervals from the
response chart drawn in terms of time, where it is charac-
terized by the accuracy of the calculation and the reliability
of the results.

• Using the base seismic isolation system in the retrofitting
of important masonry and historical structures that are
not designed to resist earthquake loads, where the study
showed the effectiveness of this technique in resistance of
earthquake loads for this type of structures.

• Studying the possibility ofmanufacturing seismic isolators
locally in accordance with the requirements of the region,
whereasmaterials required for themanufacture of this type
of isolators are available at acceptable prices.

References:

1. Asaad, R.; Kaadan, A.: studying the dynamic behavior of
masonry structures using linear dynamic analysis-response spec-
trum method. Aleppo University Journal: Civil, Architectural and
Environmental Engineering Series. 34 (2020). (Arabic Language).

2. Kelly, T.E.:Base isolation of structures: designguidelines.Welling-
ton, New Zealand: Holmes Consulting Group Ltd (2001).

3. Asaad, R.: Studying the effect of seismic base isolation on rein-
forced concrete frame structures by using response spectrum
method. Master Thesis, Faculty of Civil Engineering, Aleppo Uni-
versity, Aleppo, Syria (2010). (Arabic Language).

4. Jäger,W.; Bakeer, T.; Schöps, P.: Simulation ofMasonry inANSYS
and LS-DYNA The Features and Challenges. ANSYS Conference
&27thCADFEMUsers, 18–20/11/2009,CongressCenter Leipzig,
Leipzig, Germany (2009).

5. Kaadan, A.: Evaluating the natural period of the minaret of the
great umayyad mosque in aleppo by applying the shape function
method. Basel Al Asad J. Eng. Sci. 23, 21 (2007)

6. Araj, R.: A Historical engineering and structural study of minarets
in Aleppo (The Early Ottoman Era). Master Thesis, Institute for
the History of Arabic Science, Aleppo University, Aleppo, Syria
(2019). (Arabic Language).

7. Zaidan, A.: Studying the structural heritage of Aleppo mosque
domes between the two centuries (10–13h/16–19m) selected mod-
els. Master Thesis, Institute for the History of Arabic Science,
Aleppo University, Aleppo, Syria (2020). (Arabic Language).

8. Seki, M.; Miyazaki, M.; Tsuneki, Y.; Kataoka, K.: A masonry
school building retrofitted by base isolation technology. 12thWorld
Conference onEarthquakeEngineering, 30/1- 4/2/2000,Auckland,
New Zealand (2000).

9. Seki, M.; Yoshida, O.; Katsumata, H.: Behavior of Rikkyo
Univ.Chapel Building Retrofitted by Seismic Isolation in the 3.11,
2011 Earthquake. In: 15th World Conference on Earthquake Engi-
neering, 24–28/9/2012, Lisbon, Portugal (2012).

10. SAP2000, Advanced v20.2.0.: Static and Dynamic Finite Element
Analysis of Structures, University Ave, Berkeley, California, USA
(2018).

11. ABAQUS, CAE2019.: ABAQUS/ Standard User’s Manual,
ABAQUS Inc, USA (2018).

12. Asteris, P.; Plevris, V.; Sarhosis, V.; Papaloizou, L.; Mohebkhah,
A.; Komodromos, P.: Numerical modeling of historic masonry
structures. In: P. Asteris, V. Plevris (eds.) Handbook of Research
on Seismic Assessment and Rehabilitation of Historic Structures.
Hershey, Pennsylvania, USA. IGI Global (2015). https://doi.org/
10.4018/978-1-4666-8286-3.ch007

13. Cheng, Y.F.; Jiang, H.; Lou, K.: Smart structures: innovative sys-
tems for seismic response control. Taylor&FrancisGroup, London
(2008)

14. Naeim, F.; Kelly, J.M.: Design of seismic isolated structures: from
theory to practice. Wiley, New York (1999)

15. Constantinou, M.C.; Whittaker, A.S.; Kalpakidis, Y.; Fenz, D.M.;
Warn, G.P.: Performance of seismic isolation hardware under
service and seismic loading. Technical Report MCEER, State Uni-
versity of New York, USA (2007). https://doi.org/10.13140/RG.2.
1.4633.8166

16. Kelly, J.M.; Konstantinidis, D.A.: Mechanics of rubber bearings
for seismic and vibration isolation, Wiley (2011).

123

https://doi.org/10.4018/978-1-4666-8286-3.ch007
https://doi.org/10.13140/RG.2.1.4633.8166


5254 Arabian Journal for Science and Engineering (2024) 49:5243–5254

17. Higashion, M.; Okamoto, S.: Response control and seismic isola-
tion of building. Taylor & Francis, New York (2006)

18. Kaadan, A.: Studying and analyzing the minaret of the great
umayyad mosque in aleppo-case study. Aleppo University J. Eng.
Sci. Ser. 33 (2002). (Arabic Language).

19. Kaadan, A.: Studying and Analyzing Arabic and Moslem Archae-
ological Minarets Using Numerical Modeling. Proceedings of the
34th Annual Conference of Arabic Scientific History, April 23–25,
2019, Institute for the History of Arabic Science, Aleppo Univer-
sity, Aleppo, Syria (2019). (Arabic Language).

20. Asaad, R.; Kaadan, A.: Studying the dynamic behavior of exist-
ing masonry structures using linear dynamic analysis- time history
method. Aleppo University J. Civil, Arch. Environ. Eng. Ser. 37
(2021). (Arabic Language).

21. Melkumyan, M.: Recent applications of seismic isolation in
civil buildings in armenia. senior research associate / principal
investigator. 13th World Conference on Earthquake Engineering,
Vancouver, B.C., Canada, Paper No. 3318 (2004).

22. Sammani, W.: Preparing a Scientific Methodology and a Her-
itage Construction Study to Rebuild the Destroyed Archaeological
Mosques inAleppo-GreatUmayyadMosque as aModel. PhDThe-
sis, Institute for the History of Arabic Science, Aleppo University,
Aleppo, Syria (2020). (Arabic Language).

23. AGOM.: www.agom.it/seismic-protection.

24. Shureki, F.: Studying the effect of providing seismic base isolation
system to high water tanks using nonlinear dynamic analysis-time
history method. PhD Thesis, Faculty of Civil Engineering, Aleppo
University, Aleppo, Syria (2020). (Arabic Language).

25. Najjar, D.; Kaadan, A.; Eilouch, M.N.A.; Al Helwani, A.: Multi-
criteria decision making to improve the performance of base
isolation rubber bearing. Asian J. Civil Eng. 18(7), 1095–1112
(2017)

26. Najjar,D.:Developing a numericalmodel of a rubber bearingwith a
shape memory Alloy (SMA) for the Seismic Rehabilitation of R/C
Buildings. PhD Thesis, Higher Institute of Earthquake Studies &
Research, Damascus University, Damascus, Syria (2017). (Arabic
Language).

27. Ghrewati, B. E.: An analytical and experimental study of seismic
base isolator model. master thesis, faculty of civil engineering,
Aleppo University, Aleppo, Syria (2019). (Arabic Language).

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such
publishing agreement and applicable law.

123

http://www.agom.it/seismic-protection

	Retrofitting Existing Masonry Structures by Using Seismic Base Isolation System
	Abstract
	1 Introduction
	2 Materials and Methodology
	2.1 Defining of Numerical Modeling Approaches for Structural Masonry Analysis
	2.1.1 Macro-Modeling
	2.1.2 Simplified Micro-Modeling
	2.1.3 Detailed Micro-Modeling

	2.2 Defining of Seismic Base Isolator Mechanical Characteristics
	2.2.1 Bilinear Model of High Damping Rubber System
	2.2.2 Vertical stiffness of High Damping Rubber System:

	2.3 Methodology of Selection of HDRB Isolators
	2.4 Determination of Nonlinear Characteristics of Seismic Isolators
	2.5 Numerical Constants Used for Studying Masonry Structures
	2.6 Description of Structure
	2.7 Modeling the Historical Masonry Building
	2.7.1 Using Nonlinear Dynamic Analysis-Time History Method for Modeling Fixed Structure
	2.7.2 Using Nonlinear Dynamic Analysis—Time History Method for Modeling Isolated Structure

	2.8 Studying Nonlinear Behavior of Seismic Isolator

	3 Results and Discussion
	4 Conclusion
	5 Recommendations:
	References:




