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Abstract

Diyarbakir Grand Mosque is one of the oldest and the most
significant mosques in the Islamic world and the Mesopota-
mia. The mosque was heavily damaged due to fire following an
earthquake which was predicted 8 magnitude in 1114. It was
rebuilt between 1117 and 1125. It is predicted that a great earth-
quake in the forthcoming years will be occurred in the region.
Therefore, conservation and retrofitting works should execute
for this 891 years old building. In this study, nonlinear seismic
analyses of the main prayer hall of the mosque are performed
and damage assessment of it due to a probable great earthquake
is determined. Material properties of the mosque are defined
by using nondestructive tests. Three level seismic acceleration
data are produced by considering seismic characteristics of
the region. Damage regions on the mosque are obtained under
these earthquake loads. Suggestions about retrofitting of this
significant historical mosque are recommended.
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1 Introduction

The most of historical masonry structures in ancient Greek,
Mesopotamia, Roman, Chinese, Persian, Egyptian and Incas
were built by using construction material as stone, brick or
adobe blocks [1]. These structures were constructed according
to static loads [2]. Therefore, the structures may be damaged or
ruined due to seismic loads [3,4]. Earthquake performances of
historical masonry structures must be obtained for carrying to
the future and the preserving of them.

Maximum Credible Earthquake (MCE) is used for seismic
damage assessment of masonry structures constructed in seismi-
cally active areas [5]. Linear seismic analyses of masonry struc-
tures show that strong earthquake loads (MCE) can produce
tensile stresses which exceed the tensile strength of the lime
mortar or strength of adhesion between mortar and stone [6,7].
In such cases, a linear analysis is invalid because tensile cracks
will form in the lime mortar or openings will occur between the
mortar and stone. The masonry structures can be collapsed due
to these cracks. Therefore, nonlinear solutions which include
cracking in material and opening/closing behavior of cracks
must be used for the seismic analysis of masonry structures.

Many researchers are investigated cracking or damage analy-
sis of masonry stone buildings due to static and/or seismic load-
ing [5-8]. Ramos and Lourenco [5] were investigated nonlinear
seismic damage analyses of Pombaline buildings, were rebuilt
with novel construction technique after the disastrous 1755
Lisbon earthquake, in Lisbon, Portugal. Material properties of
masonry walls were obtained from nondestructive experimen-
tal test results. Opening and closing mechanism of obtained
cracking zones in the Pombaline buildings were investigated.
Some strengthening advices were proposed. Betti and Vignoli
[6] investigated static (pushover) and nonlinear seismic analy-
ses of the Basilica of Santa Maria all” Impruneta near Florence
in Italy. Masonry units were modelled by using macro elements
and a smeared cracking/crushing model were selected for non-
linear behavior of the elements. The results obtained from the
nonlinear analyses were compared with the simplified schemes
of limit analysis. Brandonisio et al. [ 7] investigated comparative
numerical analyses of four damaged basilica type church for
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damage assessment and performance of these churches under
the 2009 L’Aquila earthquake loads. These researchers deter-
mined that smaller values should be taken than spectrum accel-
eration values of Italian code for base shear force/total building
weight ratio between 20% and 30% in these monumental build-
ings. Saloustros et al. [8] were studied on church of the Poblet
Monastery in Spain. 3D nonlinear analyses of the church were
investigated for settlements, reported structural alterations, past
earthquakes and gravitational loadings. A continuum damage
model was used for nonlinear material behavior. Present dam-
ages in the structure are compared with damages zones which
obtained by using numerical solutions.

In this study, nonlinear seismic analyses of the Diyarba-
kir Grand Mosque are performed. A smeared crack model is
used for the nonlinear material behavior which includes tensile
cracking and compressive crushing effect. Homogenized mate-
rial properties are used for stone and mortar of the mosque.
Schmidt and ultrasound test for stone material and Sulfuric
acid mass loss test for mortar are performed for determination
of the material properties. Seismic acceleration data are pro-
duced for three different levels (D1, D2 and D3) considering
the seismic characteristics of the region where the mosque is
located [9]. Damages in Diyarbakir Grand Mosque under the
D1 earthquake level cannot be observed, but cracking and dam-
ages are obtained under D2 and D3 earthquake levels.

2 Numerical Modelling of Masonry Units

The masonry structures are constructed with/without mortar
and stone/brick materials. Numerical modeling of the structures
is quite complex due to the interaction of these materials. For the
numerical modeling of the masonry, micro, simplified micro and
macro modelling are used (Fig.1). In the micro modelling, stone/
brick, mortar materials and interface elements are separately
modeled. Interaction of the materials are taken into account in
the numerical solutions. In simplified micro model, dimensions
of stone/brick are extended as much as half thickness of the mor-
tar. Thus, stone/brick units with mortar are defined in the finite
element mesh and interface elements are used between these
units. In the macro modelling, stone/brick and mortar is consid-
ered as a homogenized domain. Effective material properties are
obtained for the homogenized domain [2,5,10].

Mortar » Smeared joint | N

| Joint

Stone/Brick Stone/Brick Smeared and Homogonous
a) b) ©
Fig. 1 a) micro, b) simplified micro and ¢) macro modeling of the masonry

walls (Proske and Gelder 2009).

In this study, a smeared crack model, includes the strain sof-
tening, cracking and crushing behaviors of material, is used for
nonlinear behavior of the masonry stone walls. This model is
three parameters model which a special case of five parameters
model of William and Warnke [11-13]. Zeinkiewicz and Taylor
[13] were stated that the model can be used for the brittle mate-
rials. This model is used effectively for macro modeling of the
masonry structures [5—8].

3 Determination Material Properties of Diyarbakir
Grand Mosque

In this section, Diyarbakir Grand Mosque is presented and
material properties of the mosque are defined by using nonde-
structive tests. Homogenized material properties of the mosque
are obtained by using these test results.

3.1 Diyarbakir Grand Mosque

Diyarbakir Grand Mosque is one of the oldest mosques in the
whole Islamic world. The date of the construction of this struc-
ture which located in the Diyarbakir city center is unknown.
Diyarbakir Grand Mosque, fell into ruin in time, was rebuilt
by order of Sultan Malik Shah of Seljuk Empire in 1091. The
building was heavily damaged due to an earthquake and fol-
lowing fire in 1114. Atabek Inaloglu Abu Mansur Ilaldi rebuilt
the mosque between 1117 and 1125. From this date, the build-
ing has been minor restorations for present day [14]. Court-
yard of the mosque is 63 meters long by 30 meters wide and
buildings of the mosque are located around the courtyard. Main
prayer hall was located at entire south wall of the courtyard
(Figure 2). Additional buildings have been constructed until
today. These buildings are Mesudiye Madrasah (1193) and Zin-
ciriye Madrasah (1189) which located at north and west of the
courtyard, respectively (Fig. 3.a). Due to cultural and historical
importance of the mosque, a conservation work should carry
out, and damage assessment of this historical building must be
established by using advanced numerical techniques.

Fig. 2 General view of Diyarbakir Grand Mosque.
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In this study, nonlinear seismic analysis of the main prayer
hall is performed. Detailed plan of main prayer hall are shown
in the Fig. 3.b and c. The building have rectangular plan
(75%18.75 m) and it is consist of three parts which central, east
and west halls. Central hall and east/west halls have 9.82 m and
5.69 m height, respectively. The east and west halls are consist
of three aisles.

MAIN PRAYER HALL
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Fig. 3 a) Plan layout of Diyarbakir Grand Mosque, b) Ground and c) first
floor plans of main prayer hall.

3.2 Determination of Material Properties of the
Mosque

Diyarbakir Grand Mosque is mainly constructed with three
class masonry wall. Arches and piers are consists of only ashlar
vesicular basalt stones. This basalt type was chosen because it
is easy to carve. The outer walls of the mosque were built with
massive basalt stone. Foundation stones were also constructed
with massive basalt stone. These stones have between 25-110
cm dimensions. Masonry units are constructed by mortar which

have between 2.5-6.0 cm dimensions. In this research, prop-
erties of construction materials of the mosque are defined by
using the results of Schmidt hammer, ultrasound and sulfuric
acid mass loss tests.

3.2.1 Mechanical Properties of Stone Material

In this section, mechanical properties of stone material are
defined by using Schmidt hammer and ultrasound test results.
Schmidt L type hammer rebound values are obtained from
375 different points for outer walls and columns according to
Poole and Farmer [15,16]. Ultrasound speeds are measured at
8 different columns, and these measurements are performed by
using Proceq pundit with pressure and shear wave transducers.
Mass density of outer walls and columns are taken as 2.85 and
2.28 t/m?, respectively [17].

The ultrasound test results can be seen at Table 1. Average
value of elasticity modulus and Poisson ratio are obtained as
26129 MPa and 0.34, respectively. Elasticity modulus of outer
walls are determined by using previously proposed empirical
studies based on Schmidt rebound values. These empirical
studies are firstly calibrated with elasticity modulus obtained
from ultrasound test results of columns.

Table 1 Ultrasound Test Results of columns

Location V. (m/s) V., (m/s) v E(MPa)
Cl 4323 2097 0.35 26993
C3 4059 2214 0.29 28795
Cc7 4323 1963 0.37 24075
Cc9 4526 2190 0.35 29462
Cl12 4091 2072 0.33 25988
Cl4 4101 2044 0.33 25429
Cl15 4371 2027 0.36 25537
Cl17 4194 1909 0.37 22756
Mean 0.34 26129

Table 2 Elasticity modulus of columns and outer walls determined from

empirical relationships by using the rebound values

Columns Outer walls
N (Rebound) 48910 55450
E (MPa) [18] 44130 62820
E (MPa) [19] 21590 31810
E (MPa) [20] 8310 11520
E_(MPa) 24674 35384

mean

In Table 2, determined elasticity modulus values of col-
umns are given. Mean of elasticity modulus of columns is
24674 MPa (Table 2). This value is approximately equal to
elasticity modulus of columns obtained from ultrasound test
results. Thus, mean elasticity modulus of outer walls is cal-
culated as 35384 MPa by using same relationships (Table 2).
Mean uniaxial compressive strength of vesicular and massive
basalts of Diyarbakir region according to laboratory test results
were defined as 51.76 and 89.10 MPa, respectively [17]. Mean
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uniaxial compressive strength of columns and outer walls from
empirical relationships by using the rebound values are calcu-
lated as 52.883 and 87.000 MPa, respectively (Table 3).

Table 3 Uniaxial compressive strength of columns and outer walls deter-
mined from empirical relationships by using the rebound values

Columns Outer Walls

y (tm?) 2.28 2.85

N (Rebound) 48.910 55.45

/. (MPa) [21] 48.938 115.380
f (MPa) [22] 42123 62.897
/. (MPa) [18] 40.597 59.713
/. (MPa) [19] 67.809 107.178
/. (MPa) [23] 64.947 89.825
S ean (MPa) 52.883 87.000

Table 4 Uniaxial compressive strength of columns and outer walls deter-

mined from empirical relationships by using elasticity modulus

Columns Outer Walls
E (MPa) 26129 35384
/. (MPa) [18] 72.498 105.551
/. (MPa) [19] 41.359 77.371
S e (MPa) 56.929 91.461

Furthermore, mean uniaxial compressive strengths of col-
umns and outer walls obtained from empirical relationships
by using elasticity modulus are also calculated as 56.929 and
91.461 MPa, respectively (Table 4). Thus, mean of these two
results for uniaxial compressive strengths of column and outer
walls are obtained as 54.906 and 89.231 MPa, respectively.
These values are approximately similar to test results of Kah-
veci [17]. Compressive/tensile strength ratio of vesicular and
massive basalts of Diyarbakir region is determined as approxi-
mately 7.0 [17]. Tensile strength of columns and outer walls
are calculated as 7.844 and 12.747 MPa, respectively, by using
this ratio.

3.2.2 Mechanical Properties of Mortar

A mortar sample are taken from main prayer hall for deter-
mination of mortar material properties of Diyarbakir Grand
Mosque. Sulfuric acid mass loss test are performed on this
sample, results are given in Table 5. Volumetric lime/sand ratio
is determined as 1/2.5.

Karaveziroglou et al. [24] were investigated on mechanical
properties of Byzantine and Ottoman mortars in Thessaloniki.
Mortar samples, have different coarse or fine aggregate/Lime-
pozzolan mixing ratios, were produced according to Byzantine
and Ottoman mortars. The mixing ratio of K4, K5 and K19
samples are consistent with mortar’s mixing ratio of the Diyar-
bakir Grand Mosque. Mean compressive, tensile strength, den-
sity and elasticity modulus of these samples are obtained as
0.759 MPa, 0.274, 1.670 t/m3 and 1845 MPa, respectively.

Table 5 Mixture ratio lime: mortar

Total weight gr)/ Fine aggregate Coarse aggregate Lime Acid
Volume (cm?) weight weight Weight loss

(gr)/(cm’) (gr) /(cm?) (gn)/(cm®) (%)
42.900/25.689 1.260/0.485 29.830/11.47 10.98/4.774  27.5

3.3 Determination of Mechanical Properties of
Homogenized Masonry Units

Stone masonry walls are a composite material which consist
of stone and mortar. For this reason, composite material theory
is used for determination of homogenized material properties
of masonry units. Proske and Gelder [2] were proposed empiri-
cal equations for homogenization of masonry units. This rela-
tion is based on compressive strength of mortar and stone;

f;,mas =da f;fst f;fma (1)

where . is compressive strength of homogenized masonry
unit, a is classification coefficient of masonry unit. b and ¢
are participation rate of stone/brick and mortar, respectively.
Eq.(1) proposed in Eurocode 6 [25] as,

Joas =0AL0 0 (MPa) 2

st S emo

In this study, uniaxial compressive (f ) and tensile
strength (f, ) of masonry units are calculated by using Eq.(2).
Density (y, ) and Poisson ratio (v, ) of masonry units is also
calculated as [26],

(3a)

(3b)

ymas = yst'Vst + yme

v =Vsr'Vsr +vm'l/m

mas

where, V_and V are volumetric participation rate of stone
and mortar, respectively. Elasticity modulus (£, ) of masonry
unit is taken as £ = 1000 f.

c,mas

. Due to limit loading cases,
elasticity modulus values are reduced by 0.6 coefficient [25].
Homogenized material properties of column and outer walls can
be seen in Table 6. In this table, f, et f s> Enmas? Ponas andv  are
compressive strength, tensile strength, elasticity modulus, mass
density and Poisson ratio of related masonry unit, respectively.

Table 6 Homogenized material properties of three class masonry units.

Material properties Columns/foundation Outer walls
Jomas MP2) 5.045 6918
imas MP2) 1.104 1.514
£, (MPa) 3027 4151
Py (tOD/1) 2.22 2.73
0.33 0.33

mas

4 Producing of Synthetic Earthquakes Data for the
Location of the Mosque

Turkey is located in one of tectonically active region of the
Earth and it has two major fault zones which are North Ana-
tolian Fault Zone (NAFZ) and the East Anatolian Fault Zone
(EAFZ).
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These fault zones can be seen in Fig. 4. EAFZ, is a strike
slip fault, starts from Karliova triple junction and extends to
Tiirkoglu triple junction (about 435 km length). Shear velocity
on EAFZ is measured between 9-15 mm/year [27,28]. Seis-
mic energy are accumulated on three seismic gaps, Andirin,
Tiirkoglu and Lake Hazar, on the EAFZ since 1900. In the
future, destructive earthquakes on these seismic gaps are
expected. The Diyarbakir Grand Mosque was heavily dam-
aged and ruined due to an earthquake and following fire in
1114. The earthquake was happened Maras, Urfa, Harran
regions and it is assumed that has 8 magnitudes [29]. It is
predicted that this important building will be affected due to
strong earthquakes on the EAFZ.
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Fig. 4 East Anatolian Fault Zone and the Diyarbakir Grand Mosque [30].

In this study, seismic acceleration data are produced for
three different levels (D1, D2 and D3) considering the seismic
characteristics of the region (DLH 2007). D1, D2 and D3 earth-
quake levels indicate the probability of exceedance 50%, 10%
and 2% in 50 years, respectively. Return periods of D1, D2 and
D3 earthquake levels are 72, 475 and 2475 years, respectively.
Properties of spectrum acceleration graphs (Fig. 5) are deter-
mined by using latitude and longitude of the Diyarbakir Grand
Mosque according to DLH [9]. These spectrum acceleration
graphs are used to produce data of synthetic acceleration. This
data producing procedure is achieved by using SeismoArtif
[31] program. Synthetic acceleration-time graphs of these
earthquake levels can be seen in Fig. 6. Absolute maximum

acceleration amplitude of D1, D2 and D3 earthquake levels
are obtained as 0.072g, 0.143g and 0.251g, respectively. These
seismic loadings are produced for one direction. Thus, solu-
tions are separately obtained for each directions. It is seen that
damage intensities obtained in the mosque in y direction are
greater than the other two directions (x and z, vertical). There-
fore, only this direction solutions are given in this research.

0.50

—DlI
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—D3

0.00
T(s) 10 15

Fig. 5 Target spectrum acceleration graphs of D1, D2 and D3
earthquake levels.
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Fig. 6 Acceleration-time graphs of synthetic a) D1, b) D2

and c) D3 earthquake levels.

5 Numerical Analyses of Diyarbakir Grand Mosque

Three dimensional solid finite elements are used for nonlin-
ear analyses of the building. Finite element mesh of the mosque
is shown in the Fig. 7. 31029 nodal points and 14635 solid ele-
ments are used in the finite element mesh. Finite element mod-
elson B, C, 2 and 3 axes are divided two or three finite elements
in direction of thickness. Damage intensities in these walls are
greater than other walls. Finite element model of other walls
have one element in direction of thickness. Cracking or crush-
ing effects are calculated at each one integration point. Thus, in
the calculations, one element is divided two region in spite of a
wall have one element in direction of thickness.
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Fixed smeared crack model which includes tensile cracking
and compressive crushing, is selected for nonlinear behavior
of homogenized masonry. Nonlinear seismic analyses of the
building are obtained by using produced synthetic accelera-
tion data which is effected in the north-south direction of the
mosque. Damping in the building is assumed as being propor-
tional to the tangent stiffness and mass matrices. It is provides
a critical viscous damping ratio of 5% in fundamental vibration
modes of the building with no cracking. Predicted-corrected
form of the Generalized-a algorithm for dynamic integra-
tion method is used for the solutions. Integration time step is
selected as 0.001 sec. due to the cracking and crushing effects
in the masonry domain. ANSYS finite element program is used
for the solutions [12]. In this study, probable damage zones,
displacement responses and seismic performances of the build-
ing are investigated.

Node 21534

Fig. 7 Finite element mesh of the Diyarbakir Grand Mosque.

5.1 Nonlinear seismic analysis of the mosque under
D1 earthquake level

Time history graph in y (cross) direction of 21534 node can
be seen in Fig. 8. Absolute maximum displacement value is
obtained as 2.52 mm. No damage are observed in Diyarbakir
Grand Mosque under the D1 earthquake level.
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Fig. 8 Time history graph in y (cross) direction of 21534 node for D1 earth-
quake level.

5.2 Nonlinear seismic analysis of the mosque under
D2 earthquake level

In Fig. 9, time history graph in y (cross) direction of 21534
node of the mosque is given under D2 earthquake level. As seen
in this figure, absolute maximum displacement value is deter-
mined as 4.42 mm. Ground and first floor plans of Diyarbakir

Grand Mosque are given in Fig. 3.b and c. Cracking zones
are observed in the mosque under D2 earthquake level. These
zones are investigated for 1, 2, 3, 4, A, B, C and D axes of the
mosque. Five cracking zones are observed in B, C, 2 and 3
axes and these damages can be seen in Fig. 10 and 11 at t =
4.97,5.55 and t = 10.00 sec. First cracking zone in Diyarbakir
Grand Mosque is formed at intersection region of 3 axis with
C axis (under W52 window) at 4.97 sec. as seen in Fig. 10.a.
New cracking region is observed lower side of W47 window
which located on intersection region of 2-C axes at t = 5.52 sec.
(Fig. 10.b). Additional crack regions are obtained upper side of
C9, C21, C8, C20 columns at 5.54 and 5.59 sec., respectively
(Fig. 10.b, 10.c, 11.a and 11.b). Base region of C6 column is
cracked at 5.55 sec. (Fig. 11.a). Propagations and extensions of
the cracking regions are observed until t = 10.00 sec. as seen
in Fig. 10.b and d. Seismic analysis of the mosque under the
earthquake is converged for all solution steps.
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Fig. 9 Time history graph in y (cross) direction of 21534 node for D2 earth-
quake level.
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Fig. 10 Cracking zones at a) t = 4.97 sec. for 3 axis, b) t = 10.00 sec. for
3 axis, ¢) t=5.55 sec. for 2 axis and d) t = 10.00 sec. for 2 axis under D2
earthquake level.
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a) Cracking zones in B axis at t = 10.00 sec.
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b) Cracking zones in C axis at t = 10.00 sec.

Fig. 11 Cracking zones on a) B and b) C axes for D2 earthquake level.

5.3 Nonlinear seismic analysis of the mosque under
D3 earthquake level

Time history graph in y (cross) direction of 21534 node of
the mosque under D3 earthquake level is given in Fig. 12. As
seen in this figure, absolute maximum displacement value is
determined as 66.2 mm. Damage (cracking and crushing) zones
at 1, 2, 3,4, A, B, C D axes of the mosque and local collapse
mechanisms at 2, 3, B axes are observed in the mosque under
D3 earthquake level. These damage zones and collapse mecha-
nisms are given in Figs. 13-22.
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Fig. 12 Time history graph in y (cross) direction of 21534 node for D3 earth-
quake level.

First cracking zone in Diyarbakir Grand Mosque is formed
on intersection region of 3 axis with C axis at 3.93 sec. as seen
in Fig. 15.a. In 1 axis, cracking is initiated on intersection region
of 1 axis and B axis at 4.87 sec. as seen in Fig. 13.a. This crack-
ing region is occurred due to movement of B axis in direction
of north—south. Propagations of this cracking zone are observed
from this time to 10 sec. (Fig. 13.b).

| ol
L] ] L] L]

= == T == T

a)t=4.87 sec. b) t=10.00 sec.

Fig. 13 Cracking zones on 1 axis for D3 earthquake level.

Cracking zones on 2 axis are seen in intersection regions
of 2-C axes at t = 4.58 sec. (Fig. 14.a), after this moment, new
cracking zones are occurred in base regions of Cl column, in
region between A21 arch-C27 column, in lower part of W50
window, in upper and base regions of C8 column at t = 4.95 sec.
(Fig. 14.b). In between t =4.95 sec. to 5.56 sec., additional crack-
ing zones are seen in region between A23 arch-W50 window, in
base regions of C20 and C27 columns and in lower part of W46
window, in upper part of W50 window and in region between
A22 arch-C20 column (Fig. 14.c). These cracking zones are
propagated and extended between t = 5.56—10.00 sec. However,
some crushing regions are observed in these cracking zones
until t=10.00 sec. (Fig. 14.d). It is assumed that regions between
these crushing zones are reached to local collapse mechanism.

0

m—m

a) t=4.58 sec.

¢) t=5.56 sec. d) t=10.00 sec.

Fig. 14 Cracking zones on 2 axis for D3 earthquake level.
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Fig. 15 Cracking zones on 3 axis for D3 earthquake level.
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Fig. 16 Collapse mechanism a) 2 axis and b) 3 axis for D3 earthquake level.

As mentioned above, first cracking zone on 3 axis are seen
Fig. 15.a. Additional cracking zones are occurred in base
regions of C2 and C9, in region between A24 arch-W51 win-
dow and in lower part of W55 window at t =4.88 sec. Damage
zones are also observed in base region of C21 column, in upper
region of C9 column, in base region of C28 column and in
lower part of W51 window at t = 4.90, 4.93, 5.02 and 5.05 sec.,
respectively. New cracking zones are obtained in upper regions
of W55 and W52 windows at t = 5.54 sec. (Fig. 15.b), after this
time, some propagations and extensions are observed until t =
5.62 sec. However, at t = 5.63 sec., sudden crack propagations
are seen in regions between W51-W52 and W52-W53 win-
dows (Fig. 15.c). Until t =10.00 sec., some crushing regions are
observed in signed areas which given in Fig. 15.d. It is assumed
that regions between these crushing zones are reached to local
collapse mechanism. Local collapse mechanism of 2 and 3
axes are given in Fig. 16. This mechanism are developed due
to movement in direction of north-south of right and left aisle
walls which neighbor to middle aisle. This movement mostly
effect to intersection regions of Cl, C8, C20 and C27 columns
with extrados of A21, A22 and A23 aches. Similar response are
observed at 3 axis.
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Fig. 17 Cracking zones on 4 axis for D3 earthquake level.
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Fig. 18 Cracking zones on A axis for D3 earthquake level.
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Fig. 19 Cracking zones on B axis for D3 earthquake level.

In 4 axis, cracking is initiated in intersection region of 4
axis and B axis at 4.85 sec. as seen in Fig. 17.a. Some propaga-
tions and extensions in this cracking zone are observed from
this time to 10 sec. (Fig. 17.b). In A axis, cracking zones are
occurred in base regions of C1 and C2 columns at 4.87 sec.
as seen in Fig. 18.a. Afterward, additional cracking zones are
observed in middle and upper regions of C1 column and in
upper region of C2 column until t = 10 sec. (Fig. 18.b).
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Fig. 20 Collapse mechanism B axis for D3 earthquake level.
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Fig. 21 Cracking zones on C axis for D3 earthquake level.
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Cracking zones on B axis are seen in intersection regions of
4-B axes at t = 4.85 sec., after this moment, new cracking zones
are occurred in intersection regions of 1-B axes at t = 4.87 and
base regions of C8 and C9 columns at t = 4.88 sec. Additional
cracking zones are seen in base regions of C6 and C11 columns,
in intersection regions of 2-B and 3-B axes at t = 4.95 sec. (Fig.
19.a). New damage zones are occurred in base regions of C7
and C10 columns at t = 5.55, 5.56 sec., respectively. Intersec-
tion region of A5 arch-C8 column and base region of C5 column
are cracked at t = 5.63 sec. Furthermore, keystone region of A4
arch and base region of C12 column are cracked at t = 6.02 sec.
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Upper regions of A8, A9 and A3 arches are damaged att=6.41,
6.54 and 6.90 sec., respectively (Fig. 19.b). These cracking
zones are propagated and extended between t = 6.90-10.00 sec.
However, some crushing regions are observed in these crack-
ing zones until t = 10.00 sec. These crushing regions are signed
in Fig. 19.c. It is assumed that areas between these crushing
regions are reached to local collapse mechanism. Local collapse
mechanism of B axis can be seen in Fig. 20. The mechanism
are developed due to movement of central hall in direction of
north-south. This collapse mechanism is occurred in between
C5 column-A3 arch with C8 column-A5 arch and in between
C9 column-A6 arch with C12 column-AS arch.

In C axis, cracking zones are seen in intersection regions of
3-C axes and of 2-C axes at t = 3.93 and 4.58 sec., respectively,
after this moment, the cracking zones are extended and propa-
gated until t = 5.60 sec. New damage zones are occurred in base
regions of C17, C18, C19, C22, C23 and C24 columns between
t=15.60-5.65 sec. (Fig. 21.a). Propagations of the damage zones
are observed until t = 10.00 sec. (Fig. 21.b).
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Fig. 22 Cracking zones on D axis for D3 earthquake level.

6 Conclusions and suggestions

Diyarbakir Grand Mosque is one of the oldest mosques in
whole Islamic world and it is one of the most significant mosques
in Mesopotamia. The building was heavily damaged due to an
earthquake and following fire in 1114. It predicted that has 8
magnitudes. It was rebuilt between 1117 and 1125. From this
date, the building has been reaching with minor restorations to
present day. It is predicted that the building will be affected by
a strong earthquake on the EAFZ. Due to cultural and historical
importance of it, a conservation work should carry out, and dam-
age assessment of this historical building must be established.

In this study, material properties of the mosque are defined
by using non-destructive tests (Schmidt hammer, ultrasound
and Sulfuric acid mass loss tests). Seismic acceleration data
are produced for three different levels (D1, D2 and D3) con-
sidering seismic characteristics of region where the mosque is
located. Nonlinear seismic analyses of the main prayer hall of
the mosque are performed. Seismic performance of the hall are
investigated under these earthquake levels.

Cracking zones are determined for 1, 2, 3, 4, A, B, C and
D axes of the mosque. When no damage is obtained under the
D1 earthquake level in Diyarbakir Grand Mosque, cracking
and damages are observed under D2 and D3 earthquake levels.
Five cracking zones in the mosque under D2 earthquake level
are obtained. Four cracking zones are observed in intersection
regions of 2 and 3 axes with B axis and in intersection regions
of 2 and 3 axes with C axis. The other cracking zone is seen
in base region of C6 column. No important propagations of
the cracks are take placed until last numerical solution. The
mosque is remains stable for all solution steps.

When investigating of cracking/crushing zones are occurred
in the mosque under D3 earthquake level, cracking zones are
observed at all axes. The nonlinear analysis of the mosque
are converged for all solution steps in spite of heavy dam-
ages. Damages in B, C, 2 and 3 axes are propagated to wider
regions than the other axes. Large relative displacements in
these regions are occurred due to low rigidity of structural ele-
ments between B and C axes with 1-2 and 3—4 axes of the
mosque in direction of north-south. Therefore, heavy damages
are obtained in structural elements of these regions. Further-
more, crushing regions are observed in some cracking zones of
the mosque, it is assumed that regions between these crushing
zones are reached to local collapse mechanism. The mechanism
are developed due to movement in direction of north-south of
right and left aisle walls which neighbor to middle aisle in 2
and 3 axes. Furthermore, another collapse mechanism are seen
in the B axis, this mechanism are also developed due to move-
ment of central hall in direction of north-south. As a results,
structural elements of the mosque in direction of north-south
should be strengthened for conservation works of this signifi-
cant historical mosque.
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