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Examining the earthquake behaviors of important water structures such as arch dams is of great importance for the future and
safety of these structures. Besides, different reservoir heights, which occur as a result of different seasonal precipitation, can cause
great losses in the structural behavior of arch dams. For this reason, in this study, the effects of various reservoir water heights on
the earthquake behavior of arch dams are evaluated by considering a creep material model. Ermenek dam, one of the highest dams
in Turkey, is chosen for the 3D (3D) numerical analyses. This dam has 4 different gallery spaces in its body and it has a body height
of 220 m. While creating a 3D finite-different model of the dam, the creep material models are utilized for the concrete and
foundation sections. For the 3D earthquake analyses, free-field and quiet nonreflecting boundary conditions (BCs) are defined to
the boundaries of the model. Besides, fix BCs are added to the base of the dam. While creating the gallery spaces of the dam, the
original dam project is taken into consideration, and attention is paid to creating the oval geometry of the gallery spaces following
the project. For earthquake analyses, 4 different water levels (25 m, 85 m, 150 m, and 200 m) are considered, and hydrostatic forces
and water table are used while generating the reservoir water. Furthermore, a total of 18 different strong ground motions are used
in the earthquake analyses to examine the earthquake behavior of the dam. According to the earthquake analyses, it is concluded
that different reservoir heights have great effects on the earthquake behavior of the Ermenek dam. Moreover, it has been observed
that the height of the reservoir water causes significant earthquake stress and displacement differences around the gallery spaces of
the dam.

they have been the focus of attention of researchers from
past to present. Ahmadi et al. proposed a crack model for
arch dams. Interaction condition was defined between the

Water is vital to the survival and health of humanity. Many
methods have been developed to store water from past to
present, and one of the most important of these methods is
the construction of dams. Dams are very important to water
structures that allow the accumulation of water for people.
Recently, many types of dams are being built around the
world and one of these dam types is the arch dam. Arch
dams have oval geometry and are built in valleys where the
water level is high. Since different water heights occur in arch
dams in each season, it is of great importance to examine the
effects of water heights on the creep and earthquake behavior
of these dams. Due to arch dams are very important for the
continuation of humanity and have a huge body volume,

dam and reservoir water. Moreover, the mechanical prop-
erties of contraction joints were determined by using ex-
perimental tests [1]. Akkose et al. examined the reservoir
water effects on earthquake behavior of arch dams con-
sidering the Drucker-Prager model and a total of 5 various
water levels. It was deduced that after a certain water level is
reached, the crest displacements of the dam and the arch
stresses on the dam body increase significantly [2]. Amina
et al. studied the modal behavior of arch dams considering
the fluid-structure interaction. According to numerical
analyses, it was seen that the natural frequencies of the
dam-massless foundation model are well lower for without


https://orcid.org/0000-0002-2285-8513
mailto:murat.cavusli@beun.edu.tr
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/8944853

water situation of the dam model [3]. Feng et al. examined
the safety procedures of arch dams utilizing safety factors
(k1, k2, and k3) [4]. Jin et al. assessed the effects of foun-
dation models on the earthquake behavior of arch dams. It
was deduced that the rock classes and faults influence the
dynamical behavior of arch dams [5]. Li et al. proposed
a new method for the material parameter inversion of the
arch dams and dam foundations [6]. Lotfi and Espandar
investigated the earthquake analyses of arch dams using two
crack techniques. According to the analysis results of four
various cases, critical cracks, and principal stress (PS) values
were obtained on up sections of the dam body [7]. Lotf
investigated the direct frequency domain analyses of con-
crete arch dams and the effects of canyon shape on the
response of the dam were determined using FE-(FE-HE)-BE
techniques [8]. Ma et al. examined the stability analyses of
arch dams considering 3D modeling and overload factors of
crack initiation [9]. Malla and Wieland examined the
horizontal crack behavior of arch-gravity dams considering
the daily temperature changes. It was observed that a hori-
zontal crack first appeared along the downstream wall of the
upper gallery of an arch-gravity dam after 25 years of op-
eration [10]. Mirzabozorg et al. evaluated the earthquake
behavior of arch dams considering massed foundation ef-
fects. It was seen that modeling of the dam foundation
ensures the significant overestimation of the dynamical
response of the arch dams [11]. Moradloo et al. investigated
the damage behavior of arch dams utilizing underwater
explosions. It was concluded that tensile damage is the main
cause of arch dam damage [12]. Nasserzare et al. assessed the
structural performances of arch dams considering an al-
gorithm [13]. Li et al. assessed the structural behavior of arch
dams taking into account diurnal temperature variation and
the sub-model analysis method. It was seen that the sub-
model analysis method is an important alternative approach
to studying the changing laws of the temperature field of
arch dams [14]. Xu et al. investigated the stochastic earth-
quake response of an arch dam. It was observed that cracking
first occurs on the base surface near the upstream face [15].
Pan et al. examined the earthquake effects of initial stresses
on the 3D dynamic behavior of arch dams. It was seen that
the initial stress is very important for the structural response
of high arch dams subjected to underwater explosions [16].
Pereira et al. monitored the dynamical behavior of arch
dams during the first filling of the reservoir. It was seen that
the first 6 vibration modes are close to each other for
ambient vibration, forced vibration, and numerical mod-
eling [17]. Aftabi Sani and Lotfi assessed the dynamical
behavior of arch dams considering the ideal-coupled modal
approach. Reservoir water was modeled using fluid finite
elements and fluid-hyper elements [18]. Such as these
studies, many researchers pioneered to examine of
the structural behavior of arch dams [19-32]. Moreover,
the stress verifications of large concrete existing dams
were performed considering the comparison of two
earthquake Italian codes. Reservoir water was created by
applying “added masses” to the water-holding surfaces of the
dam and their value is acquired by using the Westergaard
hydrodynamic overpressures [37]. In a study, the effects of
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quasi-static seasonal loadings on the structural response of
concrete dams were examined in detail and it was suggested
that the bathymetry near the dam’s wet surface should be
considered when creating the reservoir geometry [38]. Then,
for concrete dams, the bearable maximum earthquake action
was examined using finite element simulations and a mul-
tipurpose code [39]. As seen from these studies, there are no
studies about the effects of reservoir water levels on the
earthquake behavior of high arch dams. Besides, it is seen
that researchers have not examined the effects of 3D oval
gallery spaces on earthquake and crack behaviors of arch
dams. For this reason, this study will shed light on both the
literature and future studies.

2. Scope of the Study

In this study, the effects of different reservoir levels and
various gallery spaces on the earthquake behavior of arch
dams are discussed in detail. First, the Ermenek dam is
modeled in 3D using FLAC3D software. While creating the
dam model, the finite-difference (FD) method is utilized.
The Burgers-Mohr material model is considered for the
dam concrete and dam foundation. This material model
was not utilized to examine the earthquake response of the
arch dams. However, this material model was developed to
reveal and study the failure and time-dependent creep
behavior of materials such as rock or concrete. For this
reason, one of the aims of this study is to reveal the effects of
this material model on the earthquake behavior of arch
dams. Then, free-field and quiet nonreflecting BCs are
defined for the dam’s boundaries. In the literature, these
nonreflecting BCs were not considered in the earthquake
analyses of the arch dams. Another aim of this study is to
determine the earthquake effects of these BCs on the
earthquake behavior of the arch dams. Reservoir water is
modeled using both the water table and water pressures.
Ermenek dam has 4 different gallery spaces and these
gallery spaces have oval geometry. These oval geometry
gallery spaces are modeled in 3D following the dam project.
A total of 4 different reservoir water levels are used during
earthquake analyses. These reservoir levels correspond to
the gallery spaces of the dam, and in this study, the effects of
different reservoir water levels around the gallery spaces of
arch dams are evaluated in detail. The most important aim
of this study is to reveal the earthquake effects of various
reservoir water levels on the 3D earthquake response of the
arch dams. For this aim, a total of 18 different earthquakes
are used for the earthquake analyses of the Ermenek dam.
These earthquakes are important ground motions that have
occurred in different parts of the world. According to 18
different earthquake analyses, it is concluded that different
reservoir water levels have great effects on the earthquake
behavior of arch dams. Besides, it is observed that different
water levels created various earthquake cracks, critical
principal stresses (PSes), and important displacements
around gallery spaces. This study makes great contributions
to the literature on the effects of both reservoir water levels
and various 3D gallery spaces on the earthquake behavior
of arch dams.
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3. Free-Field and Quiet Nonreflecting Boundary
Conditions (BCs)

Earthquake waves are damped from back reflection as they
travel through a structure. If we do not realistically model
the earthquake waves in the numerical modeling of the
structures, accurate earthquake results cannot be obtained
[34]. For this reason, in earthquake numerical analyzes,
attention should be paid to preventing the earthquake waves
from being reflected into the structure. For this aim, special
earthquake BCs are utilized during the earthquake analysis
of arch dams in this study. In the FLAC3D program, many
BCs have been derived for the solution of geotechnical
problems [34]. These BCs vary according to the environment
in which the structure is located and the load it contacts.
There are nonreflecting BCs specially produced for earth-
quake analysis of structures in the FLAC3D program [34].
These BCs ensure that the earthquake waves do not reflect
inside the structure and allow us to obtain more accurate
earthquake results [33]. The earthquake boundaries of the
Ermenek arch dam modeled using the FLAC3D program are
shown in Figure 1. According to Figure 1, earthquake
boundaries are defined for the lateral and lower boundaries
of the foundation section of the arch dam. Free-field
boundary (FFB) conditions are defined to the lateral
boundaries of the foundation section and quiet boundary
(QB) conditions are defined to the bottom section of the
foundation. In this way, the reflection of earthquake waves
back in the model is prevented and the results of the
earthquake analysis are ensured to be accurate and
precise [34].

The FFB condition should be placed to the side
boundaries to minimize wave reflections (Figure 1). The FFB
condition is defined in the following formulation:

F, = —pCp(V? - v)fcf)A + Fif,

- m_ ff ff
Fy——pCs(vy -, )A+Fy , (1
F,= —pCp(v;” - vgf)A +F/7,

In equation (1), p: the density, C: speed of p-wave, Cy:
speed of s-wave, A: area, v\": x-velocity in the grid, v}": y-
velocity in the grid, v': z-velocity in the grid, il x velocity
in the side, vﬁf : y velocity in the side, il 2 velocity in the
side, Fﬁf : FF force for ag stresses, Fﬁf : FF force for ag

stresses, and F{ . FF force for a{; stresses [34]. Further-
more, the viscous quiet BC should be used in the earthquake
analyses of arch dams together with FF BCs. In quiet BC, the
earthquake dashpots are considered [34] and the normal and
shear earthquake dashpots are calculated as follows:

tn = —pCan, (2)
t, = —pC,v,.

In equation (2), v, and v,: the normal and shear com-
ponents for velocity, p: density, and C, and C: p and s
waves [34].

4. General Information about Ermenek
Arch Dam

Ermenek dam, one of the many high dams in the world and
the second-highest dam in Turkey, is a thin concrete arch
dam with a double curvature asymmetric structure. This
dam, which was built in Turkey-Karaman, started to be built
in 2002 and was completed in 2009. The body thickness
varies along with the height and is 7 m at the crest and 25m
at the lowest part. The dam was built in a very deep and
narrow valley. The body width is 150 m in the upper part and
less than 5m in the lower part. The height of the dam is
210m and the crest length is 123m [33]. The reservoir
volume is 4582 hm? and the reservoir area is 58.74 km®. Its
electricity generation capacity is 1047.86 Wh per year. The
dam, which was built to generate energy, was built on the
Goksu river within the borders of Karaman province in
Turkey [33]. The mechanical properties of the Ermenek arch
dam are presented in Table 1. Moreover, the general view of
the dam is shown in Figure 2.

5. 3D Finite-Difference Modelling of
Ermenek Dam

In this study, the earthquake damage performances of high
arch dams are investigated by including gallery spaces. For
this purpose, the Ermenek arch dam (220 m) is chosen for
numerical analyses and the dam is modeled as 3D
according to the original project. The modeling processes of
the dam are performed using special fish functions de-
veloped for the FLAC3D software. There are 4 different
gallery spaces with oval geometry inside the dam body and
gallery spaces are modeled before the dam body is built. The
locations of the galleries are shown in Figure 3. The lengths
of gallery spaces are different from each other. The length of
gallery 1 is 122 m, and the lengths of gallery 2 and gallery 3
are 79m and 54m, respectively. Besides, gallery 4 has
a length of 28 m. Before the dam body is created, gallery
spaces are constituted, and then concrete material is
formed around the gallery spaces. The 3D model of the dam
body is shown in Figure4 in detail. FLAC3D software
recommends researchers use both free-field and quiet BCs
for earthquake analyses of the arch dams. For this reason,
nonreflecting BCs (free-field and quiet) are used to prevent
earthquake accelerations from being reflected in the 3D FD
model of the dam. These BCs have never been used in the
past to assess the earthquake behavior of concrete arch
dams. Quiet nonreflecting BC was developed by Lysmer
and Kuhlemeyer in 1969 and it is based on using earth-
quake dashpots at x (normal) and y (shear) directions of
special boundaries of the 3D model. Moreover, it is very
effective for absorbing earthquake waves that approached
the boundary at angles of incidence greater than 30°. In this
study, quiet (viscous) BC is practiced to lateral boundaries
of the 3D model as seen in Figure 4. Then, the free-field BC
is considered for the lateral surfaces of the 3D model
(Figure 4). The lateral surfaces of the main grid are coupled
to the free-field grid by using viscous dashpots and the
unbalanced forces from the free-field grid are applied to the
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in Figure 3. After the dam body is formed, reservoir water is
created using both hydrostatic pressure and water table. To
model the reservoir water, “added masses” have been applied
to the nodal points of the dams’ upstream surfaces. Their

4
Reservoir Ermenek dam body
=) - Foundation et %
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FiGURE 1: Boundaries of the Ermenek arch dam [34].
TaBLE 1: Material properties of Ermenek arch dam [33].
Material E (GPa) Poisson’s ratio Density (kg/m3)
Concrete 32 0.24 2615
Rock 22 0.19 2764

main-grid boundary [34]. In free-field earthquake BC,
earthquake waves that propagate upward do not break
down at the main surfaces. If the grid point is uniform, the
earthquake dashpots are not considered due to the free field
surface performs the same motion as the main grid [34].
The free-field BC model contains a one-dimensional col-
umn at unit width. The free field’s height equals the lateral
surface’s length [34]. Thanks to the nonreflecting BC, the
earthquake accelerations circulating in the dam model are
prevented from being reflected from the dam boundary
[34]. In this study, the hysteretic damping sigmoidal (sig3)
model is used for the damping ratios of foundation and
concrete. The dynamic characteristics of these materials are
governed by two sets of modulus reduction factor (G/
Gmax) of the foundation and concrete and damping ratio
(1). The most suitable mesh width is selected for the 3D
model of the dam and there is a total of 2876341 volumes in
the dam model. Special time definitions are performed for
creep analyses. For example, a 10-year time definition is
made for the 10-year failure behavior of the dam using
special fish functions. While performing creep and earth-
quake analyses, the program gave errors many times and
the dam model is calibrated many times.

To model the interaction condition between discrete
surfaces, interface elements are defined between the dam-
reservoir water foundation in the normal and shear di-
rections. These interface elements are defined on each nodal
point between discrete surfaces. Thanks to the interface
elements, a realistic interaction condition is provided be-
tween the discrete surfaces. The numerical values of the
interface elements in the normal and shear directions de-
fined between the discrete surfaces are 108 Pa/m [40]. In-
terface elements defined between discrete surfaces are shown

value is acquired by taking into account the Westergaard
hydrodynamic overpressures [37]. Besides, the water table is
used to provide the magnitude of water pressure in each
FLAC zone [34]. Water loads (added masses) and water table
are shown in Figure 5.

The foundation section of the dam is generated by
extending the dam body towards the sides and the bottom.
The foundation is extended to the sides and the bottom by
the height of the dam. Furthermore, the foundation is ex-
tended by 2 times the dam height towards the upstream and
downstream sides. The Burgers-Mohr material model is
used for the foundation material and concrete material of the
dam body. The Burgers-Mohr material model has never
been used in the past for the creep and earthquake analysis of
concrete arch dams. The 3D FD model of the dam is shown
in Figure 4 in detail.

Random mesh spaces should not be used when ex-
amining the earthquake analyzes of arch dams, and thanks
to the Burgers—Mohr material model, the optimum mesh
spacing that can be used for arch dam body has been found.
Moreover, thanks to the Burgers—-Mohr material model,
a viscoplastic model in FLAC3D is characterized by a visco-
elastoplastic deviatoric behavior and an elastoplastic vol-
umetric behavior [34]. The viscoelastic and viscoplastic
strain-rate components are assumed to act in series. The
viscoelastic constitutive law corresponds to a Burgers
model (Kelvin cell in series with a Maxwell component),
and the plastic constitutive law corresponds to
a Mohr-Coulomb model. The model used in this study is
based on a classical viscoelastic constitutive law [34]. For
the rock foundation, a viscoelastic, piecewise, and ortho-
tropic constitutive model is assumed in the numerical
analyses [37]. Furthermore, for the dam body concrete,
a viscoelastic, homogeneous, and isotropic constitutive
model is presumed in the earthquake analyses [37]. For the
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FIGURE 2: General view of Ermenek arch dam: (a) downstream view, (b) aerial view, and (c) upstream view [33].
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FIGURE 3: View of gallery spaces in the Ermenek arch dam body [33, 36].

creep analyses of the dam, fix reflecting BCs are defined to
the dam boundaries in the x, y, and z directions. In this
study, 18 various ground motions are used in the 3D
nonlinear earthquake analyses of the Ermenek arch dam
(Table 2). According to Table 2, it is seen that the earth-
quakes used in the analyses have different magnitudes and
epicenter distances. In earthquake analyses, the X, Y, and Z
components of each earthquake are used.

6. Earthquake Analysis Results of Ermenek
Arch Dam

Examining the earthquake behavior of huge water structures
such as arch dams is of great importance for the safety of
these structures. Besides, due to climatic and seasonal
changes, there may be constant differences in water levels in
dams. This may negatively affect both the creep and
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FiGURE 5: View of water loads and water table.

TaBLE 2: Characteristic properties of strong ground motions [35].

EQ Earthquake Year Station Mw Duiz;lon d (km) PGA PGV 1\&}})}/ TPV TP
1 Cape Mend. 1992 Rio Del OVP 7.1 40 18.5 0.39 44 8.7 1.3 1.2
2 1999 CHY028 7.6 40 7.3 0.82 67 12.1 0.9 0.8
3 1999 TCU060 7.6 40 9.5 0.20 36 5.45 11.0 8.4
4 1999 TCU087 7.6 40 32 0.13 41 3.11 8.0 9.5
5 1999 NSY 7.6 40 9.7 0.13 42 3.04 4.6 3.7
6 Chi-chi 1999 CHY101 7.6 40 11.1 0.44 115 3.75 4.8 4.7
7 1999 TCU063 7.6 40 10.4 0.13 73 1.75 34 5.2
8 1999 TCU059 7.6 40 17.8 0.17 59 2.83 6.5 6.0
9 1999 TCU057 7.6 40 12.6 0.09 43 2.05 7.5 6.6
10 1999 TCU101 7.6 40 2.9 0.2 68 2.89 8.5 7.6
11 Imp.val. 1979 El centro DA 6.5 40 5.3 0.35 71 4.84 2.6 4.5
12 Kobe 1995 KM 6.9 20 0.6 0.60 74 7.95 0.8 1.4
13 Loma prieta 1989 Corralitos 6.9 40 51 0.48 45 10.46 0.8 0.7
14 N. palm spr. 1986 N.P.Spr. PO 6.0 20 8.2 0.59 73 7.93 1.1 1.4
15 Northrdg. 1994 Sly. Hosp. 6.7 20 6.4 0.84 130 6.34 1.6 1.9
16 Sup.hills 1987 PTS 6.6 20 0.7 0.45 112 3.94 1.9 2.2
17 Duzce 1999 Duzce 7.2 40 27 0.55 79 8.41 1.5 8.1
18 Kocaeli 1999 Izmit 7.6 40 6 0.63 86 9.46 1.6 8.4
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earthquake behavior of these dams. For this reason, the
earthquake behavior of the Ermenek arch dam, which was
built for energy and irrigation purposes in Turkey, is in-
vestigated by considering different ground motions and
various water levels in this study. After the 3D FD model of
the dam is created, 18 different earthquake accelerations are
effected on the base of the dam, and earthquake analysis
results are obtained. Four various water heights selected for
earthquake analyses are shown in detail in Table 3. In Ta-
ble 3, it is seen that each water height is named with
a different name. The time-dependent PS values in Fig-
ures 6-8 are obtained by considering the location of the
maximum PS value in the dam body during the earthquake.
Because the location of the maximum PS value occurring in
the dam body is different for each earthquake analysis. In
Figure 6, the PS results of the Ermenek arch dam are ex-
amined by considering different reservoir waters and 8
different ground motions. In all earthquake analyses, great
increases are observed in the earthquake PS values occurring
in the dam body as the reservoir water height increase.
Moreover, it is concluded that the reservoir water height
causes large PS concentrations around the gallery spaces. In
Figure 6(a), the earthquake analysis results of the Ermenek
dam are presented for the EQ1 earthquake. It is concluded
that the PS values obtained on the dam body for CI1 are
higher than in other cases. This result reveals the effects of
increases or decreases in hydrostatic pressure on the
earthquake behavior of arch dams. During the EQI earth-
quake, the smallest PS values on the dam body are acquired
in C3 and C4. For C1, important PS values are concentrated
around gallery 4. This result shows how the changes in
hydrostatic pressure values change the structural behavior of
arch dams (Figure 6(a)). During the EQ2 earthquake, the
maximum PS value gained for C1 is 7.88 MPa. In addition,
for C2, C3, and C4, the highest stress values happening on
the Ermenek dam body are 6.82MPa, 3.29MPa, and
1.82 MPa, respectively (Figure 6(b)). In Figure 6(c), the
earthquake analysis results are presented for the EQ3
earthquake. When all cases are compared with each other, it
is seen that the highest PS values on the dam body are
obtained for C1. In addition, close PS values are observed on
the dam body for C3 and C4 (Figure 6(c)). For C1 and C2,
the largest PS values on the dam body are acquired around
galley 2. For C3, the most critical stress values on the dam
body took place around galley 4 (Figure 6(c)). During the
EQ4 earthquake, 11.59 MPa maximum PS is observed on the
dam body for C1 (Figure 6(d)). Moreover, the greatest PS
values for C3, C4, and C5 are 10.82 MPa, 3.35 MPa, and 1.95
MP, respectively. For C3 and C4, the greatest stress con-
centrations are gotten at the base of the dam. When the
earthquake PS on the dam body is assessed for the EQ5
earthquake, it can be seen that the maximum PS values on
the dam body for C1 and C2 are close to each other
(Figure 6(e)). Also, for C3 and C4, the greatest PS values on
the dam body are 2.60 MPa and 1.43 MPa, respectively.
According to Figure 6(f), it is seen that the largest PS values
on the dam body for C1 occurred around gallery 3. Besides,
the smallest stress values on the dam body are acquired for
C4. During the EQ6 earthquake, the highest stress values on

the dam body for C2 and C3 are 2.66 MPa and 1.81 MPa,
respectively (Figure 6(f)). In Figure 6(g), the earthquake
behavior of the Ermenek dam is examined for the EQ7
earthquake. It is inferred that the stress values on the dam
body for C3 and C4 are smaller than in C1 and C2. It is
proposed that the reservoir water should be carefully
modeled and acted on the dam while modeling arch dams
and performing earthquake analyses. In Figure 6(h), the
earthquake behavior of the Ermenek dam is examined for
the EQ8 earthquake. For C1, the greatest PS value around
gallery 4 is 8.86 MPa. Also, for C2 and C3, the highest stress
values on the dam body took place around gallery 3. For C4,
the greatest PS value observed on the concrete dam body is
1.09 MPa. For the EQ9 earthquake, it is observed that the
maximum PS values for C1 and C2 are higher than C3 and
C4 (In Figure 7(a)) It is deduced that gallery 4 is the most
critical section of the Ermenek dam for the EQ9 earthquake.
In Figure 7(b), the earthquake analysis results of the EQ10
earthquake are presented in detail. It is observed that the
most critical PS values on the dam body occurred in CI and
C2. The highest stress values happening on the Ermenek
dam for C3 and C4 are 2.71 MPa and 0.86 MPa, respectively.
Moreover, for C3 and C4, the largest PS values on the dam
body are gained at the base of the dam.

According to the EQ11 earthquake analysis results, it is
observed that the maximum PS values for C1 are higher
than the other cases (Figure 7(c)). It is inferred that the PS
values on the dam body for C4 are lower than in C1. During
the EQ12 earthquake, the greatest PS values on the dam
body for C1 and C2 are 7.76 MPa and 6.18 MPa, re-
spectively (Figure 7(d)). Furthermore, the most critical
stress values on the dam body for C3 and C4 are con-
centrated around gallery 4. The earthquake analysis results
for the EQ13 earthquake are presented in Figure 7(e). For
Cl1, the greatest PS value happening in the Ermenek dam
body is 11.89 MPa. The highest stress values on the dam
body for C3 and C4 are 3.27MPa and 1.49 MPa, re-
spectively (Figure 7(e)). During the EQ14 earthquake, it is
deduced that the highest principle stress values for C1 and
C2 are greater than Case3 and C4 (Figure 7(f)). Besides, it is
inferred that the most critical stress values for C1 and C2
are concentrated around the gallery 2. For C3 and C4, it is
seen that the greatest PS values are concentrated at the base
of the dam. During the EQ15 earthquake, the largest PS
values on the dam body for C1 and C2 are 11.64 MPa and
11.05MPa, respectively, and stress concentrations are
observed around gallery 3 (Figure 7(g)). For the EQI16
earthquake, it is observed that the earthquake stress values
for C1 and C2 are higher than C3 and C4 (Figure 7(h)). This
result shows the effects of reservoir water height on the
earthquake behavior of arch dams.

In Figure 8(a), time-dependent PS values observed on
the Ermenek dam body during the EQ17 earthquake are
presented in detail. According to Figure 8(a), the maximum
PS value obtained for C1 is 9.07 MPa. In addition, the highest
stress values on the dam body for C2, C3, and C4 are
9.96 MPa, 4.72 MPa, and 4.07 MPa, respectively. It is con-
cluded that the PS values for C1 and C2 are close to each
other and gallery 4 is the most critical section for the EQ17
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TaBLE 3: Reservoir water heights for earthquake analyses.
C Reservoir
ase water height (m)
Case 1 (C1) 200
Case 2 (C2) 150
Case 3 (C3) 85
Case 4 (C4) 25

earthquake. In Figure 8(b), the PS values obtained on the
dam body during the EQ18 earthquake are presented in
detail. The greatest PS values occurring on the dam body for
Case 1 and Case 4 are 11.18 MPa and 1.47 MPa, respectively.
Besides, it is inferred that the stress values on the dam body
for Case 2 are greater than the other cases. According to all
earthquake analysis results, it is understood that reservoir
water levels have great effects on the earthquake behavior of
arch dams. It is observed that the earthquake stress values
happening on the dam body for Case 1 (water level: 200 m)
and Case 2 (water level: 150 m) are very close to each other.
Moreover, it is concluded that the stress values on the dam
body for C3 (water level: 85 m) are higher than in C4 (water
level: 25 m). For C1 and C2, the largest PS values on the dam
body are obtained around gallery 3 and gallery 4. In Figure 9,
and 10, the earthquake displacement behavior of the
Ermenek dam is examined by considering 18 different
earthquakes. According to the earthquake analysis results, it
is understood that different reservoir water levels changed
the earthquake displacement behavior of the Ermenek dam
visibly. Besides, various reservoir heights caused serious
displacement changes around the gallery spaces of the
Ermenek dam. In Figure 9(a), the maximum displacement
values along the body height of the Ermenek dam are shown
for the EQ1 earthquake. The maximum displacement value
on the dam body is obtained for Cl. In addition, smaller
earthquake displacement values are observed for C4 as
compared to other cases. For Cl, serious displacements
occurred around galleries 1, 2, 3, and 4 during the earth-
quake. Then, significant displacement changes are observed
around galleries 2, 3, and 4 for C2. In C3, critical dis-
placement values took place around galleries 3 and 4. It is
clear from these results that significant earthquake dis-
placement changes may occur around the gallery spaces of
arch dams depending on the reservoir height during the
earthquake. In Figure 9(b), the earthquake behavior of the
Ermenek dam is assessed for the EQ2 earthquake. For Cl1,
the largest earthquake displacement value obtained on the
dam crest section during the earthquake is 73 mm. Fur-
thermore, 44 mm and 29 mm maximum earthquake dis-
placement values are observed on the dam crest for C3 and
C4, respectively. For C2, significant earthquake displace-
ment differences are acquired in galleries 2, 3, and 4. Then,
significant displacements are observed around galleries 1, 2,
3, and 4 for C1 during the EQ2 earthquake. In Figure 9(c),
the earthquake displacement results of the Ermenek dam are
investigated by considering 4 various reservoir water levels.
During the earthquake, 78 mm and 43 mm maximum
earthquake displacements are obtained on the dam crest
section for C1 and C4, respectively. Moreover, the maximum

Advances in Civil Engineering

displacement values on the dam crest for C2 are higher than
in C3. For Cl, 76 mm and 71 mm maximum earthquake
displacements are observed in gallery 1 and gallery 2, re-
spectively. In Figure 9(d), the earthquake displacement
behavior of the dam is evaluated for the EQ4 earthquake. The
maximum displacement values that occurred on the dam
crest for C1 and C2 during the EQ4 earthquake are 62 mm
and 57 mm, respectively (Figure 9(d)). In Figure 9(e), the
maximum displacement values observed on the dam body
are shown for the EQ5 earthquake. For C1, the maximum
earthquake displacement values on the dam crest, galleries 1,
2, 3, and 4 are 86 mm, 89 mm, 80 mm, 67 mm, and 48 mm,
respectively. Also, for Cases 2, 3, and 4, the largest dis-
placement values on the dam crest are 83 mm, 66 mm, and
45 mm, respectively. These numerical results show the effects
of changes in reservoir water levels on the earthquake
displacement behavior of arch dams. Besides, significant
displacement changes are observed around the gallery spaces
depending on the reservoir water height. Figure 9(f) shows
the maximum earthquake displacement values around the
gallery spaces and crest section of the dam during the EQ6
earthquake. For Case 1, the earthquake displacement values
observed on the dam crest are higher than in other sections
of the dam. In addition, the largest displacement values on
the dam crest section for C1 and C4 are 95 mm and 65 mm,
respectively. During the EQ7 earthquake, for C1, the largest
displacement values around gallery 1 and gallery 4 are
76 mm and 38 mm, respectively (Figure 9(g)). Then, the
maximum earthquake displacement values in gallery 4 for
Cases 2, 3, and 4 are 27mm, 32mm, and 15mm, re-
spectively. These results openly show that each reservoir
water level has different earthquake displacement effects on
gallery spaces of arch dams. It is deduced that the earthquake
displacement values on the gallery increase as the height of
water contacted by the dam body increases. In Figure 9(h),
the earthquake displacement results occurring on the dam
body during the EQ8 earthquake are presented in detail.
According to numerical results, the largest earthquake
displacement values on the dam crest section for C1 and C2
are 66 mm and 64 mm, respectively, and it is observed that
the displacement values acquired along the dam body for C1
and C2 are close to each other. For C1, there are significant
displacement differences around galleries 1, 2, 3, and 4. For
C2, important earthquake displacement increases are ob-
served around galleries 2, 3, and 4.

In Figure 10(a), the earthquake analysis results of the
Ermenek dam are presented for the EQ9 earthquake. The
maximum displacement values on the crest section for C1
and C2 are 57 mm and 55 mm, respectively. Besides, for C1,
the maximum earthquake displacement values occurring
around galleries 1, 2, 3, and 4 are 64 mm, 57 mm, 44 mm, and
29 mm, respectively. For C2, the largest displacement values
taking place on the dam crest, galleries 1, 2, 3, and 4 are
54mm, 49 mm, 42mm, 33 mm, and 26 mm, respectively.
Then, the largest displacement values on the dam body for
Case 3 and Case 4 are observed to be smaller than Case 1 and
Case 2. These results demonstrate the effects of reservoir
water levels on the earthquake displacement behavior of arch
dams (Figure 10(a)). The largest displacement values
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FiGgure 8: Earthquake PS results of Ermenek arch dam for EQ17-EQ18 earthquakes: (a) EQ17 and (b) EQ18.

observed on the dam body for the EQ10 earthquake are
obtained for Case 1 (Figure 10(b)). Furthermore, when 4
different water heights are compared with each other, the
smallest displacement values observed on the dam body
happened in C4. In Figure 10(c), the earthquake analysis
results are presented for the EQ11 earthquake. For C1 and
C2, the largest displacement values occurring in the dam
body are close to each other. The maximum displacement
values obtained for C3 and C4 are smaller than for C2 and
C1. For Cl, the largest displacement values observed on the
dam crest, galleries 1, 2, 3, and 4 are 82 mm, 84 mm, 72 mm,
64mm, and 43 mm, respectively. Moreover, for C3, the
maximum earthquake displacement values obtained on the
crest, galleries 1, 2, 3, and 4 are 62mm, 5l mm, 37 mm,
45 mm, and 29 mm, respectively. It is clear from these results
that galleries 1, 2, 3, and 4 are the most critical sections for
Cl. For C2, the most important sections are galleries 2, 3,
and 4. For Cl, the largest earthquake displacement hap-
pening on the dam crest during the EQ12 earthquake is
63 mm (Figure 10(d)).

During the EQ13 earthquake, it is seen that the largest
displacement values on the dam crest for C1 and C2 are
73 mm and 78 mm, respectively (Figure 11(a)). Moreover, as
4 various reservoir water levels are compared with each
other, it is deduced that the smallest displacement values
acquired on the dam crest took place in C4. According to 4
various earthquake analysis results, significant displacement
differences are observed in 4 different gallery spaces
(Figure 11(a)). In Figure 11(b), displacement values acquired
along the dam body during the EQ14 earthquake are pre-
sented in detail. For Case 1, significant displacement dif-
ferences are gained in galleries 1, 2, 3, and 4. Besides, the
maximum displacement value occurring on the dam crest
for Case 3 is higher than in Case 4. It is understood that when
the height of water in contact with the dam body increases,
the earthquake displacement values taking place on the
gallery spaces and the dam body rise. These results show how
important gallery spaces are for the earthquake behavior of
arch dams (Figure 11(b)). During the EQ15 earthquake, the
largest displacement happening on the dam crest for Cl1 is
64 mm. Furthermore, the largest earthquake displacement

values in gallery 1 for Cases 2, 3, and 4 are 58 mm, 46 mm,
and 42 mm, respectively. For C3, significant displacement
differences took place in galleries 3, 4, and, significant
displacement values are observed around gallery 4 for C4
(Figure 11(c)). During the EQ16 earthquake, close earth-
quake displacement values are obtained on the dam body for
C1 and C2 (Figure 11(d)). For the EQ17 earthquake, 57 mm
and 58 mm maximum displacement values happened on the
dam crest in Cl and C2, respectively. In C4, the largest
displacements observed on the dam crest, galleries 1, 2, 3,
and 4 are 36 mm, 34 mm, 24 mm, 16 mm, and 12 mm, re-
spectively (Figure 11(e)). Moreover, during the EQIS8
earthquake, the largest displacement values taking place on
the dam crest for Case 1, Case 2, Case 3, and Case 4 are
83mm, 76mm, 58mm, and 44mm, respectively
(Figure 11(f)). In Figures 12-17, the earthquake crack be-
haviors of the Ermenek arch dam are investigated for the full
reservoir water. In addition, damage diagrams of the dam are
calculated by comparing the maximum PS values occurring
in the concrete body of the dam during the earthquake and
the strength value of the concrete body of the dam. The
damage diagrams of the dam are created by considering the
total number of times the stress value occurring in the dam
body during the earthquake exceeds the strength of the
concrete body and the total number of stresses observed
during the earthquake. While performing earthquake ana-
lyses in the FLAC3D program, a time step is defined for each
earthquake. All definitions are performed using special fish
functions. In FLAC3D, all stress values occurring in the dam
body are automatically calculated during earthquake anal-
ysis. For example, if the duration of an earthquake is
40 seconds and the time step of the earthquake is 0.005, the
program calculates a total of 8000 (40/0.005) stress values as
a result of the earthquake analysis. These stress values can be
output graphically with the help of special fish functions. In
this study, all the stress values calculated on the dam body
for each earthquake are transferred to the excel program.
The compressive strength of the dam body is 30 MPa.
Moreover, stress values exceeding 30 MPa (for example,
2000) are transferred to another excel program. As a result,
the damage ratio (DR) value of a point on the dam body is
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F1GUrE 10: Earthquake displacement results of Ermenek arch dam for EQ9-EQ12 earthquakes: (a) EQ9, (b) EQ10, (c) EQ11, and (d) EQ12.

obtained by calculating 2000/8000. In other words, the DR
value of the point on the dam body is 0.25 (25%). When the
previous formulation is examined, the DRs are acquired by
comparing the PS values obtained in the dam body during
the earthquake period with the strength of the dam. The DRs
of the Ermenek dam are calculated separately for each
earthquake and analysis results are presented in detail in
Figures 12-17. For the EQI earthquake, significant earth-
quake cracks are obtained in the dam body for each reservoir
water level (Figure 12(a)). For C4, earthquake cracks oc-
curred in the dam body around gallery 4. It is also concluded
that for C3, cracks occurred around galleries 3 and 4 during
the earthquake. Furthermore, for C2 and C1, it is observed
that the earthquake crack values are concentrated around
galleries 1, 2, 3, and 4 (Figure 12(a)).

In addition, it is deduced that for C4, the DR observed
around gallery 4 is about 1, and the DR is very low around
galleries 3, 2, and 1. For C3, significant DRs are observed
around gallery 3 and gallery 4. According to the numerical
results, critical DR values took place around galleries 1, 2, 3,
and 4 for C1 and C2. It is concluded that as the reservoir
water level rises, cracks and DR values around the gallery
spaces of the arch dam increase (Figure 12(a)). During the
EQ2 earthquake, significant earthquake cracks are observed
around gallery 3 and gallery 4 for C4 (Figure 12(b)).

Moreover, similar cracks values occurred in the dam body
for C1 and C2. This result shows that if the reservoir water
level is 200 m and 150 m, similar damages may occur in the
dam body. Besides, significant DR values are gained around
gallery 3 and gallery 4 for C3 and C4. For C1 and C2, the DR
ratios around galleries 1, 2, 3, and 4 are close to 1
(Figure 12(b)). During the EQ3 earthquake, critical cracks
and DR values took place around the gallery spaces
(Figure 12(c)). For C1 and C2, significant earthquake cracks
values are observed in the dam body due to the various
reservoir heights. In addition, as a result of the earthquake
analysis results for C3 and C4, significant earthquake cracks
took place only around gallery 3 and gallery 4. Considering
the 4 different reservoir water levels, it is inferred that C1 and
C2 are more critical for the earthquake crack behavior of
Ermenek dam than the other cases. During the EQ3
earthquake, it is observed that the DR values calculated for
C1 and C2 on the dam body and around the gallery spaces
are approximately 1. This result shows that different res-
ervoir water levels have various earthquake effects on the
earthquake crack behavior of arch dams (Figure 12(c)). In
Figure 13(a), the earthquake crack behavior of the Ermenek
dam is examined for the EQ4 earthquake. As a result of the
EQ4 earthquake, it is observed that the most critical
earthquake cracks in the dam body occurred in C1 and C2.
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FiGure 11: Earthquake displacement results of Ermenek arch dam for EQ13-EQ18 earthquakes: (a) EQ13, (b) EQ14, (c) EQ15, (d) EQ16, (e)

EQ17, and (f) EQ18.

Moreover, significant earthquake cracks happened around
gallery 3 and gallery 4 for C3 and C4. DR values for C1 and
C2 are close to 1 (Figure 13(a)). It is deduced that earthquake
cracks occurring in the dam body are similar to each other
when the reservoir water level is 200 m and 150 m during the
EQ5 earthquake (Figure 13(b)). Furthermore, the DRs
calculated for C3 and C4 are smaller than for C1 and C2. The
appearance of earthquake cracks observed in the Ermenek
dam body during the EQ6 earthquake is shown in
Figure 13(c). According to Figure 13(c), it is concluded that
earthquake cracks in the dam body for C1 are more critical
than in other cases. Besides, when 4 different reservoir water

levels are compared with each other, it is seen that the
earthquake cracks observed in the dam body for C4 are less
significant than in the other cases. During the EQ6 earth-
quake, for C1 and C2, the DRs on the dam body are between
0.5 and 1. Besides, for C3 and C4, it is understood that the
DR obtained in the dam body is below 0.5. This result shows
that the DR values of the Ermenek dam increase significantly
as the reservoir water level that the arch dams body contacts
increases.

In Figure 14(a), the earthquake crack and DR behavior
of the Ermenek arch dam are examined for the EQ7
earthquake. In general, more severe earthquake cracks took
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FiGure 12: Earthquake crack performance of Ermenek arch dam for (a) EQ1 earthquake, (b) EQ2 earthquake, and (c) EQ3 earthquake.

place on the dam body for C1 as compared with other cases.
Besides, similar earthquake cracks are acquired on the dam
body for C3 and C4. DR values on the dam body for C1 are
close to 1. For C2 and C3, the DR values on the dam body
are between 0.5-0.7 (Figure 14(a)). During the EQ8
earthquake, it is concluded that serious cracks and DRs

occurred in the dam body for CI and that no significant
cracks are observed in the dam body for C4 (Figure 14(b)).
In Figure 14(c), the earthquake analysis results of the
Ermenek dam are presented for the EQ9 earthquake. Severe
earthquake cracks are obtained for C1 around galleries 1, 2,
3, and 4. For C2 and C3, serious earthquake cracks are
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FiGgure 13: Earthquake crack performance of Ermenek arch dam for (a) EQ4 earthquake, (b) EQ5 earthquake, and (c) EQ6 earthquake.

observed around only gallery 4. The DR values on the dam
body are between 0.7 and 1 for C1 and C2 (Figure 14(c)).
During the EQ10 earthquake, more earthquake cracks are
observed on the dam body for C1 than in the other cases
(Figure 15(a)). During the EQ11 and EQ12 earthquakes,
very important and critical earthquake cracks are gained on
the dam body for C1. For C2, structural cracks are observed

around galleries 2, 3, and 4. It is clear from these results that
serious cracks may occur in the dam body and around the
gallery spaces if arch dams carry full capacity water load
(Figures 15(b) and 15(c)). During the EQ13 earthquake,
more critical cracks are obtained on the body of the
Ermenek dam for C1 when compared to other cases. Also,
significant earthquake cracks took place around galleries 2,
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FiGUure 14: Earthquake crack performance of Ermenek arch dam for (a) EQ7 earthquake, (b) EQ8 earthquake, and (c) EQ9 earthquake.

3, and 4 for C2 and C3. For C1 and C2, the DR value on the
dam body is generally above 0.7 (Figure 16(a)). During the
EQ14 earthquake, the DR value for C1 is approximately 1 in
the middle sections of the dam body. For C3, DR values
around gallery 3 and gallery 4 are close to 1. These results
show the effects of reservoir water levels on the earthquake
behavior of arch dams and gallery spaces (Figure 16(b)).

During the EQ15, EQ16, EQ17, and EQ18 earthquakes,
significant earthquake cracks, and DR values are acquired
for C1 and C2 in the body of the Ermenek dam. Earthquake
cracks are generally concentrated around gallery spaces,
and this result shows the researchers the effects of gallery
spaces on the earthquake behavior of arch dams
(Figures 16(c) and 17).
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FiGure 15: Earthquake crack performance of Ermenek arch dam for (a) EQ10 earthquake, (b) EQ11 earthquake, and (c) EQ12 earthquake.
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FiGure 16: Earthquake crack performance of Ermenek arch dam for (a) EQ13 earthquake, (b) EQ14 earthquake, and (c) EQ15 earthquake.
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FiGure 17: Earthquake crack performance of Ermenek arch dam for (a) EQ16 earthquake, (b) EQ17 earthquake, and (c) EQ18 earthquake.

7. Conclusions

Water is of great importance for the health and future of
people. Special water structures are built to make optimum
use of water, and one of the most important water structures
is arch dams. Arch dams can safely carry high water forces in
their body thanks to their special geometry and high body.

The amount of water in the bodies of arch dams constantly
changes seasonally. In other words, these dams constantly
carry different water loads in their bodies. For this reason,
the effects of different water heights on the structural and
earthquake behavior of arch dams should be consistently
observed in detail. For this purpose, in this study, the
earthquake behavior of the Ermenek arch dam, one of the
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highest arch dams in Turkey, is investigated under different
water heights (C1: 200 m, C2: 150 m, C3: 85m, and C4:
25 m). First, the 3D FD model of the Ermenek dam is created
according to the original dam project. The Burgers-Mohr
material model is used for the concrete and foundation
sections of the dam. Free-field and quiet nonreflecting BCs
are defined to the boundaries of the dam model. While
modeling the geometry of the dam, 4 different oval gallery
spaces in the body of the dam are created following the dam
project. For earthquake analyses, 18 different earthquakes
are utilized and the following important results are obtained
according to the analysis results.

(i) In the literature, the Burgers—-Mohr material model
used in this study has not been utilized for earth-
quake analyses of arch dams. This material model is
a special model that is produced to model the creep
behavior of both the concrete material of the dam
and the foundation sections. Thanks to this model,
time-dependent creep and earthquake behaviors of
the arch concrete dam body are modeled and
earthquake cracks in the dam body are revealed by
considering the time-dependent creep behavior of
concrete material. For this reason, this model used
in this study provides important information to the
literature in terms of examining the creep and
earthquake analyses of arch dams and revealing
concrete cracks.

(ii) Different water heights in the dam body have sig-
nificantly changed the structural and earthquake
behaviors of the Ermenek dam. According to the
analysis results, it is concluded that different res-
ervoir water levels create different earthquake stress
and displacement values in the body of the arch
dams. When the 4 different water heights used in the
analyses are compared with each other, the largest
PS and displacement values in the dam body are
obtained for C1 (water level: 200 m). Besides, the
smallest PS and displacement values in the dam
body are observed for C4 (water level: 25 m). It is
deduced that the stress and displacement values
obtained in the dam body for C2 (water level: 150 m)
are higher than in C3 (water level: 85m).

(iii) Itis observed that the earthquake crack values in the
dam body for C1 and C2 are close to each other and
larger than C3 and C4. Moreover, it is understood
that the earthquake cracks in the dam body for C4
are smaller than in C3. These results showed that
different reservoir water levels have significant ef-
fects on the earthquake crack behaviors of
arch dams.

(iv) In this study, a new formulation has been proposed
in the literature regarding the calculation of the DR
of arch dams. This formulation is calculated by
considering how many times the PS values occur-
ring in the dam body over time exceed the bearing
capacity of the dam concrete. It is seen that as the
level of the reservoir water carried by the dam body

21

rises, the DR rate in the dam body increases. When 4
different reservoir water levels are compared with
each other, DRs in the range of 0.7-1 are observed in
the dam body for C1 and C2. Furthermore, for C3
and C4, smaller DRs are obtained in the dam body
as compared to Cl and C2. These results show that
as the reservoir water level increases, the damage to
the body of arch dams will increase.

(v) For Cl, significant earthquake displacement values
are obtained around galleries 1, 2, 3, and 4. Then, for
C2, critical earthquake displacement values are
observed around galleries 2, 3, and 4. For C3 and C4,
significant displacement values occurred only
around gallery 4. These results show that the
earthquake displacement values around the gallery
spaces vary depending on the reservoir water levels.
In addition, it is concluded that gallery spaces are of
great importance for the earthquake behaviors of
arch dams and that gallery spaces should be care-
fully modeled while modeling or analyzing this
dam type.
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The data supporting the findings of the study are available
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