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Abstract. This study presents the effects of geometrical dimensions of concrete gravity dams on the seismic
response considering different base width/dam height (L/H) ratios. In the study, a concrete gravity dam with
the height of 200 m is selected and finite element models of the dam are constituted including five different
L/H ratios such as 0.25, 0.5, 0.75, 1.00, 1.25. All dams are modeled in ANSY'S software considering dam-
reservoir-foundation interaction. 1989 Loma Prieta earthquake records are applied to models in upstream-
downstream direction and linear time history analyses are performed. Dynamic equilibrium equations of
motions obtained from the finite element models of the coupled systems are solved by using Newmark time
integration algorithm. The seismic response of the models is evaluated from analyses presenting natural
frequencies, mode shapes, displacements and principal stresses. The results show that the L/H ratios
considerably affect the seismic response of gravity dams. Also, the model where L/H ratio is 1.00 has more
desirable results and most appropriate representation of the seismic response of gravity dams.

Keywords: base width-dam height ratio (L/H); finite element modeling; geometrical dimensions effect;
gravity dams; seismic response

1. Introduction

Gravity dams are massive concrete hydraulic structures that retain the impounded water by
resisting the forces imposed on them mainly by their own weight. Relatively long and straight
concrete gravity dams built as independent monoliths separated by transverse contraction joints
may be idealized using a 2D finite element model including the foundation rock and the
impounded water. Oriented normal to the dam axis, these vertical joints extend from the
foundation to the top of the dam and from the upstream face to the downstream face in the 2D
dam-water-foundation model, usually of the tallest cross section, may be analyzed as a single
system in the time domain using the standard finite element procedures. Traditionally, analysis of
a gravity dam considered a very simple mathematical model of the structure. Such a method was
based on the concept that the resistance to external forces was 2D in nature, so only a unit slice of
the dam taken in the upstream-downstream direction was analyzed. For the amplitude of motion
expected during strong earthquakes, the shear forces transmitted through the contraction joints are
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small compared with the inertia forces of the monoliths. For this condition, the monoliths in a long
and straight gravity dam tend to vibrate independently, and their responses to earthquakes can be
evaluated on the basis of a 2D model. In the literature researchers performed many 2D analyses on
gravity dams to assess the behavior (Calayir et al. 1996, Proulx and Paultre 1997, Ghaemian and
Ghobarah 1999, Guanglun et al. 2000). The studies consist of linear and nonlinear procedure,
fluid-structure interaction, foundation flexibility, seismic fragility and damage assessments and
experimental investigations of gravity dams (Tekie and Ellingwood 2003, Calayir and Karaton
2005, Arabshahi and Lotfi 2008, Bayraktar et al. 2009, Zhu et al. 2010, Shariatmadar and Mirhaj
2011, Valamanesh et al. 2011, Lotfi and Sami 2012, Bilici and Bayraktar, 2012, Ardebili et al.
2013, Wang et al. 2014, Akpinar et al. 2014, Ghanaat et al. 2015, Zeidan 2015, Alembagheri
2016).

One of the main effect on earthquake response of gravity dams is geometrical dimensions.
Because, dimensions of reservoir, foundation or geometry of dam body provide different response
subjected to mode shapes, natural frequencies, displacement and stresses which are obtained from
modal, static and dynamic analyses (USACE 2003). Millan et al. (2007) studied about the effects
of reservoir geometry on the seismic response of gravity dams. For the purpose, a boundary
element method (BEM) model in the frequency domain is used to investigate the influence of the
reservoir geometry on the hydrodynamic dam response. Important conceptual conclusions about
the dam-reservoir system behavior are obtained using the model and the results show that the
reservoir shape influences the seismic response of the dam. Bayraktar et al. (2010) investigated the
effect of reservoir length on seismic performance of gravity dams to near and far-fault ground
motions. For the aim, Folsom Gravity dam is selected for numerical example and it is modeled
considering four reservoir lengths and foundation. In the numerical analyses reservoir length are
considered as H, 2H, 3H and 4H (H: dam height), and response of the models are investigated.
Altunisik and Sesli (2015) are aimed to determine the dynamic response of concrete gravity dams
using different water modeling approaches such as Westergaard, Lagrange and Euler. In the study,
a gravity dam is modeled considering dam-reservoir-foundation interaction using ANSYS
software. Reservoir effects are considered from three approaches such as Westergaard, Lagrange
and Euler. To determine the structural response of the dam, the linear transient analyses are
performed using 1992 Erzincan earthquake ground motion record. Seismic response is evaluated
including dynamic characteristics, displacements, and principal stresses for each model. Khosravi
and Heydari (2015) investigated to find the optimal shape of concrete gravity dams including dam-
water-foundation rock interaction. In the study, 2D model of Koyna Graviy dam constituted for
four times considering different assumptions such as, dam with empty reservoir and rigid
foundation, dam with empty reservoir and flexible foundation, dam with full reservoir and rigid
foundation, and dam with full reservoir and flexible foundation. All models and analyses are
performed using ANSYS software. The result are presented comparatively from all models and
evaluated to find optimal shape of dam. Ziaolhagh et al. (2016) investigated the dynamic
characteristics of a flexible gravity dam- compressible rectangular reservoir system. In the study
finite element model of the system is constituted using classical 8-node element and a new 21-
node element separately. In the study it is concluded that the one high-order element treats more
precisely than the eight-node elements. According to literature review, seismic response of gravity
dams are generally performed by 2D models and analyses considering dam-reservoir-foundation
interaction. The reservoir is generally modeled using fluid finite elements considering translation
and pressure degree of freedoms. Also the length of the reservoir should be chosen as 3 dam
heights which its effects on deflections, stresses, and natural frequencies of the dam become
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Fig. 1 Typical geometrical shapes of gravity dams

negligible. The foundation model should be preferred as massless in which only the effects of
foundation flexibility are considered. The size of the foundation model should be determined
based on the modulus ratio of the foundation to the concrete Ef /Ec. If Ef /Ec>1, the foundation
model should be extended one dam height in the upstream, downstream, and downward directions
to neglect the effects of dam body. So these assumptions are generally used to model and evaluate
the gravity dams.

On the other hand, one of the main parameters which effects the response of gravity dams is
base width (L)-height (H) ratio. The ratio is generally taken less than 1 in design. However there is
not more accurate approach to decide the ratio. Typical geometrical shapes of gravity dams are
given in Fig. 1. Al types of these shapes can be changed seismic response of gravity dams. This
study aims to investigate the effects of L/H ratios of gravity dams on seismic response. So the
study presents the earthquake response of gravity dams considering different L/H ratios. In the
study a gravity dam with the height of 200 m is selected and finite element models of the dam are
constituted considering for five different L/H ratios such as 0.25, 0.5, 0.75, 1.00, 1.25. All dams
are modeled in ANSYS software considering dam-reservoir-foundation interaction. 1989 Loma
Prieta earthquake records are applied to models in upstream-downstream direction. The seismic
response of the models are evaluated by analyses results considering displacements, principal
stresses and demand-capacity ratios. In the content of the study, firstly literature review is
presented, then dam-reservoir-foundation interaction is given. After that, numerical example is
considered and lastly, conclusions inferred from the study are presented.

2. Dam-Reservoir-Foundation interaction

Reservoir considerably affects the dynamic response of dams during earthquakes. Three
approaches are generally used to consider reservoir effects in the analyses: Westergaard, Euler and
Lagrangian approaches. In Westergaard approach (Westergaard 1933), reservoir is considered as a
vibrated mass dispersion with the dam, which is similar to being hydrodynamic effect dispersion
towards the dam upstream face. In Eulerian approach (Dungar 1978), the displacements are the
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variables in the structure; the pressures are the variables in the fluid. However, in Lagrangian
approach, the displacements are the variables in both the fluid and the structure. Therefore, there is
no need any extra interface equations in Lagrangian approaches (Wilson and Khalvati 1983). For
that reason, compatibility and equilibrium are automatically satisfied at nodes along the interfaces
between fluid and structure.

In this study, reservoir is modeled by FLUID29 elements in ANSY'S (2017) software which is
generally used for modeling the fluid medium and the interface in fluid-structure interaction
problems. Typical applications include sound wave propagation and submerged structure
dynamics. The governing equation for acoustics, namely the 2-D wave equation, has been
discretized taking into account the coupling of acoustic pressure and structural motion at the
interface. The element is compressible and inviscid. The element has four corner nodes with three
degrees of freedom per node: translations in the nodal x and y directions and pressure. The
translations, however, are applicable only at nodes that are on the interface. The interactions of the
reservoir-dam and reservoir-foundation at a mesh interface cause the acoustic pressure to exert a
force applied to dam and foundation. So interaction equations of motion related to structure (dam
and foundation) and reservoir (fluid) can be given as Egs. (1) and (2), respectively.

M UK, {U={F}+[RI{P} 1)
M {P}+K, {P}={F}- p,[RI*{U} 2)

In Egs. (1), (2), [R] is a “coupling” matrix that represents the effective surface area associated
with each node on the fluid-structure interface. The coupling matrix [R] also takes into account the
direction of the normal vector defined for each pair of coincident fluid and structural element faces
that comprises the interface surface. The positive direction of the normal vector, as the ANSYS
program uses it, is defined to be outward from the fluid mesh and in towards the structure. Both
the structural and fluid load quantities that are produced at the fluid-structure interface are
functions of unknown nodal degrees of freedom. Placing these unknown “load” quantities on the
left hand side of the equations and combining the two equations into a single equation) produces
Eqg. (3). The equation implies that nodes on a fluid-structure interface have both displacement and
pressure degrees of freedom.

M, 0 |(U K, -R|UY (F @)
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3. Numerical example

3.1 Description of gravity dam and finite element models

The study aims to investigate geometrical dimensions of dam body on the seismic response of
dam-reservoir-foundation systems. So a gravity dam with 10 m constant crest width and 200 m
constant height (H) is selected and base width (L) assumed as variably. Base width is calculated
according to L/H ratio and the ratios are preferred as 0.25, 0.5, 0.75, 1.0, and 1.25, respectively.
Therefore five different gravity dam models are decided for the study. Finite element models of
the dams are constituted two dimensionally by ANSYS (2017) software considering dam-
reservoir-foundation (full reservoir) interaction effects (Fig. 2). Models are named as Model 1,
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Model 2, Model 3, Model 4, and Model 5, respectively for L/H ratios such as 0.25, 0.5, 0.75, 1.0,
and 1.25 (See Fig. 2).

In the finite element modeling, the dam body is represented using PLANE182 elements which
are used for 2-D modeling of solid structures. The element has four nodes and has two degree of
freedoms at each nodes such as X and Y translations. The element has the capabilities of plasticity,
stress stiffening, large deflection, and large strain ANSYS (2017). In the modeling, reservoir is
extended as three times as dam height through upstream direction. Such a modeling neglects the
effects on deflections, stresses, and natural frequencies of the dam (USACE 2003, Sevim 2011,
Sevim et al. 2011a, Sevim et al. 2011b, Sevim et al. 2012). Reservoir is represented using
FLUID29 elements which are used both modeling fluid domain and fluid-structure interaction.
The element has four nodes with three degrees of freedom per node: translations in the nodal x and
y directions and pressure. The translations, however, are applicable only at nodes that are on the
interface. Foundation is modeled using PLANE182 elements and extended as dam height through
vertical and downstream directions. Also foundation is modeled on upstream direction under the
reservoir. Boundary conditions for are fixed under and near side of the foundations. The
foundation model should be preferred as massless in which only the effects of foundation
flexibility are considered. The size of the foundation model should be determined based on the
modulus ratio of the foundation to the concrete Ef /Ec (Ziaolhagh et al 2016). If Ef /Ec>1, the
foundation model should be extended one dam height in the upstream, downstream, and
downward directions to neglect the effects of dam body. The assumptions told above are generally
use to model and evaluate the gravity dam. Material properties assumed in the modeling are given
in Table 1. A mesh study is done to decide optimum mesh size. According to this investigations
the numbers of nodes and elements used each model are listed in Table 2.

3.2 Seismic analyses of gravity dam models

Modal analyses of gravity dam models are performed to obtain natural frequencies which are
used to calculate Rayleigh damping coefficients. First nine natural frequencies obtained from

Table 1 Material properties assumed in finite element modeling of gravity dam models

Material Properties

System Element Type Elasticity Modulus (MPa)  Poisson Ratio ~ Mass Density (kg/m®)
Dam PLANE182 35000 0.2 2500
Reservoir FLUID29 2070 - 1000
Foundation PLANE182 45000 0.3 -

Table 2 Numbers of nodes and elements used in finite element modeling of gravity dam models

Models Numbers of Numbers of Elements
Nodes Dam PLANE182 Reservoir FLUID29  Foundation PLANE182
Model 1 3126 100 1200 1700
Model 2 3331 200 1200 1800
Model 3 3536 300 1200 1900
Model 4 3741 400 1200 2000

Model 5 3946 500 1200 2100
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Table 3 Natural frequencies of gravity dams

Natural Frequencies (Hz)

Modes Model 1 Model 2 Model 3 Model 4 Model 5
1 0.18 0.28 0.31 0.32 0.33
2 0.75 0.95 1.10 1.17 1.20
3 157 1.68 1.80 191 1.99
4 2.11 2.58 2.62 2.63 2.65
5 2.77 3.16 3.36 3.41 3.42
6 3.55 3.61 3.67 3.70 3.70
7 3.79 3.79 3.76 3.74 3.72
8 3.90 3.97 4.08 4.14 4.15
9 4.45 451 453 441 4.30
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Fig. 3 The time-histories of (a) acceleration (b) velocity and (c) spectral accelerations subjected to
CLS090 component of 1989 Loma Prieta earthquake

analyses for each model are listed in Table 3. As is seen in Table 3, natural frequencies are
obtained between 0-5 Hz for all models. Also the natural frequencies are generally increased from
Model 1 to Model 5 when compared to five models together. Results show that Model 5 is more
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rigidity than others, however natural frequencies of Model 4 are near to these of Model 5.

In this study, seismic response of gravity das are investigated under 1989 Loma Prieta
earthquake. East-west component (CLS090) of the earthquake is applied to models on upstream-
downstream direction. The time histories of acceleration and velocity of CLS090 component are
plotted in Fig. 3(a)-(b), respectively (Url-1 2017). As is seen in Fig. 3(a)-(b) that peak ground
acceleration and velocity values are 0.48g and 45.2 cm/s, respectively. In addition the spectral
accelerations (acceleration spectrum) of the component obtained for % 5 damping are plotted in
Fig. 3(c) (Url-1 2017). In time history analyses, the element matrices are computed using the
Gauss numerical integration technique (Bathe 1996). The Newmark method is used in the solution
of the equation of motions. Damping matrices of the systems are considered by Rayleigh damping
which is represented related to mass and stiffness matrices. Rayleigh damping constants are
calculated considering first nine natural frequencies for each model (see Table 3) assuming 5%
damping ratios. Because of needed too much memory for the analyses, the first 15 seconds of the
ground motion are taken into account in calculations for each model (See Fig. 3), which are the
most effective durations.

3.3 Time history analyses results

3.3.1 Displacements

The time-history of the horizontal displacements at the crest point of gravity dam obtained from
linear analysis are respectively presented in Fig. 4 (a)-(e) from Model 1 to Model 5. As is seen in
Fig. 4 that, when the maximum displacements are obtained for Model 1, the minimum
displacements are occurred for Model 5. The maximum displacements at this point for each model
are occurred as 52 cm, 41 cm, 37 cm, 21 and 18 cm, respectively. As is seen from Fig. 4 that the
frequency contents of the displacements obtained from Model 1, Model 2 and Model 3 are
different compared to each other. On the other hand the frequency contents of the displacements of
Model 4 and Model 5 are different compared to those of Model 1, Model 2, and Model 3, but they
are similar to for Model 4 and Model 5. The results show that the Model 4 is so desirable for finite
element modeling.

The variation of displacements on A-A section of each gravity dam are submitted in Fig. 5. It is
obviously seen that displacements increase by the height of dams and maximum displacement
occurs at the top of the dams. Also the displacements do not change considerably from bottom to
80 m height. However the displacement obtained at the crest points for Model 4 and 5 are smaller
than those of Model 1, Model 2, and Model 3. The displacement at the crest point are nearly % 60
decreased from Model 1 to Model 4, and % 65 decreased from Model 1 to Model 5.

3.3.2 Principal stresses

The maximum and minimum principal stresses obtained from I-I section, where is the bottom
section, of each gravity dam model are plotted in Fig. 6 (a)-(b). As is seen in Fig. 6 (a)-(b) that, the
maximum and minimum principal stresses are obtained at the downstream side of the dam for
Model 1 and Model 2. Those are obtained at the upstream side of the dam for Model 3, Model 4,
and Model 5. When examined principal stresses in Fig. 6 that, Model 1, Model 2 and Model 3 do
not reflect a good response. The reason of it that although Model 4 and Model 5 have more rigidity
than other models, the stresses on Model 4 and Model 5 are smaller than those of other models.
The principal stresses of Model 4 and Model 5 have harmony compared to each other. However it
has not forgotten that Model 5 has nearly % 25 more concrete volume than Model 4. So Model 4 is
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Fig. 6 The maximum and minimum principal stresses on I-1 section of each gravity dam model

Table 4 The peak values of the maximum and minimum principal stresses for each model

Stresses Model 1 Model 2 Model 3 Model 4 Model 5
MTPS1 (MPa) 13.0 20.4 23.0 16.2 15.1
MCPS2 (MPa) 12.0 19.8 22.3 16.6 16.0

1 MTPS: Maximum Tensile Principal Stress
2 MCPS: Maximum Compressive Principal Stress

so suitable model when representing the seismic response of gravity dams.

The peak values of the maximum and minimum principal stresses are listed in Table 4 for each
model. As is seen in Table 4 that, the minimum principal stresses (compressive stress) are lower
than compressive strength of concrete material of gravity dam models. But the maximum principal
stresses (tensile stress) are more than tensile strength of concrete material of gravity dam for each
model. Such results are obtained due to earthquake forces existed from negative accelerations. So
all dam models have to be designed according to these tensile stresses and all models have to be
analyzed nonlinearly to consider plastic behavior of concrete.

The time-histories of maximum principal stresses (tensile stress) for the most representative
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Fig. 7 The time-histories of maximum principal stresses for the most representative point of gravity dams

point of each dam model, which is base of downstream side of the dam for Model 1 and Model 2,
and base of upstream side of the dam for Model 3, Model 4 and Model 5 are displayed in Fig. 7
(@)-(e), respectively. It is clearly seen from Fig. 7 that the frequency contents of the stresses are
different compared to Model 1, Model 2 and Model 3 together. On the other hand the frequency
contents of the stresses of Model 4 and Model 5 are different compared to those of Model 1,
Model 2, and Model 3, but they are similar to Model 4 and Model 5. The results show that the
Model 4 is so desirable for finite element modeling like the displacements results.

The maximum principal stresses contour through the lateral direction at the instant at which the
maximum stresses occur are shown in Fig. 8 (a)-(e) for) for each model. It can be seen in Fig. 8
that the maximum stresses occur at the base point on downstream face of the dam except Model 2.
The maximum principal (tensile) stresses obtained for each model are more than those of the
limited tensile stress capacity of dam concrete. These may cause local damage on the dams. So
more realistic representation, nonlinear time history analyses may be performed.

4. Conclusions

In this study, effects of geometrical dimensions of dam body on the seismic response of gravity
dams are investigated. For the purpose, five gravity dam-reservoir-foundation systems are
modelled considering different dam base width (L)-height (H) ratios. The ratios are assumed as
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0.25, 0.5, 0.75, 1.00, 1.25. All gravity dams are modeled in ANSYS software and the models are
titled as Model 1, Model 2, Model 3, Model 4 and Model 5 for each ratio, respectively. 1989 Loma
Prieta earthquake records are applied to models in upstream-downstream direction and linear time
history analyses are performed. In this study, the following observations and suggestion can be
made:
« Natural frequencies are obtained between 0-5 Hz for all models. Also the natural frequencies
are generally increased from Model 1 to Model 5 when compared to five models together.
Results show that Model 5 is more rigidity than others, however natural frequencies of Model 4
are near to these of Model 5.
» The frequency contents of the displacements are different compared to Model 1, Model 2 and
Model 3 together. On the other hand the frequency contents of the displacements of Model 4
and Model 5 are different compared to those of Model 1, Model 2, and Model 3, but they are
similar to for Model 4 and Model 5.
* The displacements increase by the height of dams and maximum displacement occurs at the
top of the dams for each model. The maximum displacements obtained on Model 1 are % 22
more than Model 2 results, % 33 more than Model 3 results, % 61 more than Model 4 results
and % 65 more than Model 5 result. Although all models provide the displacements limit
criteria such a kind height (200 m), Model 4 is so desirable for finite element modeling when
considered volume of concrete used construction or payment.
» The maximum and minimum principal stresses are obtained at the downstream side of the
dam for Model 1 and Model 2. Those are obtained at the upstream side of the dam for Model 3,
Model 4, and Model 5. Model 1, Model 2 and Model 3 do not reflect a good response, however
the seismic response of Model 4 and Model 5 are so appropriate under 1989 Loma Prieta
Earthquake.
» Maximum and minimum principal stresses obtained at the bottom section of the dam are
higher at the side of section, however the stresses are decreased on the middle of the section for
all models. Maximum principal (tensile) stresses obtained for each model are more than tensile
strength of concrete material of dam. Also the most suitable values are obtained for Model 4
and Model 5.
» The frequency contents of the stresses are different compared to Model 1, Model 2 and Model
3 together. On the other hand the frequency contents of the stresses of Model 4 and Model 5 are
different compared to those of Model 1, Model 2, and Model 3, but they are similar to Model 4
and Model 5.
« According the results of the study, Model 4 and Model 5 have good seismic responses. But
Model 4, where base width (L) - height (H) ratio is 1.0, has more suitable response. Because
the displacement and stresses results are near to Model 5 results. Model 4 has nearly % 25
lower concrete volume. Such a difference provides more economy during construction.
+ Although the maximum tensile stresses occurred on local points for each model and due to
tensile stress exceed strength material, it is suggested performing nonlinear analyses which are
consider concrete plastic behavior for more realistic representation.
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