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ABSTRACT: Dams, due to their critical importance for a country’s infrastructure, must be analyzed
and evaluated with high precision. One of the key considerations for dam analysis in seismic regions is
the estimation of hydrodynamic pressures and dam deformations. In this study, an analytical method was
developed to assess the responses of two types of dams—rigid and flexible—connected to a reservoir
of infinite length. Frequencies, pressure distribution, and deformation for a dam-reservoir system with
an incompressible, irrotational, and non-adhesive fluid were calculated using the differential transform
method. In the analyzed dams, surface waves were neglected, and the reservoir floor was assumed to
be perfectly rigid and horizontal. The analyses considered the effects of dam—reservoir interaction. The
influences of parameters such as dam height, fluid density, horizontal ground acceleration, and elasticity
modulus on the hydrodynamic pressure and dam deformation were evaluated for both rigid and flexible
dams. The most significant effect of dam-reservoir interaction on hydrodynamic pressure was the
absence of maximum pressure at the base of the flexible dam. Results also indicate that, in the flexible
dam, a 40% increase in dam thickness reduces displacement, while the maximum pressure on the dam
increases by more than 150%. Increasing the elasticity modulus by 20% leads to an approximately 22%
increase in maximum pressure. Moreover, with increasing dam height, displacement increases due to the
softer behavior of the dam, resulting in a reduction in hydrodynamic pressure. The findings indicate that
the thickness of a flexible dam has a more pronounced effect than other parameters. In rigid dams with an
infinitely long reservoir, increasing fluid density, horizontal ground acceleration, and dam height leads
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to higher pressure on the dam.

1- Introduction

The determination of hydrodynamic pressures exerted
on concrete gravity dams during earthquakes has always
attracted significant attention from researchers. For the first
time, Westergaard (1933) presented an analytical method for
calculating the hydrodynamic pressure of an inviscid fluid
acting on rigid vertical dams subjected to harmonic excitation.
His solution was formulated in a two-dimensional framework
assuming an incompressible fluid, a vertical upstream face,
and a horizontal reservoir bottom, and was performed in the
frequency domain.

Navayineya et al. (2009) investigated the effect of fluid
viscosity on hydrodynamic pressure acting on concrete
gravity dams under dynamic loading in the time domain.
Their results showed that neglecting fluid viscosity leads
to different hydrodynamic pressure values compared to
the viscous case. Rezaiee-Pajand et al. (2016) analyzed the
coupled dam-reservoir system and presented pressure and
frequency values on both sides of the reservoir by solving
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the Laplace equation and coupling the governing equations of
flexible beams. They computed the hydrodynamic pressure
acting on the dam body. In another study, Rezaiee-Pajand
et al. (2018) investigated beam—fluid interaction using the
Differential Transform Method (DTM) and demonstrated that
this method is simpler and more efficient compared to the
finite element method. Pasbani Khiavi et al. (2023) proposed
a probabilistic model to evaluate the dynamic behavior of
concrete gravity dams considering fluid—structure interaction.
In their study, the governing equation was of Helmholtz type,
and the effect of wave propagation velocity was considered
in hydrodynamic pressure calculations. The hydrodynamic
pressures at different dam heights were extracted and
presented. Kouhdasti and Bouaanani (2024) analyzed the
dynamic response of concrete gravity dams using modified
ground motion accelerations that account for hydrodynamic
effects. They calculated key response indices including
displacement and stress variations and evaluated gravitational
effects. Additionally, modal shape variations of the dam were
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Fig. 1. Flexible Dam with Infinite Length.

examined in different vibration modes.

The present study continues previous research by
investigating the hydrodynamic behavior of dam—reservoir
systems. First, the rigid dam-reservoir system with finite
reservoir length is analyzed. Then, the flexible dam-reservoir
system with infinite reservoir length is examined. The
reservoir is assumed to contain incompressible, inviscid, and
irrotational fluid, and surface wave effects are neglected. In
both systems, the reservoir bottom is considered completely
rigid and horizontal. The main objective of this study is the
accurate analysis and comparison of rigid and flexible dam—
reservoir systems using the Differential Transform Method
(DTM).

2- Governing equations

In this research, the pressure equation is first derived for
a rigid dam and then extended to a flexible dam—reservoir
system. Wave propagation effects are considered, while surface
waves and fluid viscosity are neglected. The governing two-
dimensional Laplace equation for hydrodynamic pressure is:

’p 9*p
922 Ty =0 M

Four boundary conditions are required to solve the above
equation. For the rigid dam, after applying the boundary
conditions, the pressure distribution is obtained as:

p(xy) = ZPI’;ag ijl (_2: exp(—24;x) cos(4;y) ()

For the flexible dam-reservoir system, considering fluid—
structure interaction, two coupled governing equations must
be solved. The hydrodynamic pressure acts as a distributed
load on the dam body. The pressure solution, after applying
three boundary conditions, is obtained as:
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Fig. 2. Dimensionless Pressure Variations on the Dam
Body for Three Modes.

p(xy,w)
= Z Bje~%* cos(4;y) 3
=

At x=0, the interaction boundary condition is applied. The
governing equation of the flexible dam, modeled as an Euler—
Bernoulli beam in the frequency domain, is:

4y )
= —p(0,y,)

Using the Differential Transform Method (DTM), the
above equation can be transformed into the following
recursive relation: Fourth beam boundary conditions are
applied to obtain the complete solution.

(1)2
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3- Results and Discussion

In this study, the rigid and flexible dam-reservoir
systems were analyzed considering interaction effects. After
obtaining the pressure equation, hydrodynamic pressure
and displacement were evaluated numerically. For the rigid
dam, pressure values at different heights and corresponding
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contour lines were presented. The effects of parameters
including water mass density, horizontal ground acceleration
coefficient, and dam height on hydrodynamic pressure were
investigated. For the flexible dam with infinite reservoir
length, in addition to hydrodynamic pressure, the system
frequency and equivalent beam displacement were evaluated.
By setting the determinant of the coefficients equal to zero, the
eigenvalue (natural frequency of the system) was calculated.
Subsequently, displacement and hydrodynamic pressure
were obtained. First, the natural frequency of the equivalent
flexible beam was computed for both empty and full reservoir
conditions. Then, using the system frequency in the recursive
relation, hydrodynamic pressure and displacement values
were calculated and presented in tabular and graphical forms.
Furthermore, the effects of parameters such as dam height,
elastic modulus, and dam thickness on hydrodynamic pressure
were examined and illustrated. It should be noted that in all
analyses, surface wave effects were neglected, the reservoir
bottom was assumed rigid and horizontal, and the fluid was
considered incompressible, inviscid, and irrotational. The
Differential Transform Method was employed to solve the
governing equations.

4- Conclusion

In the rigid dam case, increasing water mass density,
horizontal seismic acceleration coefficient, and dam height
led to an increase in hydrodynamic pressure acting on the
dam body. The maximum pressure generally occurred at
the reservoir bottom. In contrast, for the flexible dam with
infinite reservoir length, increasing dam height reduced
the equivalent beam stiffness and increased structural
displacement. Increasing dam thickness and elastic modulus
enhanced structural stiffness. With increasing system stiffness,
displacement decreased and consequently hydrodynamic
pressure acting on the dam was reduced. One important

result of this study is that, due to dam—reservoir interaction
in flexible dams, the maximum pressure does not necessarily
occur at the reservoir bottom, highlighting the fundamental
difference between rigid and flexible dam behavior.
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Table 1. Basic functions and transform functions in the differential transform method [32].
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Table 2. Excess water pressure at x = 0 (dam body) at different levels (Pa) from the dam base for different
M values.
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Fig. 2. Variations of excess pressure at the rigid dam height level with respect to the number of series terms.
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Table 3. Natural frequencies of a cantilever beam system (rad/s).
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Fig. 6. Contours of excess pressure (Pa) as a function of horizontal x (m) and vertical y (m) axes for the flexible dam
reservoir for the first, second, and third modes from right to left.
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Fig. 7. Deformation of the flexible beam for the first three modes.
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Fig. 9. Effects of thickness, elastic modulus, and flexible dam height on hydrodynamic pressure variations (MPa).

Table 4. Influence of thickness, elastic modulus, and flexible dam height parameters on the maximum hydrody-
namic pressure, the resultant force, and the location of its action.
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H (m) t,E Pmax y F
5 3.26385 2.546 11.66
10 t=0.5 m, E=20 GPa 1.277 5.111 9.18
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t (m) H,E
0.5 SIS IS &S
0.6 H=5 m, E=20 GPa 4.966 2.5437 17.72
0.7 7.055 2.542 25.15
E (GPa) H, 1
20 S5 oS5 5
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24 3.989 2.541 14.21
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