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In this study, seismic responses of dam-reservoir-foundation coupled systems have
been determined with inclined reservoir bed. The bed slope of the reservoir changes
due to scouring or siltation and may affect the responses of the coupled system. In the
present study, the variation of hydrodynamic pressure adjacent to the gravity dam and
stresses at the heel of the dam have been observed for the change of bed slope of the
reservoir in anti-clockwise and clockwise directions by applying seismic excitation
including fluid-structure and soil-structure interaction. The stresses of foundation near
the heel of the dam have been observed for earthquake excitation. The geometry of the
coupled system is discretized using finite element and dynamic analysis of the system
carried out by the direct coupling approach. Significant changes have been observed
in seismic responses of the dam, reservoir and foundation for the variation of reservoir
bed slope.

Keywords: Dam-reservoir-foundation system, Earthquake excitation, Hydrodynamic
pressure, Direct coupling approach, Inclined reservoir base.

INTRODUCTION to solve fluid and structure coupled problems based on

FEM. Sandberg (1995) suggested an approach for

Hydrodynamic pressure originates on the face of
concrete of gravity dam due to earthquake. The effect of
foundation also influences the responses of gravity dam.
Soil-structure and fluid-structure interaction provides
actual information about the responses of the gravity
dam during earthquake. Bed slope of the reservoir and
bottom absorption effect of the reservoir are also very
important for the determination of hydrodynamic effect
on the gravity dam.

Zienkiewicz and Bettess (1978) introduced two
approaches; i.e., Lagrangian approach and Eulerian
approach, for the solution of fluid-structure coupled
problems. Tsai (1992) determined the hydrodynamic
pressure considering the arbitrary dam-reservoir
interface. Chen and Taylor (1990) suggested a solution
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treating unsymmetrical coupled domains, like fluid-
structure coupled systems. Calayir et al. (1996)
presented a technique to analyse the dam-reservoir
problem for earthquake force. Maity and Bhattacharya
(1999) proposed a truncation boundary condition to
solve the dam-reservoir problem in the time domain.
Gogoi and Maity (2006) suggested a non-reflecting
boundary condition to evaluate the hydrodynamic
pressure. Ghorbani and Khiavi (2011) employed the
Galerkin technique to develop the equation for a dam-
reservoir coupled system. Wang et al. (2011) proposed
an FEM technique for solving a fluid-structure problem
in the time domain. Abbas and Mohammad (2012) have
carried out the prediction of sedimentation in a reservoir
adjacent to the Mujib dam in Jordon. Mandal and Maity
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(2015) determined the responses of the aged concrete
dam using the degradation index. Wang et al. (2017)
proposed a method for dynamic analysis of dam-
reservoir-foundation systems. Eftekhari and Jafari
(2018) proposed a variational approach for dynamic
analysis of the fluid-structure system. Sharma et al.
(2019) used space-time finite element technique for the
analysis  of  dam-reservoir-foundation  system.
Mohammadnezhad et al. (2020) investigated responses
of the Pine flat dam with different earthquake excitation
records. Rasa et al. (2022) proposed a technique to
examine the responses of dam-reservoir-foundation
systems considering radiation of waves through soil and
reservoir domain. Zeyad (2022) determined the
characteristic of monthly inflow of Wala dam and
established the relationship between inflow and outflow.
Xavier (2023) carried out the optimization of storage
reservoir using neural network. Young and Louis (2023)
developed a deep learning-based surrogate model for the
prediction of and the robust optimization of fractured
reservoir system.

Very little work has been found on the dam-
reservoir-foundation problem considering the effect of
the inclined reservoir bed using direct coupling
approach. In the present study, hydrodynamic pressure
in the reservoir and responses of gravity dam and
foundation have been observed considering inclined
reservoir bed applying earthquake excitation. Anti-
clockwise slope of the reservoir bed is assumed as a
positive slope of the reservoir bottom and clockwise
slope of the reservoir bed with respect to the horizontal
surface is assumed as a negative slope of the reservoir
bottom. Fluid-structure and soil-structure interaction has
been considered concurrently. Fluid is considered
compressible and non-viscous. The bottom of the
reservoir is assumed as absorptive and the effect of
surface wave is neglected. Appropriate truncation
boundary condition is applied at the truncation face of
the reservoir and foundation domain. Two-dimensional
geometry of dam-reservoir-foundation system has been
discretized using the eight node isoparametric element.
Earthquake excitation has been applied to study the
responses of the dam, reservoir and foundation. The
dynamic equilibrium equation is applied using
Newmark’s integration technique.

Theoretical Formulation
The dynamic equation for the dam subjected to some

-231-

external force is expressed as:

[Ma]{iig} + [Cql{ita} + [Kal{ua} = {F4} 1)
Here, [M,], [C,] and [K,] present the mass matrix,
damping matrix and stiffness matrix of the dam.{ii,},
{uy} and {u} present the acceleration vector, velocity
vector and displacement vector of the nodes. {F;}
presents the force vector of the nodes. The stiffness
matrix can be calculated as:
(K] = [[[BI" [D][B]l/|d&dn @)
where [B] denotes the strain displacement matrix.
[D] denotes the elasticity matrix. J denotes the Jacobian
matrix. The mass matrix of the structure can be
calculated as:
[Ma] = [[N]"p[N]d&dn ®)
Here, p denotes the mass density of the dam and N
denotes the shape function of the am. The Rayleigh
damping model has been used for the structure and can
be written as:
[Cq]l = a'[M4] + b[K4] 4
a” and b” are constants. a” and b” may be corelated
by the expression:

= l(a'a) + b—)
2 w

a” and b” may be determined by Eq. 6 aand Eq. 6 b.

§ ®)

o = 2(8 ' wy — &1 wq) (6a)
(@ —w,?)
b = 20,0, (8 w; — & 'w,) (6b)

(w22 — wy?)

Now, the equation for compressible fluid can be
obtained as:
1 ..
Vip(x,y,0) = 5P (x,5,1) 7
Here, V2 is a two-dimensional Laplacian operator.

The fluid has been considered as compressible and non-
viscous. The fluid domain (Fig. 1) has been discretized
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by a two-dimensional eight-node isoparametric element.
At the top of the reservoir (surface 1), the following

equation should be satisfied when the effect of surface

wave is considered:

1., dp

§p+6y

=0 8
At the interfacial surface of the dam-reservoir
(surface I1), the following condition has to be satisfied.

iwt

2(0,,£) = prae ©)
Here, ae’ is the acceleration, » is the angular
frequency, i = v/—1. py isdefined as the mass density of
the liquid.
At the bottom of the fluid (surface I1), the following
condition has to be satisfied. Here, the absorption of

energy waves has been assumed.

Z—Z(x, 0,t) = iwgp (x,0,t) (10)
Here,i = v—1
1=1() (1)

a.is the reflection coefficient of the reservoir bottom.
At the truncated face (surface 1V) of the reservoir,
the boundary condition can be written as:

(12)

&m IS considered according to what has been
suggested by I. Gogoi and D. Maity (2006).

LZ°° 1m Ime( kmx)(lp )

$m (13)

2c - ﬁj"ﬂd )

Pressure is considered as a nodal unknown of the
reservoir medium. Now, implementing the Galerkin
approach, Eq. (7) can be discretized as:

1 ..
S, Nej [V2 LNpi — X Nripl] d2 =0 (14)

N, denotes the interpolation functions of the fluid
region domain and Q denotes the region of fluid. Eq.
(14) may be written after the application of Green’s
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theorem as:
aN?’ 2 TL aNT 0 i
I, [BEs S p + 55 B o -
Ny
ﬁfn TjZNTid‘Qpl +f,~ r,-Za—n’dF pi=0
(15)

Here, I' denotes the boundary of the fluid region. The
dynamic equation of the system is formed in the
following manner.

U5} + [Alp + [HI{p} = {F} (16)
Here

= 1+ [R] (17)

[4] = Z[R.] (18)

[H] = [H] + {nlR:] — iwq(Rys | (19)

{Fr} = —Pr [Rfs]{a} (20)
Here,

[Re] = X [, [NJTIN:Jar (21)

[R:] =X [, [N.]" [N,]ar (22)

[Rro] = [, N1 [N, ]dr (23)

[Rrs] = Zf [N "[T] [Ngldr (24)

The subscripts f, fs, fb and t denote the top of the fluid
region, the dam-reservoir interfacial zone, the reservoir
bottom and the truncated face, respectively.

The soil foundation domain has been discretized
using an eight-node isoparametric element. The well-
known viscous boundary condition (Kontoe, 2009) has
been applied at the truncated face of the soil in the
present work.

In two-dimensional modeling, the absorbing
boundary condition can be formulated from the
following equations.

a(s) + pcylig(s) =0 (25a)
7(s) + pesvg(s) =0 (25b)

Here, o and r denote normal and shear stress at the
truncation surface of the soil medium. The normal and
tangential damping coefficients c¢n and c; can be
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expressed as follows:
cp = 4106 (26)
@7)
The coefficients ¢; and ¢, in two mutually orthogonal

directions can be expressed as:

€ = Azpcs

Cs = » (28)
_ E(1-v)
&= \I (1+v)(1-2v)p (29)
G is the shear modulus and can be expressed as:
= (30)
2(1+v)

For an isotropic medium, A; and A, become as
follows (Kontoe, 2009). Here, s can be expressed as
shown below.

A, = % (5 + 25 — 252) (31)
Ay = —(3+25) 32)
5= i @)

The dam, reservoir and soil foundation systems are
coupled using the direct coupling approach. The
dynamic equation has been solved using Newmark’s
method. The discrete equation of the dam considering
damping may be written as:

oo o o7(P) ra o
0 Mdd Mdc 0 4Ud$+ 0 Cdd
0 M, M. Mcs|)U, 0 C.q
0 0o M. My LUf J 0 0

Here, the subscript ‘d” indicates the nodes within the
dam and ‘f’ denotes the nodes of foundation. ‘C’ denotes
the nodes along the dam-foundation interface.
Ug presents the ground acceleration. Added motion
approach has been used in Eq. (40). The coupling matrix
is o [] [QC]]T , matrix [Qq] is related to the body of the
dam and matrix [Q.] is related to the common nodes at
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Mdﬁd + Cdlld + Kdud - Qp - Mdﬂg =0 (34)
[Q] is the coupling term that originated for
acceleration and pressure at the fluid-structure interface.
Jy. NGnpdr = ([, NinNe.dl)p=Qp (35
Here, n denotes the direction vector at the dam-
reservoir interface and Ng IS one-dimension
interpolation  function along the fluid-structure
boundary. The equation of the fluid domain can be
expressed as:
Jb+Ap+Hp— Qi —F =0 (36)
Eg. (34) and Eq. (36) can be written in matrix form,

which expresses the coupled equation of the dam and
reservoir as:

L SIENE S -
i, (37

The equations for a dam-reservoir-foundation
coupled problem may be accounted for; thus,

071(P) o 0 0 0P

0 Hd%_Qd] Kaa Kae 0 |JUal _

Cr[YUAT| 4 Kea Kee Ker|) Uy

Crr lUf J | o 0 Kre Ker|\U,
i T F,

_10 Mgyq de 4 38
0 Mcq M, MCfJQch5 (38)
0 0 My My LUﬂJ

the dam-foundation interface. The absolute response of
the coupled system can be expressed by a combination
of free field response and added part responses and can
be stated as:
— yd f — rd f
M=ME+M;,C.. =C&+C, and K,

=K+ K] (39)
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(2 (20 2y (2) [(be) Py () Y
{0 42%135} 4Z‘j5=42§£5+i§§j. ana {1 =4,z§§;+1z;; )
b)) W) L) L) L o) ) g

Here, the superscript ‘ff’ stands for free field Eq. (41) in Eq. (39), we can get:
response and ‘a’ denotes added part response. Putting

[1 Qi Qi 0PN a0 0 0P 0 0 0 o]
0 Mgg Mac O |)Ua 0 Caqg Cac O[] —[ ] Kig Kac 0 |JUal _
0 My M Mer[Jus(To o Coo CorfYue(F| W Ky K Kep|Juaf=RHFE (D
o o M. Myllag) lo o ¢ Cpllug 0 0 Ko Kpr|lug)
Here,
prrf S ff fr
joer e oqfiy) qa o 0 oy(Ty) | % o 0 (5
R=_ 0 Mgy, My, 0 Uy 1o Caa Cic O Uy |- [Qd] Ky K. 0 d 42)
O MCd MCC Mcf u{f 0 CCd CCC Ccf u({f 0 ¢ ch KCC ch ff
0 0 My My i’ 0 0 Cpe Gy uf’ 0 0 Kpe Kir j{f
and Free field response is determined by analyzing the
] QF QI 0 (th\ soil foundation separately. Here, the foundation has
Fe_|0 My Mg O Lfa 43) been analyzed separately. Therefore, the responses of
0 M, M %Cf l_{cg the structure and fluid can be equated to zero. Hence, the
0 o M. Merl\07) equations can be written as:

<

(BY (0Y (pay (P) 0\ py (0Y) pa
U, 0 udl Uq {Sl a 0 ug
{A {uff}Juc U, ” *us TV (e @8
a
Us

W) ) \ag) o) tuf) g

S

The free-field responses can be determined by following equation:

applying seismic excitation to the foundation with the
Mcc Mcf] ff + Ccc Ccf] ff + [ch ch] ff - _ [Mcc Mcf] {Uéq} (45)
Mpe Myl a7} " 1Cre Crpl|al| " 1Kpe  Kppl|uf” Mye Mpel \UF

After getting the free field responses, the interaction expression:
force R can be determined by using the following

0o O 0 o 0 0o O 0 o 0 0o O 0 o 0
R=— 0 Mgg Mac 0 0 (_|o Caa Cac 0 0 (_|0o Kia Kac 0 0 (46)
0 M, ML O)ul” 0 Cq c& Of)ul’ 0 Koq K& Of)ul”
0 o0 o O0l\o 0 o o O0f\o 0 o o Ol\o
For the determination of absolute responses of dam- domains are calculated.

reservoir-foundation coupled systems, the following Step Il1: Free field response and calculated added
steps are needed to be followed. responses are needed to be summed up for
Step I: the interaction force R in Eq. (46) is determined. absolute  response of dam-reservoir-
Step 11: As per Eq. (41), the added responses of the three foundation coupled systems.
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Validation of Developed Algorithm

The developed algorithm is checked with the
example used by Papazafeiropoulos et al. (2011). The
density of water (pf) is assumed as 1000kg/m® and
velocity of sound (c) is considered to be 1440 m/s.
Modulus of elasticity of the structure is considered as
3.15x 10 N/m? and density of the gravity dam is
assumed as 2400kg/md. Here, the damping is taken as

FOUNDATION

l]'

I

SURFACE |

SURFACE IV

SURFACE 1l

T

T
|lJ-

i

il . |l1
I 1

Figure 1. Geometry of dam-reservoir-foundation coupled system

5%. Modulus of elasticity of the foundation is taken as
3.15x 10%° N/m? and density is assumed to be 2400kg/
m3. Pressure distribution at the dam face is presented in
Fig. 2 by applying a sinusoidal excitation of frequency
of Tc/H=10. The outcomes of the study are in
conformity with those of Papazafeiropoulos et al.
(2011).

1
—— present study
0.8 .
s —— papazafieropou
N 2011
> 0.6 (201D
=]
&
04
2
a}
0.2
0
0 0.2 04 0.6
Pressure coefficient (Cp)

los et al.

0.8

Figure 2. Hydrodynamic pressure at the face of the dam

NUMERICAL RESULTS

In the present work, changes of hydrodynamic
pressure and stresses of gravity dam have been obtained
by the dynamic analysis of dam-reservoir-foundation
coupled system. A typical geometry of the coupled
system is shown in Fig. 3. The dimensions of soil
foundation (length=350 m., height =100 m.) is taken as
per the reference of Mandal and Maity (2017). Height of
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fluid (Hy) is taken as 103 m. Density of fluid (o) is taken
as 1000 kg/m? and velocity of sound in water is assumed
to be 1438.7 m/s. Modulus of elasticity of the dam is
taken as 3.15x 10%° N/m? and density of the structure is
taken as 2415.816 kg/md. Poisson ratio is considered as
0.235. Modulus of elasticity of the foundation is taken
as 1.75x 10° N/m? and density is assumed as
1800kg/m3. Poisson ratio for soil foundation is taken as
0.2 and reflection coefficient («) of the reservoir bottom



Influence of Reservoir Bottom Inclination on ...

Santosh Kumar Das et al.

is taken as 0.95. Hydrodynamic pressure and stresses
of the dam and foundation are observed for various

bottom slopes of the reservoir.

14.8m

7

SURFACE | SURFACE IV

-~
36.5m
SURFACE 1m
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Figure 3. Typical finite element discretization of dam-reservoir-foundation coupled system

Hydrodynamic pressure at the upstream face of the
dam is observed by applying seismic excitation for
different slope angles of the reservoir bed considering
dam-reservoir-foundation interaction. Stresses of dam
and foundation are also observed for earthquake
excitation. Here, the north-south component of El-
Centro earthquake excitation is applied for the analysis.
Fig. 4.a presents changes of pressure coefficient (Cp
=p/praH) at the dam face for positive bottom slope (+5°,
+10° and +15%). Fig. 4.b presents changes of pressure
coefficient (Cp) at the dam face for negative bottom
slope (-5% -10° and -15°). Fig. 5.a shows the plot of
pressure coefficient (Cp) at the heel of the dam for
positive bed slope. Fig. 5.b shows the plot of pressure
coefficient (Cp) at the heel of the dam for negative bed
slope. From these figures, it has been found that pressure
rises at the heel of the dam due to increment of positive
bed slope and pressure reduces at the same place for
increment of negative bed slope.

Fig. 6.a to Fig. 6.f show the velocity profile of the

reservoir for different values of bed slope of the
reservoir. Hydrodynamic pressure changes due to the
change in bed slope. For this reason, a difference in
velocity profile of the reservoir has been seen for
different values of bed slope of the reservoir. Fig 7.a and
Fig. 7.b present principal stresses at the heel of the
structure for positive bed slopes. Fig 8.a and Fig. 8.b
present principal stresses at the heel of the structure for
negative bed slopes. It has been clear that the maximum
stress (major and minor) at the heel of the dam increased
for increase in positive slope angles (+5°, +10° and +15°)
at the base of the reservoir and the maximum stress
(major and minor) at the heel of the dam decreased for
increase in negative slope angles (-5°, -10° and -15°) at
the base of the reservoir.

Fig. 9.a shows the plot of major principal stress and
Fig. 9.b shows the plot of minor principal stress of the
foundation near the heel of the dam for positive slope
angles (+5°, +10° and +15°) due to earthquake excitation.
Fig. 10.a shows the plot of major principal stress and Fig.
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10.b shows the plot of minor principal stress of the
foundation near the heel of the dam for negative slope
angles (-5° -10° and -15°). From these figures, it has been
seen that the maximum stress (major and minor) of the
foundation near the heel of the structure decreased with
increment of positive slope angle of the reservoir bed due
to earthquake excitation. It has been also seen that the
maximum stress (major and minor) of the foundation near

the heel of the structure increased with increment of the
negative slope angle of the reservoir bed due to
earthquake excitation. Fig. 11 a. to Fig. 11.f, presented in
the supplementary data file, show the contour of pressure
and stresses for different bed slopes of the reservoir.
These figures show that that maximum hydrodynamic
pressure and maximum stress in the reservoir to occur at
the heel of the structure due to earthquake excitation.
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Figure 4. Pressure coefficient (Cp) at the dam face with different bottom slopes 6, a) for positive and
b) for negative slope angles due to north-south component of EI-Centro earthquake
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Figure 5. Time history of pressure coefficient (C,) at the heel of the dam for different bottom slopes a) positive
and b) negative slope angles for north-south component of El-Centro earthquake
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Figure 7. a) Major principal stress and b) minor principal stress at the heel of the dam for positive bed slopes of
the reservoir for the north—south component of EI-Centro earthquake
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DISCUSSION

It has been observed that hydrodynamic pressure and
stresses at the heel of the dam increases for increment of
positive (anti-clockwise) bed slope angle of the
reservoir. Due to positive (anticlockwise) inclination,
the reservoir bed reflects the wave towards the structure
and amplifies the responses of the reservoir and gravity
dam. This is the main reason for obtaining more pressure
in the reservoir and stresses at the heel of the structure
for incremental values of positive (anti-clockwise)
bottom slope of the reservoir. It has been further seen
that hydrodynamic pressure and stresses at the heel of
the structure is decreased gradually due to increment of
negative (clockwise) bed slope of the reservoir. When
the reservoir bed slope is in negative (clockwise)
direction, the depth of the reservoir increases as we
further move away from the dam-water interface. Due to
negative (clockwise) inclination, the reservoir bed
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reflects the wave further away from the dam, thus
reducing the responses of the reservoir and the structure.

From the present study, it has been also observed that
stresses of the foundation under the heel of the structure
decreased with the increase of positive (anticlockwise)
bed slope of the reservoir. When the reservoir bottom
slope is positive (anticlockwise), the stiffness
contribution due to the foundation increases for the
increase in the volume of soil foundation. As a result,
stresses in the foundation under the heel of the dam
reduced with the increment of positive (anti-clockwise)
bed slope of the reservoir. The reverse condition
occurred when the reservoir bed is inclined in a negative
(clockwise) direction.

CONCLUSIONS

Based on the numerical results and the observations from
the present study, specific conclusions are given below.
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e The hydrodynamic pressure at the heel of the dam
rises with the increment of the bed slope of the
reservoir for positive (anti-clockwise) slope angles.
The main reason behind that is that the reservoir bed
reflects the disturbing waves towards the gravity
dam for anti-clockwise slope. However, the pressure
at the heel of the dam decreases with the increment
of bed slope of the reservoir for negative (clockwise)
slope angles. When the reservoir bed is inclined in
the negative (clockwise) direction, the energy
content of the disturbing forces is reflected outward
in the form of waves.

Stresses at the heel of the dam rise with the
increment of slope angles of the reservoir bed for
positive (anti-clockwise) slopes. However, for
negative (clockwise) bed slopes, stresses at the same
location decreased with the increment of bed slope.

The stress of the foundation under the heel of the
dam decreases with the increment of slope angle for
positive (anti-clockwise) bed slopes. However,
stress at this location increases with the increment of
negative (clockwise) slope angles.
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