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Abstract

A simple arch dam [1] is analyzed to find responses due to an earthquake, including the hydrodynamic effect of the reservoir water. The simple
arch shape dam was modeled as a monolith structure, assuming the linear behavior of dam concrete. The arch dam is modeled with finite elements.
The hydrodynamic effect is considered as an added mass of water adhered to the dam’s upstream surface [2]. Natural frequencies and mode shapes
are computed for the dam without water and the dam with water. Time history analysis of the dam is performed for the Kern County earthquake
(1952), Taft component 111 acceleration time history. The added mass of water is calculated according to the Kuo 1982 [2] research paper. Various
results containing Cantilever stresses, arch stresses, and deflections are shown and plotted. Analyses are performed with the help of the Abaqus

Software.
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1. Introduction

A Simple arch dam shape from reference [1] is chosen to
analyze. This simple shape of the arch dam is easy to model
and convenient for applying added mass as nodal inertial
masses at the dam’s upstream surface. The upstream face of
the arch dam is a segment of a circular cylinder contained
within radially extending vertical banks enclosing a central
angle of 90% and no vertical curvature is provided to the dam,
although actual arch dams have curvature in both vertical and
horizontal directions. The dam base and banks are assumed
as fixed, i.e., the foundation rock and canyon banks are
assumed to be rigid. The simple geometry assumed for the
arch dam would not be sufficient for real-life dam analyses,
but it is useful to understand hydrodynamic effects in the
dynamic analysis of arch dams. Radius, R= 50m, Height of
the dam, Hi=100m Top width of the dam B;=3.5m, Base
width of the dam B,=20m.The hydrodynamic term ‘added
mass’ is taken from [2].

The properties of the concrete of the dam are young’s
modulus E = 34 GN/m?, Poisson’s ratio v = 0.17, and unit
weight of concrete wq = 2400 kg/m>. The damping ratio for
all normal modes of vibration of the dam is assumed to be the
same and equal to 5 percent.

2. Ground Motion

Acceleration time history of the Kern County earthquake
(1952), Taft component 111 is applied in the upstream-
downstream direction at the dam base (PGA = 0.18g). No

time history was applied in vertical and cross-stream
directions.

3. Numerical Study

The 3D model of the dam monolith is prepared in AutoCAD
3D, and this 3D model is imported into the ABAQUS
Environment as a part. The dam meshes with C3D8: An 8-
node linear brick finite element. The property of the concrete
is assigned to the dam monolith model.

Westergaard [3] derived his equation for the added mass
approach, assuming a completely vertical surface. For such
cases, the water mass only acts horizontally (perpendicular to
the interacting surface) on the dam surface during a seismic
event. Kuo developed a more generalized approach that can
be used for arch dams where the contact surface is curved in
one or two directions. Water pressure can only develop
normal dynamic forces. So, the added mass has to be
considered, acting in a perpendicular direction.
Hydrodynamic force is considered according to Kuo (1982)
[2]. This method is often stated as Generalized Westergaard
Added Mass Added masses were applied at the U/S mesh
nodes. In ABAQUS, added masses were applied in the
interaction module as inertial point masses in the form of my;,
my», and ms3 at each mesh node. mi; = Axm, mp=2Aym, ms3
= A.m, where m is the mass of the water in the contributing
area at a mesh node. Values of A Ay, A, and myi, M2, and M33
are found at each mesh node, and values of mi;, M2, ang M33
are applied at the corresponding nodes.
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Figure 1: Plan and section of the Arch Dam [1]
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Figure 3: Acceleration time history
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Figure 4: Added mass of water attached to the mesh node points
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Mas; is the added-mass matrix associated with node i

1332

A= <Ay A.>i, normal direction cosines at node “i

. 7
ai = Westergaard pressure coefficient 3 pJH;(H; — Z;)

o = mass density of the water

H; = depth of water at the vertical section that includes node
6‘i’7

Z; = Height of node “i” above the base of the dam

Ai = tributary area associated with node i.

Frequency analysis is performed for the dam without water
and the dam with water as added mass, and some initial
natural frequencies and mode shapes are found. Time history
analysis is also performed, and results are shown in tabular
and graphical form.
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Figure 5: Added mass according to modified Westergaard method
[10]
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4. Results:

Natural frequencies and mode shapes
(a) Dam Without Water

Mode -1 ©.=11.58 HZ

971

U, Uz
+2,230e-07
-3.9938-05
-8.007e-05
-1.202e-04
-1.604e-04
-2.005e-04
-2,407a-04
-2,808e-04
_3/2106-04 Mode -2 ®n=13.51 HZ
-3.611e-04
-4,013e-04
-4.4142-04
-4,816e-04
U, U3
+3.859e-04
+3.216e-04
+2.572e-04
Those Mode -3 ©n=14.68 HZ
+6.431e-05 (b) Dam with Water (Water as added mass)
-2,183e-10
-6.431e-05
-1.286e-04
-1.929e-04 U, U3
-2.572e-04 +2,1642-04
-3.216e-04 +1.983e-04
-3,850e-04 +1.803e-04
+1.622e-04
+1.442e-04
+1.262e-04
+1.081e-04
+0.009e-05
+7.205e-05
+5.401e-05
+3.597e-05
+1.793e-05
U, Uz -1.080e-07
+1,907e-04 —-
+1.438e-04 5?
+3.6868-05
e
+4.0046-05 =
+3.018e-06 =
-4,390e-05 m
-9.082e-05 e
-1,377e-04 = U, Uz
-l.847e-04 H +0.096e-05
-2.316e-04 +7.217e-05
-2.785e-04 +4.438e-05
_ z +1.659e-05
_g'%gg_gi -1.120e-05
' -3.899e-05
-6.6782-05
-0,4582-05
-1,2248-04
-1.502e-04
-1.779e-04
-2.057e-04
-2,335e-04
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U, U3

+1.964e-04
+1.613e-04
+1.263e-04
+9.122e-05
+5.618e-05
+2.113e-05
-1.391e-05
-4.895e-05
-8.400e-05
-1.190e-04
-1.541e-04
-1.891e-04
-2.242e-04

Mode -1 . =6.86 HZ

Mode -2 . =8.65 HZ

Mode -3 . =8.75 HZ

Deflection and Stresses

Displacement

Dam without Water

Deflection of the central top node
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Displacement

S, 511

(Avg: 75%)
+1.615e+05
+1.183e+05
+7.523e+04
+3.212e+04
-1.100e+04
-5.41le+04
-0.723e+04
-1.403e+05
-1.835e+05
-2.266e+05
-2.697e+05
-3.128e+05
-3.559e+05
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Arch Stress at 10.5 sec

S, Sz2
(Avg: 7530)
+3.121e+05

| _1.51ge+0s
[ 2550e+05

-1.0916+406
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Cantilever Stress at 10.5 sec

Dam with Water (Water as added mass)

-0.04 -

Deflection of the central top node

5, 511

(Avg: T5%)
+7.799e+05
+6.796e+05
+5.702e+05
+4.,789e+05
+3.786e+05
+2.782e+05
+1.779e+05
+7.758e+04
-2.275e+04
-1.231e+05
-2.234e+05
-3.237e+05
-4.241e+05

Arch Stress at 10.5 sec
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5, 522

(Avg: 75%)
+3.115e+05
+1.190e+05
-7.363e+04
-2.662e+05
-4.,588e+05
-6.514e+05
+ -8.440e+05
-1.037e+06
-1.229e+06
-1.422e+06
-1.614e+06
-1.807e+06
-2.000e+06

kel | |
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Cantilever Stress at 10.5 sec
5. Conclusion

The following conclusions are based on the response results
presented in  this paper for arch dam-water
System of simple geometry. In general, hydrodynamic effects
should be considered in analyzing the dynamic response of
arch dams. Water in the reservoir causes a decrease in the
natural frequencies of the dam; as much as 25 to 40 percent
reduction was observed in analysis results. The decrease in a
natural frequency depends on the depth of water, mode
number, and whether the mode 1is symmetric or
antisymmetric.

Deflection at the top central node and arch stresses at the
dam’s upstream face are also increased due to the presence of
the water. A small increment in the cantilever stresses is also
observed at the bottom, but sometimes cantilever stress is
decreased due to the presence of water, so no clear relation
between the presence of water and cantilever stress can be
found.
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