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1. Introduction

The kinematics of any point in a medium is ideally expressed in terms of three translational and three rotational
components. Observations of earthquake events have shown that many structural failures and damage are associated
to rotational components of ground motions. Newmark [1] was perhaps the first to establish a relationship between
the torsional and translational components of a ground motion based on constant velocity of wave propagation
assumption. Lee and Liang [2] have used wave propagation and classical elasticity theories based on constant wave
velocity to develop the algorithms for generating rotational motion from the corresponding available translational
motions and Hong-Nan Li et al. [3] proposed an improved approach based on frequency dependent wave velocity to
generate the rotational components. Kalani Sarokolayi et al. [4] have used this method and they have verified their
results using recorded rotational components. Recently the effect of rotational component on dynamic analysis of
dam- reservoir system without foundation effect is considered by authors in their previous research [5]; but the
effects of rotational components have not been considered in dynamic analysis of dam-reservoir-foundation systems
in previous researches.

The fluid- structure interaction is also an important subject to dynamic analysis of dams. The Lagrangian
approach which were proposed by Hamdi [6] and completed by Wilson and Khalvati [7], have been used by many
researchers such as [7-9]. In addition the reservoir bottom absorption effects in earthquake response of concrete
gravity dams have been also investigated by some researchers such as Fenves and Chopra [10].

2. Methodology

The main purpose of this research is the evaluation of dynamic response of concrete gravity dams considering
three correlated translational and rotational components of ground motion and dam-reservoir-foundation interaction
using finite element method. For this purpose, the rotational component of ground motion is obtained using
translational components and relation of classical elasticity between rotation and wave propagation theories
considering frequency dependent wave velocity. Then, these rotational and translational components are applied in
finite element model and the dynamic response of system are calculated using Newmark method and Lagrangian-
Lagrangian approach based on displacement unknown in both solid and fluid domains. In addition, with the change
of elasticity modulus of foundation, earthquake acceleration, water elevation and absorption coefficient of reservoir
bottom, the sensitivity of response with respect to these parameters are evaluated.

2.1. Rotational component

Based on the classical elasticity and the wave propagation theories, the rocking component of ground motion is
obtained from Eq. (1) where this equation can be rewritten as Eq. (2).

* Corresponding Author
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in which C_= pg/sing,, S is the propagation velocity of S wave, @ is the angular velocity of each harmonic
waves, and R and ¢, are amplitude and phase of the vertical component of ground motion.

2.2. Dam model and materials

In this paper, the Pine Flat concrete gravity dam was used as a case study. Geometrical characteristics of the pine
flat dam are shown in Fig. 1 [9].

9 8m
| 0.05
0.78 | h=1162
1[4 (1
! "
26m B=3h
E=3h
o D=sh |

Fig. 1. The geometrical characteristic of Pine Flat dam- reservoir- foundation system.

The six earthquakes which were used in calculations are Imperial Valley 1951, San Fernando 1971, Taft 1952,
Tabas 1978, Chi Chi 1999 and Northridge 1994. These earthquake have different shear velocity which is an
important factor in their peak rotation rates (PRR).

The material properties of the dam were the elasticity modulus; E, =2.275*10"N/m?, density

pq =2500 kg/m®, and poisson's ratio v=0.2 These properties for foundation are E, =7.03*10"°N/m?,
p¢ =2650 kg/m*and  p. =0.33, respectively. The bulk modulus and density of water are considered

asK, =2.07*10°N/m? and p=1000 kg/m®. In this research, different ratios of elasticity modulus for dam and
foundation, absorption coefficients of reservoir bottom and water elevations were considered.

3. Results and discussion

The horizontal displacement of dam crest for dam-reservoir (D-R) and dam-reservoir-foundation (D-R-F)
systems subjected to two translational components, 2C, and two translational added by their correlated rotational
components, 3C, are obtained and the ratio of response due to 3C and 2C which is named as Normalized response,
are presented in Table 1. The effects of absorption coefficients on Normalized response of system are also shown in
Table 2 and the effects of water elevation on dam crest response subjected to 3C are shown in Fig. 2.

Table 1. The effect of elasticity modulus on Normalized response of system

Earthquake Ef/Ed =0.5 Ef/Ed =1 Ef/Ed =2 Ef/Ed =200 Ef/Ed =

D-R D-R-F D-R D-R-F D-R D-R-F D-R D-R-F D-R D-R-F

Imperial Valley 2.87 2.03 2.59 1.71 2.26 1.44 1.15 1.27 1.15 1.27

San Fernando 1.30 0.98 1.33 0.96 1.12 1.02 1.06 1.01 0.99 1.07
Taft 1.35 1.15 1.08 1.25 1.13 1.20 1.02 1.18 1.03 1.19
Tabas,Iran 19.60 17.40 17.20 11.50 14.40 8.18 26.10 6.38 5.49 6.15
Chi Chi Taiwan 1.01 1.04 0.98 1.01 1.00 1.05 1.05 0.98 1.05 0.98

Northridge 7.75 2.92 7.32 3.51 8.06 3.23 5.58 2.30 5.42 242
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Table 2. The effect of absorption coefficients on Normalized response of system

Absorption coeificient 0.0 0.25 0.5 0.75 1
Imperial Valley 1.71 1.66 1.41 1.41 1.79
San Fernando 0.96 0.97 0.98 0.99 1.05
Earthquake Taft 1.25 1.23 1.17 1.10 1.04
Tabas,Iran 11.50 13.50 11.90 10.40 5.15
Chi Chi Taiwan 1.01 1.02 1.03 1.06 1.03
Northridge 3.51 3.34 3.06 2.74 2.33

According to the results, it is concluded that the rotational effects and normalized response of system decrease
by increasing the elasticity modulus of foundation.

0.075

0.05 .

0.025 —h
0 A’J{LA o A f[\-‘w‘u ‘

-0.025 —b —

-0.05

Horizontal displacement of dam crest (m)

-0.075
t(s)
Fig. 2. The effect of water elevation on dam response subjected to 3C of Taft earthquake.

4. Conclusions

Results showed that the effects of rotational components of ground motion on the dynamic response of concrete
gravity dams can be low or high depending on their frequency range and power spectrum. In cases which the
rotational effect is high, the dam response to rotational component of earthquake will be decreased with the increase
of the foundation elasticity modulus and reservoir bottom absorption coefficients. In addition with the increase of
water elevation, the rotational effect will increase and the response time history also will change.
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