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VERTICAL EARTHQUAKES WITH SEDIMENT EFFECT

Prof. Dr. Rafa Al-Suhaili Ass. Lecturer Mohammad Rashid Al-Gadsawi
Env. Eng. Dept. Univ. of Bagdad. Computer Center, Univ. of Bagdad

ABSTRACT

In a typical reservoir a sediment layer of considerable depth may be deposited on the top of
exposed bedrock foundation. In this research an analytical solution was proposed to solve the case of
the vertical acceleration with infinite reservoir with existence of such sediment layer.

The results indicate that as the depth of sediment increases, the pressure increases also. The
behavior is found to be affected by the change of the degree of saturation of the sediment layer. As this
degree of sediment decreases the developed Hydrodynamic pressure increase. A comparison between
the case of stiff and soft foundation indicates that the pressure values are always greater for the stiff
foundation.
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INTRODUCTION

The design of a new dam and safety evaluation of an existing dam should be carried out with a
high level of accuracy. The failure of such structures, particularly during an earthquake may, be
disastrous. Most failures recorded of such structures were due to earthquakes (Okamoto, 1973). During
earthquakes, a pressure in excess of hydrostatic is exerted on the dam face, called hydrodynamic
pressure. Hydrodynamic force was hence developed and may cause failure. The response of a dam to
an earthquake is affected by the compressibility of water in the reservoir, and the absorption of pressure
waves at the bottom of the reservoir. Therefore, an accurate analysis should consider these two factors,
in addition to other factors, such as, earthquake acceleration intensity and frequency, with the
geometrical factors.

Reservoir sedimentation is a complex process varying with sediment production rate,
transportation, and deposition as mentioned by (Chen and Hung,1993), serious deposition of sediment
in reservoirs built prior to (1935) were identified. One-third of these reservoirs lost between one-fourth
and one-half of their original capacity. About (14%) of the reservoirs lost between (50-70%) of their
original capacity, and 10% were completely depleted.

(Chopra et al., 1980) investigated the response of concrete gravity dams, including the dynamic
effects of impounded water and flexible foundation rock, to the transverse (horizontal) and vertical
components of earthquake ground motion. The system was analyzed under the assumption of linear
behavior for the concrete, foundation rock and water. The complete system was considered as
composed of three substructures: the dam, represented as a finite element system. The fluid domain, as
a continum of infinite length in the upstream direction, and the foundation rock region as a viscoelastic
halfplane

(Hall and Chopra,1982) developed an analysis procedure in the frequency domain for
determining the earthquake response of two-dimensional concrete gravity and embankment dams
including hydrodynamic effect; response of the elastic dams and compressible water are assumed
linear. The dam and fluid domain are considered to behave linearly, and the water as compressible. The
dam and fluid domain are treated as substructure and modeled with finite elements. The fluid domain
model approximately accounts for the interaction between the fluid and the underlying foundation
medium through a damping boundary condition applied along the reservoir bottom. The sediment at the
bottom of the reservoir can be roughly represented by introducing a so-called absorbing boundary at the
bottom of the reservoir.

(Lotfi and Tassoulas,1986) developed a finite element method for the two-dimensional
problems of the dynamics of dam-reservoir-foundation systems, taking into account all interactions
rigorously. In this study the dam-reservoir-foundation region is partitioned into three subregions: the
neighborhood of the dam, the solid hyperelement and the fluid-solid hyperelement. This study
indicates that including the sedimentary layer decreases the response to vertical ground motion
significantly. However, the response to horizontal ground motion is very little reduced. A comparison

Available online @ iasj.net 2385



Number2 Volume 14 June 2008 Journal of Engineering

with the results obtained by the modified approximate treatment of reservoir-foundation interaction
showed very good agreement.

(Cheng,1986) solved a simplified problem of a rigid dam impounded with water and subjected
to vertical harmonic earthquakes. The reservoir bottom was modeled as a poroelastic sediment layer of
finite extent sitting on the top of a semi-infinite elastic and impervious foundation. The reservoir
bottom damping coefficients were obtained and explicitly expressed in terms of the earthquake
excitation frequency and the material properties of the sediment.

(Bougacha and Tassoulas,1991) determined the response of a concrete gravity dam for a
selected earthquake record in order to assess the potential significance of the sedimentary material
accumulating on the reservoir bottom. The results were found to be sensitive to the direction of the
horizontal ground motion. The significance of partially saturated sediment seems to be most
pronounced when horizontal and vertical ground excitations are combined and less notable when only
horizontal ground acceleration is applied. This study suggests that the reservoir bottom sediment may
play a role in the response of dams to earthquakes. However, the importance of this role seems to hinge
on the sediment properties, especially the pore-fluid compressibility.

(Chen and Hung,1993) used a two-dimensional model of poroelastic media to obtain the
dynamic effect of reservoir sediment on the hydrodynamic pressure of an incompressible impounded
water. The pressure wave equation for the pore water and the sediment is solved by an implicit finite
difference method coupled with a fast Poisson solver. The sediment in this model has been treated as a
fluid-filled mixture consisting of both solid and fluid phases. During the onset of ground acceleration,
the ground rise of pore pressure associated with the compressibility of the pore water results in an
incipient reduction of dynamic pressure in the impounded water. However, the dynamic pressure of the
incompressible impounded water rises rapidly with the pore pressure associated with the pressure wave
and inertia in the sediment.

(Zha0,1994) considered a simplified problem of a rigid dam impounded with water and
subjected to vertical and harmonic earthquakes. The sediment of certain thickness at the bottom of a
reservoir is assumed to be an elastic medium overlaying the top of a semi-infinite and impervious
foundation. If the gravity dam is assumed to be rigid and the lateral scattering of reflected waves is
negligible, a water-gravity dam-foundation system can be simplified as a one-dimensional wave
problem.

(Al-Suhaili,1997) used a finite element model to investigate the transient pressures generated
by earthquake in reservoirs, tunnels, and bottom outlets. Both infinite and finite reservoir cases were
considered. The effect of tunnel diameter to reservoir height ratio, reservoir height to length of tunnel,
and reservoir height to extent of reservoir ratio were studied. The effect of excitation frequencies was
also investigated analytical solutions were also presented for two cases,namely dam-tunnel-reservoir
with tunnel gate excited horizontally, and a reservoir and tunnel bottom excited vertically. All of those
solutions were found to be simple and in good agreement with the verified finite elements results.
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The proposed analytical Solution

For the case of infinite reservoir and with the existence of a sediment layer at the bottom of the
reservoir i.e., (ds = 0) depth of sediment layer fig (1), no analytical solution could be found in the
literature. It is proposed to solve this problem using the one-dimensional wave equation and the
following boundary conditions:

25 2
dys Cy )

dP . | o =

= (0.0)=—(a, +ia;)p, ay+i| — B, +iB;)P(0.0)

dy Cw 3)
Where
Using the method of separation of variables, the solution is:

P(y.@)=Asin| —y |+Bcos| —y
C, C, ()

Applying the boundary condition Eq. (2) gives:

B =—Atan(9 HW)
¢ (5)
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and the boundary condition Eq. (3) gives:

W)(wiﬁi)ﬁ(&w)
A=—(a, +ia;) pway[%w)“ B +ip)P0.0) (6b)

Az(‘“rpway@) P Q)JH(_“ pway( )+Brp(0 m)J (60)

Since P(0, w) = B, Eq. (4) can be modified as:

(o) eeaS)
—a.pyay|—— |-l p,ay| ——
A ® ®
1+iB, tan(m HW)—Bi tan((0 HW)
Cu Cu (64)

After substituting Egs. (5), and (6d) in Eq. (4), the following equation will be obtained :

Axgz—(ar+ioci) Pw ay+i(£
C C
(62)

() -rena ()

—a.py,ayf——([(—-1a;p,ay

P(y,m)= © sm(yj -
1+ipB, tar-{C ] B; tan[H

J
1+iB, tar(cm J B, tan(H J ’{CW ] { Cy ]

w

(7)

where :

P = steady state response hydrodynamic pressure (F/L?);
o = earthquake circular excitation frequency (1/T);

Cw = (Ew/ pw)*? = pressure wave velocity of water (L/T);
E., = Bulk modulus of elasticity of water (F/L?):;

pw = Mass density of water (M/L?):

o and 3 are depended on the sediment and the foundation properties;
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Results and Discussions

Tables (1), (2), (3) and (4) show the values of (P/YHw) calculated by Eq. (7) for infinite
reservoir length, using (o/o, = 0'5), for a wide range of properties of sediment, and for a unit vertical

earthquake acceleration (1g).it is watch to mention is that the (P/ wa)vaIues for different acceleration
(0.2g) can be obtained by multiply these values by(0.29)

Table (1) hydrodynamic pressure found by the developed of analytical solution for standardized

hydrodynamic pressures, (P/Y HW), for unit earthquake vertical acceleration, (1g), with

stiff foundation (Hw=112.5m), (oofeo, = 0'5), dS=12.5m, (ps/pw=1.5)

Analytic solution for stiff foundation (L= o)
Y /H Fu!g;ﬁﬁ;;"’;md Part'?e"d%r;a;t#trated Partially satiJraged (sediment

(S=100%%) (S=99.5%) SR

0.1 1.290 1.597 1.980
0.19 1.185 1.467 1.819
0.28 1.072 1.328 1.646
0.37 0.953 1.180 1.463
0.46 0.828 1.025 1.271
0.55 0.698 0.864 1.071
0.64 0.564 0.698 0.865
0.73 0.426 0.527 0.653
0.82 0.285 0.353 0.438
0.91 0.143 0.177 0.219
1 1.03E-19 1.04E-19 0

Table (2) hydrodynamic pressure found b)S the developed analytical solution for standardized

hydrodynamic pressures, P/vH,, , for unit earthquake vertical acceleration (1g) with
soft foundation (Hw=112.5m), (c/ oy =0'5), dS= 12.5m, (ps/pw=1.5)

Analytical infinite solution for soft foundation

Y/H Fu'g'g;ﬁﬂ;:ﬁted Partlsggyzr;it#trated Partially Satl.l ra(t)ed sediment
(S=100%) (S=99.50%) (=20

0.1 1.184 1.411 1.657

0.19 1.088 1.296 1.522

0.28 0.984 1.173 1.377

0.37 0.875 1.042 1.224

0.46 0.760 0.906 1.064
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0.55 0.641 0.763 0.896
0.64 0.517 0.616 0.724
0.73 0.391 0.465 0.547
0.82 0.262 0.312 0.366
0.91 0.131 0.156 0.183
1 0.000 0.000 0.000

Table (3) Results of analytical solution for standardized hydrodynamic pressures, (P/ wa), for

unit vertical acceleration, (1g), with stiff foundation (Hw=100m), (o o, = 0-5),
dS=25m, (ps/pw=1.5)

Analytic solution for stiff foundation (L= o0)
artiall
Y /H Fully s_aturated sgtu rate){j Partially saturated (sediment
sediment : 000
(S=100%) se_dlment S=99%)
(5=99.5%0)
0.2 1.331 2.73 8.04
0.28 1.222 2.511 7.389
0.36 1.106 2.272 6.688
0.44 0.983 2.020 5.945
0.54 0.854 1.75 5.165
0.6 0.720 1.47 4.354
0.68 0.581 1.19 3.516
0.75 0.439 0.902 2.656
0.84 0.294 0.604 1.77
0.92 0.147 0.303 .822
1 0 0 0

Table (4) Results of analytical solution for standardized hydrodynamic pressures, (P/YHw), for
unit vertical acceleration, (1g), with soft foundation (Hw=100m), (o/eo, = 0'5), dS= 25m,

(ps/pw=1.5)
Analytic solution for soft foundation (L= o)
Fully saturated Partially saturated . .
Y/H sediment sediment FErTELly sastigg('f/e(; el
(S=100%) (S=99.5%) e
0.2 1.188 1.949 2.72
0.28 1.091 1.790 2.50
0.36 .987 1.620 2.265
0.44 878 1.440 2.013
0.54 .763 1.251 1.749
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0.6 643 1.055 1.474

0.68 519 851 1.190

0.75 392 643 .899

0.84 262 431 .602

0.92 131 216 302
1 0 0 0

The developed solution (eq.7)can be used to investigate the effect of different factors on the
values and distribution of hydrodynamic pressures developed due to earthquakes on dam faces. The
effect of the type of reservoir bedrock foundation, degree of saturation of sediments, depth of
sediments, density of sediments. The following sensitivity analysed is proposed to illustrate the effect
of each of those parameters.

1- Effect of the Type of Reservoir Bedrock Foundation

To show the effect of the type of foundation on the hydrodynamic pressure, the relation
between (Y/H) and the normalized hydrodynamic pressure are plotted as shown in Figs. (1), (2), and
(3). These figures show that for the case of stiff foundation, the hydrodynamic pressures developed
were always greater than those for the soft foundation. This result is in agreement with the results
obtained by (Cheng,1986)

Changing the ratio of depth of sediments, (ds), to depth of reservoir (H), in Figs. (4), (5), and
(6) and the degree of saturation have no effect on this behavior. The reason for this behavior can be
explained upon the terms incorporated into the boundary conditions. Since, for the stiff foundation, the
coefficient of absorption of pressure wave is less than that for soft foundation. This is obvious from the
value of the coefficient of absorption of pressure wave, which is lower for stiff foundation than that for
soft foundation.
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1.00
Effect of foundation,DS=0.1H,Fully saturated
| —4— stiff Foundation
—@— Soft Foundation
0.80 —
0.60 —
< ]
>
0.40 —
0.20 —
0.00
\ \ \ \ \
0.00 0.40 0.80 1.20 1.60 2.00

p/yh

Fig.(1) Effect of the type of foundation on the hydrodynamic pressure developed due to vertical
earthquake acceleration (1g) for o/®;=0.5, with H,=112.5m, ds=12.5m, ps/pw=1.5fully
saturated sediments (100%o)

1.00
Effect of foundation,DS=0.1H,Partially saturated (99.5)
| —4— stiff Foundation
—@— Soft Foundation
0.80 —
0.60 —
< il
=
0.40 —
0.20 —
0.00 | | | | |
0.00 0.40 0.80 1.20 1.60 2.00

p/vh
Fig.(2) Effect of type of foundation on hydrodynamic pressure developed due to vertical
earthquake acceleration (1g) for ®/®;=0.5, with H,=100m, ds=25m, pJ/pw=1.5fully
saturated sediments (100%o)
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1.00
Effect of foundation,DS=0.1H,Partially saturated (99)
i —4— Stiff Foundation
—@—  Soft Foundation
0.80 —
0.60 —
Z |
>
0.40 —
0.20 —
0.00
\ \ \ \ \
0.00 0.40 0.80 1.20 1.60 2.00

p/yh
Fig.(3) Effect of type of foundation on hydrodynamic pressure developed due to vertical

earthquake acceleration (1g) for @/@;=0.5, with H,,=112.5m, ds=12.5m, pJ/pw=1.5,partially
saturated sediments (99%)

1.00
Effect of foundation,DS=0.2H,Fully saturated
| —4@— stiff Foundation
—@— Soft Foundation
0.80 —
0.60 —
< |
>
0.40 —
0.20 —
000 | | | | |
0.00 0.40 0.80 1.20 1.60 2.00

p/yh
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Fig.(4) Effect of type of foundation on hydrodynamic pressure developed due to vertical
earthquake acceleration (1g) for ®/®=0.5, with ds=25m, pJ/pw=1.5fully saturated
sediments (100%)

1.00
Effect of foundation,DS=0.2H,partiallysaturated (99.5)
—4— stiff Foundation
0.80 —| —@— Soft Foundation
0.60 —
< il
>
0.40 —
0.20 —
0:00 | | | |
0.00 1.00 2.00 3.00 4.00

p/yh

Fig.(5) Effect of type of foundation on hydrodynamic pressure developed due to vertical
earthquake acceleration (1g) for w/@;=0.5, with H,,=100m, ds=25m, p¢/pw=1.5partially
saturated sediments (99.5%0)

1.00

Effect of foundation,DS=0.2H,partiallysaturated (99)

—4— Stiff Foundation
—@— Soft Foundation

Y/H
|

0.00
\ \ \ \ |

pivh
Fig.(6) Effect of type of foundation on hydrodynamic pressure developed due to vertical
earthquake acceleration (1g) for w/®;=0.5, with H,,=100m, ds=25m, ps/pw=1.5,partially
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saturated sediments (99%)
2- Effect of the Degree of Saturation of the Sediment

Figures (7), (8), (9) and (10) show the effect of the degree of saturation of the sediments on the
hydrodynamic pressures developed due to vertical acceleration of (1g). It is shown that for (ds/H)
equals (0.1) and (0.2) the hydrodynamic pressure increases with the decrease of the degree of
saturation. These results are in agreement with those found by (Cheng,1986), and (Bougacha and
Tassoulas,1991).

1
00 Effect of Degree of Saturation(stiff,ds=0.1h)

—4— DS=100%
—@— DS=99.5%
—— DS=99%

YH
|

0.00
\ \ \ \ \

0.00 0.40 0.80 1.20 1.60 2.00
pivh
Fig. (7) Effect of the degree of saturation on the hydrodynamic pressures developed due to
vertical acceleration (1g) for @/®;=0.5, with H,=112.5 m, ds=12.5m, pJ/pn=1.5, stiff

foundation.
1.00 Effect of Degree of Saturation(soft,ds=0.1h)
—4— DS=100%
—@— DS=99.5%
—— DS=99%
0.80 —
0.60 —
= i
>

0.20 —

0.00
\ \ \ \ \

0.00 0.40 0.80 1.20 1.60 2.00
p/g*h
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Fig. (8) Effect of degres pivh on on hydrodynamic pressures developed due to vertical
acceleration (1g) for @/®;=0.5, with H,=112.5 m, ds=12.5m, ps/pw=1.5, soft foundation.

1.00 Effect of Degree of Saturation(stiff,ds=0.2h)
—4@— DS=100%
- ~ —@— DS=99.5%
—p— DS=99%
0.80 —
0.60 —
< i
>
0.40 —
0.20 —
0.00 | | | | |
0.00 2.00 4.00 6.00 8.00 10.00

pivh
Fig. (9) Effect of degree of saturation on hydrodynamic pressures developed due to vertical
acceleration (1g) for @/®,=0.5, with H,=100m, ds=25m, ps/pw=1.5, stiff foundation.

Effect of Degree of Saturation(soft,ds=0.2h)
—4— DS=100%
—@— DS=99.5%
—D— DS=99%

Y/H

0.00 1.00 2.00 3.00 4.00
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Fig. (10) Effect of degree of saturation on hydrodynamic pressures developed due to vertical

acceleration (1g) for @/®;=0.5, with H,=100m, ds=25m, ps/pw=1.5, soft foundation.
3- Effect of the Depth of the Sediment

Figures (11), (12), and (13) show the effect of the depth of sediments on the hydrodynamic
pressure developed due to vertical earthquake acceleration of (1g). It is shown that for the two types of
foundation the hydrodynamic pressure increases when the depth of sediment increases for (99.5%) and
(100%) degree of saturation. Figures (14), (15), and (16)

1.00 y .
Effect of Depth of sediment(stiff foundation)

—4— D=0.1H
—@— D=02H

Y/H
|

0.20 —

0.00
\ \ \ \ \

0.00 0.40 nan 190 1.60 2.00
p/vh
Fig. (11) Effect of the depth of sediment on the hydrodynamic pressures developed due to vertical

acceleration (1g) for ®/®;=0.5, with H,=112.5m, ds=12.5m, ps/pw=1.5, stiff
foundation,fully saturated sediments (100%0).
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Effect of Depth of sediment(soft foundation)

—4@— D=0.1H
—@— D=02H

Y/H
!

0.20 —

0.00
\ \ \ \ \

0.00 0.40 0.80 1.20 1.60 2.00

p/vh
Fig. (12) Effect of the depth of sediment on the hydrodynamic pressures developed due to vertical

acceleration (1g) for w/®;=0.5, with H,=100m, ds=25m, ps/pw=1.5, soft foundation,fully
saturated sediments (100%0).

1.00 . . )
Effect of Depth of sediment(stiff foundation,99.5)
—4— D=0.1H
—@— D=02H
0.80 —
0.60 —
s |
>
0.40 —
0.20 —
000 | | | |
0.00 1.00 2.00 3.00 4.00

p/vh
Fig. (13) Effect of depth the of sediment on the hydrodynamic pressures developed due to vertical
acceleration (1g) for ®/®=0.5, with H,=112.5m, ds=12.5m, ps/pw=1.5, stiff
foundation,partially saturated sediments (99.5%).
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1.00 ) )
Effect of Depth of sediment(soft foundation,99.5)
i —4— D=0.1H
—@— D=02H
0.80 —
0.60 —|
< |
>
0.40 —
0.20 —
0.00 | | | | |
0.00 0.40 0.80 1.20 1.60 2.00

p/vh
Fig. (14) Effect of the depth of sediment on the hydrodynamic pressures developed due to vertical
acceleration (1g) for ®/®m=0.5 with H,=100m, ds=25m, ps/pw=1.5 soft
foundation,partially saturated sediments (99.5%).

1.00 . - )
Effect of Depth of sediment(stiff foundation,99)
—4— D=0.1H
—@— D=0.2H
0.80 —
0.60 —
< il
>
0.40 —
0.20 —
0.00 | | | |
0.00 2.00 4.00 6.00 8.00

p/vh
Fig. (15) Effect of the depth of sediment on the hydrodynamic pressures developed due to vertical
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acceleration (1g) for o/®;=0.5, with H,=112.5m, ds=12.5m, pJ/pw=1.5, stiff
foundation,partially saturated sediments (99%b).

Effect of Depth of sediment(soft foundation,99)

—4@— D=0.1H
—@— D=0.2H

Y/H
!

0.00 ‘ ‘ ‘ ‘
0.00 1.00 2.00 3.00 4.00

pivh
Fig. (16) Effect of the depth of sediment on the hydrodynamic pressures developed due to vertical
acceleration (1g) for ®/®;=0.5, with H,=100m, ds=25m, ps/pw=1.5, soft
foundation,partially saturated sediments (99%b).
CONCLUSIONS

1. The values of the hydrodynamic pressure for the stiff foundation case are always larger than those
for the soft foundation.

2. The hydrodynamic pressure increases with the decrease of the degree of saturation.

3. The hydrodynamic pressure increase when the depth of the sediment increase.
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