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ABSTRACT
Uncoupled behaviour of a dam under earthquake loading is investigated. Three constitutive models

arc used:
- The linear-elastic model where soil properties; shear modulus and damping ratio are strains ard

cycle independent.
- The equivalent linear model where soil properties are strain dependent but cycle independert.

The shear modulus tends to decrease as the shear strain increases, while the damping ratio tends

to increase as the shear strain increases.
- A non-linear model where soil properties tend to change not only with shear strain but also with

the progression of cycles. In this work, the bounding surface model is used.

For these studies, three kinds of 1.umerical integration methods in the time domain are used,

namely, Newmark, Wilson-0 and the a-methods with different damping ratios.
In this study, the bounding surface plasticity model visualizes the realistic behaviour of the dam

under the dynamic loading rather than the equivalent linear and the elastic linear models.
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INTRODUCTION

Sudden ground displacement during earthquakes induces large inertia forces in embankments or
dams. As a result, the slope of an embankment is subjected to several cycles of alternating inertia
forces. There are several recorded cases that show severe damage or collapse or earth embankme 1t
slope failure due to earthquake-induced vibrations [Ambraseys, 1960; Seed, Makdisi, ard
DeAlba 1978]. The damages include flow slides of saturated cohesionless soil slopes and slopes of
cohesive soils with thin lenses of saturated sand inside them. Such flow slides are due o
liquefaction of saturated sand deposits. Other types of damages include collapse or deformation of
dry or dense slopes in sand and also slopes in cohesive soils.

CONSTITUTIVE RELATIONS

Linear Elastic Model
Dynamics has to be used instead of statics when the motions are such that the effect of inertia cen
not be neglected. In this case, the equation of the conservation of impulse is used, [Singh 1990]:

oc=De+D’'¢

in which D is the elasticity matrix [ Molenkamp and Smith 1980 ]:

~
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in which A is the differential operator.

=~

4
2 2,
nGE 3 3
)
p'=208|_2 4 , (4)
* op| 3 3

0 0 1
in which:
€ = damping ratio, ©,= natural frequency, K = bulk modulus (the elastic parameter),
K’ = viscous bulk modulus, G = shear modulus (the elastic parameter),
G’ = viscous shear modulus, o = stress tensor component,
€ = strain tensor component, &€= strain rate.

Equivalent Linear Model

Vertical propagation of shear waves through the system shown in Fig. (1) will cause only horizontal
displacemeats [Schnable, Lysmer, and Seed 1972];

u(x, ) = Eei(k X+ot) i Fe—i(k X-mt) (5)
The shear stress on a horizontal plane is:

_ 02 + DL
u 500 _g'

= = 6

T(x,t) Gax oxdy x (6)

=ik G'(Ee'* ™ —Fe " )eiet (7)

_ _g_;l_ =ik (Eei(kx+mt) _ Fe-i(kx—wt)) (8)
where:

*

»
EF = constants, Kk =complex wave number, G’ =complex shear modulus,
1 = shear stress, y = shear strain, and t = time.
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Fig.(1) One- dimensional system [Schnable, Lysmer, and Seed 1972]

Non-Linear (Plasticity) Model
The stress- strain rate relationship for
[Kaliakin and Herrmann 1989 |:

elastoplasticity statc can be expressed

G =Dy €y

where:

Dijk, = [206*8_,[ +[K —20]8“6“;]—{31(1:,1' 8kf_ +‘(J1F,] Sk[ +
5 Ske

V3GF,. [ 1 33 i G

(&)

38

— S S a— —
blcos3a | J? 21

V3GF,, |[ 1 3§ 2. || &
|| 7| SinSnj — 5 7Sij |~ =% |—= (10)
bJcos27a || J 2] 3 D
. [1 if L>0
Z = . (11)
{0 if L<0
Fo)
D=K,+ 9}((1:,7)2 +G (F,T)2 +( b;) (12)

RESULTS

Linear Elastic Model

One-dimensional analysis:
In a dynamic analysis, a column of soil is subjected to a low frequency sinusoidal load

at the top

by

surface. The properties of the soil are shown in Table (1) [Pande and Zienkicwicz 1982]. The mest

of the coluinn is shown in Fig. (2).
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Table (1) The properties of the soil column, [Pande and Zienkicwicz 1982].

PR Dynamic Ehstlc | Dynamic Poisson’s oo g 3
Material Zoge modulus (MN/m?) ratio (V) Datisity... Kkg/or’)

Alluvium 200 0.4 2090

Hydr‘uullc fill 90 0.41 2020
sand

Clay core 43.092 0.35 1800

The results of the displacements and the stress- strain relationships are shown in Figs. (3a) ard
(3b). From Fig (3a) , it can be seen that the maximum displacement is 0.687 while from Fig (3L),
the behaviour of the stress- strain relationship is linear.

Sinusoidal load with o = g
2 rad/sec. e

— }.:T—— ot * g
e o © ll‘
N
e . 3

I ;

Fig. (2) The mesh of the column of soil (dimensions are in meters).
Only under a very light loading, the soil behaves as a linear elastic material.

Two-dimensional analysis:
Ina dynamlc analysis, the Lower San Fernando Dam is subjected to the San Fernando earthquake

with a maximum base acceleration of 5.53 m/sec’. This problem has been adopted because of
availability of required data for analysis. The adopted properties of the dam are shown in
Table (2). The problem is discretized as shown in Fig. (4). The mesh consists of (65) elements with
(297) nodes. The dam is constructed from different materials see Table (2) and Fig. (4b). The core
of the dam is clay, the sides of the core are constructed from the hydraulic fill sand material and the
top of the dam is constructed from the ground shale- hydraulic fill and rolled fill materials.
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Fig. (3a) Displacement response at node ) ) .

26. (o- Method, Boundary condition: Fig. (3b) Stress-strain relationship for element = 4.

Fixed- Free, a = 0.05 . b= 0.0003 ) (a- Method, Boundary condition: Fixed- Free,

> = Vo s = V. - -
a=0.05, b=0.0003)

Table (2) The assumed properties of the Lower San Fernando Dam,
[Pande and Zienkicwicz 1982].

Material zone

- Dynamic Elastig
modulus (MN/m")

Dynamic Poisso
ratio(v)

n’s

Density (kg;/m3 )

Alluvium

200

0.4

2090

Hydraulic fill-
' sand

90

0.41

2020

Clay core

90

0.41

2020

Hydraulic fill-
sand

110

0.41

2020-sat.
1710-dry

Rolled fill

60

0.3

2000

Ground shale-

Hydraulic fill :

0.41

2020-sat. |
_~_____12195t_____J

Without consideration of the action of the water at the upstream side:

The results of the displacements and stress-strain relationship are displayed for only two locations at
the dam. One is at the top and the other at the bottom. These calculations are made for different
time integration schemes (Newmark method, a-method and Wilson-0 method), different damping
ratios and for different boundary conditions. The results are shown in Table (3) and Fig. (5).
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z nm
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1 e
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Shear Strain (%)

Fig.(5) Stress-strain relationship for element = 65,
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From these results, the following can be noticed:

1- The difference between Newmark method and Wilson-6 method is very small in «-
displacements at the end time of the earthquake but there is some difference in y-displacemerts
at the end time of the earthquake. The difference between Newmark method and a-method is
very small in y-displacements but there is some difference in x-displacements. The results of -
method are more realistic than the others when the damping ratio increases.

2- When the damping ratio increases, the displacement response decreases.

3- Two analyses are carried out employing the same numerical method (c-method) and adopting

fixed coefficients for damping ratio (a = 0.05, b= 0.003). In the first analysis, the nodes on
the left and right vertical boundary lines of the mesh are considered to be free in the y-direction
and constrained in the x-direction. Conversely, in the second analysis, they arc considered to be
free in both directions. The results of the displacements of the first analysis are greater than the
second one in the x-direction, but lower than them in the y-direction.

Including the action of the water at the upstream side:

The hydrodynamic pressure acting on the dam is considered at the upstream face where it is
calculated using Zanger’s method [Okamoto 1973].

From Table (3), it can be seen that the displacement response when including the action of water is

less than that without.

By using the a-method and without considering the action of water, the final deformation shape of

the dam is shown in Fig.(7) 4

Equivalent Linear Model
Calculation of the average shear modulus of the Lower Dam:

The average shear modulus of the dam material is estimated from the fundamental period of the
dam [Bureau of Reclamation, U.S. Department of the Interior 1986]. Fourier amplitude spectra are
calculated for the time-acceleration records at the outcrop and crest of the dam. The amplificaticn
spectrum is calculated by dividing the Fourier amplitude of the crest record by the corresponding
Fourier amplitude of the outcrop record (the ratio between the amplitude of the base rock motion
and the outcropping rock motion is always less than 1 [Schnable, Lysmer, and Seed 1972]). These
results are shown in Fig. (8).

e o gt

Fig. (7) The final form of the Lower San Fernando Dam under the linear model
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Calculation of the effective mass density, shear modulus and vnscoslg for the dam:
To analyze the Lower Dam by the CHAKE program, the wave equation is converted to [ Whiteside,

France, and Castro 1979]:

L; 8%u o%u
PiT (a2 = Gi a2

= L d*u
M L, | oxZat
where:
L; = the length of layer i,

Ly = the length of the layer representing the base of the dam,

15)

(L, L.

p; — | =effective mass density, | G; —- | = effective shear modulus, and,
N Ly

_ L; o

1; — | = effective viscosity.
. Ly

Figs. (9) and (10) show the acceleration response spectrum and displacement response spectrum at
the top of the dam.

105




0. S. Al-Damluji and A, Y. Al-Tae'e DAM USING ELASTIC, EQUIVALENT LINEAR AND

EARTHQUAKE ANALYSIS OF THE LOWER SAN FERNANDO
BOUNDING SURFACE PLASTICITY MODELS.

. 1

T
r

Acceleration-g
acceleration -g
~

—
—

0 L e
0 1 2 3 4
Period (sec)

Fig. (9) The acceleration response spectrum at the top of the dam.

0.9 maximum displacement = 0.83
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Fig. (10) The displacement response spectrum at the top of the dam.

From Fig. (10) and Table (3) (node= 295), it can be seen that the horizontal displacement of the
linear analysis (0.3036 m) is less than the displacement under the equivalent linear model (0.83 m).
This is because of that the properties of the soil under the equivalent linear model are strain
dependent.

Non-Linear Model

In this model, the finite element method is used along with the bounding surface plasticity model, s
a constitutive relation, to show the behaviour of the soil under an earthquake. A particular soil,
Boston Blue clay, is selected. ,

Boston Blue clay is a low-plasticity (I, = 19% to 23%), illitic, marine clay of moderate sensitivily
that was deposited in Boston basin during the Pleistocene glatiation [Whittle et al 1994).
Engineering properties of Boston Blue clay have been studied extensively and, there is a large data
base of reliable tests from which to select all the required input parameters. These parameters were
selected from different sources ([Levadoux 1980] and [Whittle et al 1994]). The input parameters
for the bounding surface model used in the analyses herein are shown in Table (4).
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Table (4) Material properties for the bounding surface model

M.

\I

1/

One dimensional analysis:
The soil column in Fig. (2) is subjecied to a low frequency sinusoidal load at the top surface. Tte

displacement response and stress-strain relationship are shown in Figs. (11) and (12).

08 maximum displacement = 0,840 0.020
g 04 r w 0.015 1=
:;-« B ; 015 E
g 0.0 z £
g 2 0.010 7
£ -04 £ £
= 5 000 [
- 08 £ 04005 |y
1.2 - - B : ’ 7
0 2 4 6 8 0.000 : .
Time (sec) 0.0 0.002 0.004 0.006 0.008
Fig. (11)The displacement response at node . Shear strain (%)
=26. Fig. (2)The stress-strain relationship for element = 4.
(a- Method, Boundary condition: Fixed- (a- Method, Boundary condition: Fixed- Free,
Free, a = 0.05 , b=0.0003) a=0.05, b=0.0003)

In this model, the stress-strain relationship represents the realistic behaviour of the soil under the
dynamic loading, as opposed to the elastic-linear and equivalent linear models. Therefore, the use of
the bounding surface plasticity model to predict the actual response of the soil under dynamic load
is very important.
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Two-dimensional analysis:
The dam shown in Fig.(4)is subjected to the San Fernando earthquake and the clay core response is
investigated by the bounding surface plasticity model. The material properties used are those of the

Boston Blue clay representing the clay core of the Lower San Fernando Dam which are shown in
Table (5).

Table (5) Material properties of the clay core of Lower San Fernando Dam

Material zone

ﬁynamic Elastic Dynamic Poisson’s . i
modulus (MN/m?) |- ratio v Dty gt )
Alluvium 200 0.4 2090

Hydraulic fill- 90 0.41 2020
sand

Clay core 43.092 0.35 1806
Hydraulic fill- 2020-sat.
sand - 0.41 1710-dry

Rolled fill 60 0.3 2000
Ground shale- 2020-sat.

Hydraulic fill 90 : 041 1710-dry

A few seconds after the beginning of the earthquake, the strain increases exceeding 5%, therefo e
the dam fails quickly. Because of the replacement of the actual clay core in the dam by a different
one, Boston Blue, the dam fails. The displacement response and the behaviour of the soil under the
bounding surface model immediately before the occurrence of failure can be shown in Table (6)
and in Fig. (13). ,

The same dam is re-analyzed using the same properties and conditions, but water in the IEServoir is
introduced. Table (6) shows the results.

Comparing the results of the two analyses (without and with the consideration of the action of
water), it is seen that the difference between them is small.

0.0020 A : -
00015
= -,
S < 0.0010
- w
§ gaww-

74}
0.0000 S . S S

0.000 0.001 0.002 0.002 0.003 0.004
Shear Strain (%)

(a)
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Fig. (13) Stress-strain relationship for element = 30
(a)at 1 sec (b) at 3 sec

Because the properties of the soil in this model not only change with the shear strain, but also wih
the progression of cycles, the expected deformation is larger than that of the linear and equivaleat
linear models. In the bounding surface plasticity model, the dam reaches the failure condition. The
shape of the failure is rather similar to the actual failure of the dam because the finite element
method incorporated with this constitutive relationship models the problem appropriately. In this
analysis, the Newmark method is used as a numerical integration scheme in the time domain 1o
arrive at the solution in Table (6), without the introduction of water in Fig. (14a). This result is

compatible with the Cap model reduction [Bureau of Reclamation, U. S. Department of the Interior,
1986] see Fig. (14b).

,_
L]

Final shape after earthquake
,— Flnlte element prediction
NS

—

(b)
Fig. (14 a) The final form of the Lower San Fernando Dam under the bounding surface model (b)
The final form of the Lower San Fernando Dam under the cap model, [Bureau of Reclamation,
U.S. Department of Interior 1986]
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CONCLUSIONS

The following conclusions have been reached: .

I- The differences among the methods of direct integration in the time domain are small.

2- When the damping ratio increases, the a- method is the best numerical integration method fcr
the analysis.

3- When the damping ratio increases, the displacement response decreases.

4- For the linear analysis, the final shape of the deformation is similar to the shape of the actual
failure of the dam and in its direction. _

5- For the equivalent linear analysis, the peak strain amplitude bears very little relation to the
overall 'evel of deformation.

6- Non linear analysis gives strains larger than the linear and the equivalent linear modcl.s.

7- It is not easy to deal with the non-lincar model. In case of employing the bounding su.rlelcc
plasticity model, the location and shape of the clay core play an important role in obtaining
stability of the dam. _

8- The non-linear analysis technique is the most realistic algorithm among the others, because it
involves the realistic behaviour of soils.
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