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ABSTRAK

Dalam kertas ini, sebuah empangan dan tanah di bawahnya telah dimodelkan
dengan menggunakan unsur tergabung terhingga-tak terhingga dalam keadaan
terikan satah. Tegasan statik yang teIjadi pada sistem empangan-asas disebabkan
oleh beban-beban graviti dan hidrostatik telah dinilai. Analisis seismik kenyal­
plastik sistem tersebut kemudiannya dilakukan dengan menggunakan kriteria
Drucker-Prager untuk ketidakurusan bahan. Kesamaan gerakan diselesaikan
melalui kaedah pengamiran tokokan masa Newmark. Kajian menekankan
kelakuan struktur sistem empangan-asas yang dikenakan dengan gegaran gempa
bumi. Kelakuan dalam bentuk kontur pesongan, agihan tegasan dan ragam
kegagalan dibentangkan.

ABSTRACT

In this paper, the dam body and the underneath soil were modeled using
coupled finite-infinite elements under plane strain conditions. Initially, static
stresses developed in the dam-foundation system due to gravity and hydrostatic
loads are evaluated. Elasto-plastic seismic analysis of the dam-foundation
system is next carried out by adopting the Drucker-Prager criterion for the
material nonlinearity. The equation of motion is solved by Newmark incremental
time integration technique. The study focuses on the structural behaviour of
the dam-foundation system under earthquake excitations. The behaviour in
terms of displacement contours, stress distributions and the failure mode are
presented.
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INTRODUCTION

The rockfill dam has been used in many parts of the world with increasing
frequency in recent years. This type of the dam is one of the most attractive type
for the consulting engineers because of its good adaptability, convenience of
construction, good performance during the past earthquakes, safety and economy
with the development of the technologies of construction and the application
of new structural materials. Rock fill dams having different heights have been
used in different parts of the world. As an example Kuzuryu dam"which is 128 m
high was constructed in Japan (Nose et at. 1980), Masjeid Soleyman dam which
is 170 m high was built up in Iran (Jafarzadeh et al. 1998), and Messochara dam
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which is 150 m high was completed in Greece (Thanopoulos et al. 1998). To
study the variation of stresses in the body of the dams subjected to static and
dynamic loading, the finite element technique has been widely used.

Skermer et al. (1973) analysed a rockfill dam with impervious core using a
three-dimensional finite element model. A hyperbolic model was used to
account for material nonlinearity. The comparisons between the results obtained
from the finite element analysis with the results measured in the rockfin dam
at site showed good agreement. Seed et al. (1985) reported a set of conventional
finite element analyses aimed at estimating the magnitude of sliding deformations
of typical concrete faced rockfin dams subjected to base accelerations with a
peak acceleration amplitude (PGA) of 0.5 g. It is concluded that in high seismic
active area, the geometry of the dam body and abutments should be 1.6H :IV
or flatter. Bureau et at. (1985) presented a study dealing with the seismic
performance of rockfin dams in general and the possible modes of failure of
concrete faced rockfin dams in particular. The permanent deformation obtained
directly using DSAGE software is based on finite difference method. Sayed
Khaleed et al.(1990) used incremental and interface elements to discretise the
Cethana concrete-faced rockfin dam assuming plain strain condition.

Gazetas et at. (1992, 1995) have studied the 3D seismic response of an actual
120 m tall concrete-faced rockfill dam, and concluded that tall concrete-faced
rockfin dams in narrow canyons of solid rock may experience extremely intense
shaking at mid crest during strong seismic motions. Roa et al. (1996) studied
the Santa Juana dam under static and earthquake excitation having peak
acceleration of 0.3 g. The deformation in the dam body and stresses in the
concrete slab are obtained using the finite element method. Mircerska et
at. (1998) analysed a rockfin dam for linear and nonlinear cases using Process
Software under plane strain condition. The linear and nonlinear behaviour of
the dam in terms of displacement, acceleration and stress histories were
presented and discussed.

In the present study which is the continuation of the author's previous work
(Noorzaei et at. 1999, 2000, 2002) the material nonlinearity of Kavar rockfill
dam have been taken into consideration by employing the Drucker Prager yield
criteria. The behaviour of the dam with respect to accelerations, displacements
and stresses in the dam body has been discussed. Moreover, an attempt has
been made to find out the mode of failure in the dam.

Static and Dynamic Anatysis

Static stresses developed in the dam-foundation system due to gravity and
hydrostatic loads are evaluated using usual finite element procedure available
in many finite element textbooks. The nonlinear dynamic analysis of rockfill
dams involves the solution of the well-known dynamic Equation of motion
(Zeinkeiwicz et al. 1972; Owen and Hinton 1980):
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Using the Newmark step-by-step integration method the solution of Eqn. (1)
can be expressed by:

(2)

(3)

The record of the earthquake is divided into definite steps and in each step,
the displacement vector determined from which the strains and stresses at each
time step are calculated.

Drucker-Prager failure criteria was used to investigate the yielding of the
materials in the dam-foundation systeql using:
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where,], and.h' are first and second stress invariants,
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At each time step, a check on material yielding is performed for all Gauss
points using Eqn.(4). If the state of stress at a specific Gauss point exceeds the
yielding stress, the effective stress and residual stress are calculated as:

1tJ.f,} = f[BY" 1<J}dy - If,}
y

(5)

By comparing the effective stress with that obtained in the previous iteration,
loading or unloading status at a specified Gauss point will be known. The
portion of stress level that is greater than yield value must be brought back to
the yield surface by iteration processes within each time step. This procedure
is useful in earthquake analysis when accelerograms are used to characterise the
ground motion when structural nonlinear effects are present.

ANALYSIS OF ROCKFILL DAM

Finite-Infinite Modeling

The numerical example selected to illustrate the structural behaviour of rockfill
dam is the Kavar rockfill in southern part of Iran. The dam has been proposed
and designed by the consulting engineers ( oorzaei et al. 1999, 2000). The
Finite element discretisation of the dam-foundation system is shown in Fig. 1.
The total number of the nodal points is equal to 533. The number of finite and
infinite elements are 160 and 8 respectively. The software used for the analysis
of the dam is a multi-element and general purpose two-dimensional finite
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element package developed by the author (Noorzaei et al. 2002). Appendix A
shows the different types of elements such as eight-noded finite and five-noded
infinite isoparametric element along with their shape function used for the
idealization of the dam section. The berm in the upstream (shown in Fig. 1) has
been added to enhance the stability of the dam. Different materials have been
used for the main body of the dam and the berm.
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Fig. 1: Finite-infinite element discretisation oj rockfill dam

Static Analysis

Initially static analysis of the dam for the dead weight has been performed. The
corresponding static stress vector and load vector are stored for the earthquake
analysis of the dam. Fig. 2 shows the contours of vertical and horizontal

~i~~O @!:I.,...----- ~ '\:: - ~ -----

a) Horizontal Displacement

~-----~ ~-----
b) Vertical Settlements

Fig. 2: Contour lines oj maximum horizontal and vertical settlement due to static load
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settlements obtained form static analysis. The contours indicate that there is an
increase in the vertical displacement as the height of the dam is increased and
has a maximum value of 9.5 cm at the crest level of the dam. On the other
hand, there is negligible movement in the horizontal direction.

The distributions of the static stresses throughout the body of the dam in
term and the contours of maximum and minimum principle stresses are shown
in Fig. 3. It is clear from this plot that highest values of principal stresses are
developed at the centre of the lower portion of the dam and their values are
decreasing with the increase of the height of the dam. The contours also show
that both maximum and minimum principle stresses are in compression.

a) Maximum Principle Stresses

b) Minimum Principle Stresses

Fig. 3: Contour lines of maximum and minimum principw stresses due to static wad

Dynamic Analysis

The dam-foundation system has been analysed for the earthquake excitation
having PGA=0.27g and duration time equal 6.1 seconds [DBL record] as shown
in Fig. 4. By using the direct ewmark integration technique, the record of
earthquake is divided into 1220 steps. Damping of 5% has been assumed for the
analysis.
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Fig. 4: Horizontal earthquake excitation record
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The time history for the horizontal acceleration and displacement at three
nodal points selected along the vertical central axis of the dam are shown in
Figs. 5 and 6 respectively. ode 204 is selected at the ground level while nodes
326 and 439 are chosen to be at the berm and crest level of the dam
respectively. Both acceleration and displacement increase with the increase of
the height of the dam. The absolute horizontal acceleration at the top of the
dam is found to be 10.7 m/s2

, with an amplification factor (AF) of 3.96, while
the peak absolute displacement at the top of the dam is found to be 3.03
centimeters.

Fig. 7 shows the time history of principle stresses and maximum shear stress
at selected critical Gauss points in the dam section. The location of the selected
Gauss point is shown in the same figure. This figure indicates that the
maximum principal stress (JI is occurred near the ground level while the
minimum principal, (J3 is located at either sides of the dam. Fig. 8 shows the
peak absolute main stress contours ( (Jl ' (J3 ) in the dam cross-sections. AJ;, it
can be seen in these figures, the peak absolute main stresses ( (Jl ' (J3 ) are
mostly located at the foundation level. Fig. 8 shows the plastification zone in the
dam body at the end of earthquake record which also indicates the mode of
failure of the dam. The failure will be in the form of wedges occurring at
upstream and down stream of the dam.

CONCLUSIONS

The main conclusions that can be drawn from this work are:
(i) In static conditions, the maximum settlement occurred at the crest of the

dam while the principal stresses reached their highest value in lower
portions along the central core of the dam.

(ii) The damage of rockfill dam, resulting from earthquake, is in the form of
wedge failure occurring upstream and downstream of the dam.

(iii) The maximum principal stress (Jj occurred near the ground level while the
minimum principal, (J3 occurred at either sides of the dam.

(iv) The maximum and minimum main stresses are much higher in the
upstream side compared to those found in the downstream side of the
dam.

[B] = strain displacement matrix

if) = external load vector

(l1f) = residual force vector

= damping matrix
= first stress invariants
= second stress invariants
= angle of internal friction
= cohesion
= stress vector

NOTATIONS

[c]

.It
h'
If>
c
(o"}

[M] = mass matrix
[k] = stiffness matrix
a
B ewmark integration constant
I1t = increment of time step
Un = displacement at marching step n

il. = velocity at marching step n

u. = acceleration at marching step n

{ill ..", = velocity at time t+l1t
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Fig. 5: Horizontal acceleration at Node 204, 326 and 439
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a) Minimum Principle Stresses
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Fig. 8: Contours of peak absolute maximum and minimum principal stress (KPa)

Fig. 9: Mod of failure
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APPENDIX A

Shape functions for two-dimensional serendipity types of finite and infinite
elements

Type of element Element figure Shape functions

Eight-nodes 7 6 5 For corner nodes:
finite element

804

1
N, ="4(1 + ~~,)(1 + 1]1],)(~~, + 1]1], -1)

For midside nodes:
a) ~ = 0.0

1 2 3 1
N, =2(1- ~')(1 + 1]1],)

b) 1] = 0.0

1
N, =2(1- ~~,)(1+ 1]')

Five-nodes 4 6 3 ~1](1-1J) -~1](1 + 1J)

5L N= N=infinite element I (1- ~)
. (1- ~)

N=
(l + ~)(1 -1])

N=
-2W-1]'),

2(1-~
s (1- ~)

N = (1 + ~)(1 + 1])
1 2 3 2(1-~)
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