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ABSTRACT: A method for dynamic nonlinear, hysteretic, effective stress analysis is 
presented which is applicable to embankment dams and soil-structure systems. The 
method is validated by data from a simulated earthquake test on a centrifuged model of 
a structure embedded in a saturated sand foundation. The utility of the analysis in 
engineering practice is demonstrated by the dynamic response analysis of a tailings dam 
on a nonhomogeneous foundation. 

1. INTRODUCTION 

The basic elements in the dynamic analy
sis of a soil-structure system are input 
motion, appropriate models of site and 
structure, constitutive relations for all 
materials present, and a stable, effici
ent, accurate, computational procedure. 

Linear elastic analysis is appropriate 
for low levels of shaking in relatively 
firm ground. As the shaking becomes more 
intense, soil response becomes nonlinear. 
A great variety of constitutive relations 
are available for nonlinear response 
analysis ranging from equivalent linear 
elastic models to elastic-plastic models 
with both isotropic and kinematic harden
ing. 

The most widely used methods for 
dynamic analysis are based on the equiva
lent linear model. Computer programs 
representative of this approach are SHAKE 
(Schnabel et al., 1972) for one
dimensional analysis (1-D) and FLUSH 
(Lysmer et al., 1975) for 2-D analysis. 
These programs perform total stress 
analyses only. Equivalent linear models 
can exhibit pseudo-resonance, an ampli
fication of computed response that is a 
function of the nature of the model only. 
This phenomenon can lead to increased 
design requirements (Finn et al., 1978). 

The dynamic response characteristics 
and stability of an earth structure dur
ing earthquakes are controlled by the 
effective stress regime in the structure. 
In saturated regions of the structure, 
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porewater pressures are induced by seis
mic excitation. These pressures 
continuously modify the effective 
stresses during the earthquake and hence 
have a major impact on dynamic response 
and stability; in extreme cases, they can 
trigger flow slides. 

It is clearly a very important step in 
the design process to make reliable esti
mates of seismically induced porewater 
pressures. A semi -empirical method of 
estimation was developed by Seed (1979a), 
which is widely used in practice. Since 
1976, there has been growing interest in 
the development and application of effec
tive stress methods of dynamic response 
analysis (Finn et al., 1976, 1986; Dikmen 
and Ghabbousi, 1984; Ishihara and 
Towhata, 1982; Prevost et al., 1981; 
Siddharthan and Finn, 1982; and 
Zienkiewicz et al., 1978). These methods 
model the important phenomenological 
aspects of dynamic response of saturated 
soils. However, because of a lack of 
data from suitably instrumented struc
tures in the field it has not been 
possible to validate the quantitat.ive 
predictive capabilities of the methods 
except in a few cases of level ground 
conditions (Finn et al., 1982; Iai et al, 
1985). 

A limited validation of these methods 
has been possible using data from element 
tests such as cyclic triaxial or simple 
shear tests (Finn and Bhatia, 1980). 
Although this type of validation is an 
important first step, it is inadequate 



because in these tests either the stress 
or strain field is prescribed and both 
are considered homogeneous. Therefore, 
the tests do not provide the rigorous 
trial of either the constitutive rela
tions or the robustness of the computa
tional procedure that data from an 
instrumented structure in the field with 
inhomogeneous stress and strain fields 
would make possible. 

There are two procedures for modelling 
the complex response of field structures, 
a model test conducted on a shake table 
or in a centrifuge. In a centrifuged 
model, stresses at the same levels that 
exist in a full scale structure at 
corresponding points can be produced by 
creating an artificial gravity field of 
intensity Ng, where g is the acceleration 
due to the gravity of the earth and 1/N 
is the linear scale of the model. This 
ability to create prototype stresses in 
the model is important since soil proper
ties are dependent on effective stresses. 
For this reason, seismic tests on a 
centrifuged model are considered superior 
to those conducted on a shaking table in 
a lg environment. Since the static 
stress levels in both model and prototype 
are similar at corresponding points, each 
soil element in the centrifuged model may 
be expected to undergo the same response 
history as corresponding elements in the 
prototype for a given excitation (Barton, 
1982). 

The United States Nuclear Regulatory 
Commission (USNRC) through the U.S. Army 
Corps of Engineers sponsored a series of 
centrifuged model tests to provide data 
for the verification of the dynamic non
linear effective stress method of 
analysis incorporated in the program 
TARA-3 (Finn et al., 1986). The tests 
were conducted on the large geotechnical 
centrifuge at Cambridge University in the 
United Kingdom. Details of the Cambridge 
centrifuge and associated procedures for 
simulated earthquake testing have been 
described by Schofield (1981). Some of 
the USNRC tests will be described and 
analyzed to demonstrate current capabi
lity in dynamic effective stress analysis 
and seismic porewater pressure estima
tion. Analyses of other tests may be 
found in Finn (1985) and Finn et al. 
(1984, 198Sa, 1985b). 

2. METHOD OF ANALYSIS BY TARA-3 

An incrementally elastic approach has 
been adopted to model nonlinear behaviour 
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using tangent shear and bulk moduli, Gt 
and Bt respectively. The incremental 
dynamic equilibrium forces {~P} are given 
by 

[M]{~x} + [C]{~x} + [K]{~x} = {~P} (1) 

where [M], [C] and [K] are the mass, 
damping and stiffness matrices respec
tively, and {~x}, {~x}, {~x} are the 
matrices of incremental relative dis
placements, velocities and accelerations. 
The viscous damping is of the Rayleigh 
type and the stiffness matrix is a func
tion of the current tangent moduli. The 
use of shear and bulk moduli allows the 
elasticity matrix [D] to be expressed as 

(2) 

where [Q1 J and [Q2 J are constant matrices 
for the plane strain conditions usually 
considered in analyses. This formulation 
reduces the computation time for formu
lating [DJ whenever Gt and Bt change in 
magnitude because of straining or pore
water pressure changes. 

2.1 Stress-Strain Behaviour 

The behaviour of soil in shear is assumed 
to be nonlinear and hysteretic, 
exhibiting Masing behaviour (1926) during 
unloading and reloading. Therefore damp
ing is primarily hysteretic. 

The response of the soil to uniform all 
round pressure is assumed to be non
linearly elastic and dependent on the 
mean normal stress. In this deformation 
mode, hysteresis is neglected. 

The relationship between shear stress T 

and shear strain y for the initial load
ing phase under either drained or 
undrained loading conditions is assumed 
to be hyperbolic and given by 

T f(y) (3) 

in which G maximum shear modulus and 
max · h h Th" T = appropr1ate s ear strengt • lS 

i~fCial loading or skeleton curve is 
shown in Fig. l(a). The unloading
reloading has been modelled using the 
Masing criterion. This implies that the 
equation for the unloading curve from a 
point (y ,T ) at which the loading 
reverses dlrec\ion is given by 



T t~~x.:_ __________ _ 
bmax 

T = Gmox Y 
I+ Gmox Y 

'max 

(a) 

y 

(b) 

Figure 1. (a) Initial loading curve; (b) Masing stress strain curves for unloading and 
reloading. 

T-Tr = Gmax(y-yr)/ 2 

2 1 + (Gmax12•max) jy-yrj 
(4) 

or 
l-l y-y 
__ r = f(-r-) 

2 2 
(5) 

The shape of the unloading-reloading 
curve is shown in Fig. l(b). 

Finn et al. (1976) proposed rules for 
extending the Masing concept to irregular 
loading. They suggested that unloading 
and reloading curves follow the skeleton 
loading curve when the magnitude of the 
previous maximum shear strain is 
exceeded. 

The stiffness matrix [K] in Eqn. 1 is 
determined using the appropriate tangent 
shear modulus, Gt, derived from Eqn. 4 
and the bulk modulus, Bt from 

(6) 

in which Kb is the bulk modulus constant, 
Pa is atmospheric pressure, crm is the 
current mean normal effective stress and 
n is a constant for a given soil type. 
Kb and n are determined by triaxial tests 
(Duncan and Chang, 1970). 

Both Gt and Bt depend on the current 
mean-normal effective stress cr~=crm-u, in 
which crm is the total mean normal stress 
and u the current seismically induced 
porewater pressure. Therefore, as the 
porewater. pressure increases and reduces 
the mean effective stresses, these para
meters must be adjusted accordingly. For 
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example, it is commonly assumed that 
Gmaxa(cr~)l/2, therefore 

G (7) 

where G maximum shear modulus for the 
current cycle of loading (Finn et al. , 
1976). 

If significant volumetric compaction 
occurs during seismic loading, the moduli 
should also be modified to reflect this 
strain hardening, following procedures 
outlined by Finn et al. (1976). The 
program continuously modifies the soil 
properties for the effects of porewater 
pressures and dynamic strains. 

2.2 Residual Porewater Pressure Model 

During seismic shaking two kinds of pore
water pressures are generated in satura
ted sands; transient and residual. The 
transient pressures are due to changes in 
the applied mean normal stresses during 
seismic excitation. For saturated sands, 
the transient changes in porewater 
pressures are equal to changes in the 
mean normal stresses. Since they balance 
each other, the effective stress regime 
in the sand remains largely unchanged and 
so the stability and deformability of the 
sand is not seriously affected. 

The residual porewater pressures are 
due to plastic deformations in the sand 
skeleton. These persist until dissipated 
by drainage or diffusion and therefore 
they exert a major influence on the 
strength and stiffness of the sand skele
ton. Since the shear and bulk moduli are 



dependent on the effective stresses in 
the soil, excess porewater pressures must 
be continually updated during analysis, 
and their effects on the moduli taken 
progressively into account. Two pore
water pressure models are available; the 
Martin-Finn-Seed model (Martin et al., 
1975) and the Finn-Bhatia (1981) endo
chronic model. The M-F-S model was used 
in the subsequent analyses to generate 
the residual porewater pressures. There
fore computed porewater pressure records 
will show the steady accumulation of 
pressure with time but will not show the 
fluctuations in pressure caused by the 
transient changes in mean normal 
stresses. 

In the Martin-Finn-Seed model the 
increments in porewater pressure AU that 
develop in a saturated sand under seismic 
shear strains are related to the volume
tric strain increments A£vd that occur in 
the same sand under drained conditions 
with the same shear strain history. The 
original model applies only to level 
ground, so that there are no static shear 
stresses acting on horizontal planes 
prior to the earthquake. The M-F-S model 
was subsequently modified to include the 
effects of the initial static shear 
stresses present in 2-D analyses as 
described later. 

The porewater pressure model is 
described by 

(8) 

in which Er = one-dimensional rebound 
modulus of sand at an effective stress 
()' . 

v 
Under drained simple shear conditions, 

the volumetric strain increment A£ is a 
function of the total accumulated v6~ume
tric strain £vd and the amplitude of the 
current shear strain y, and is given by 

(9) 

in which c1 , c2 , c3 and c4 are volume 
change constants that depend on the sand 
type and relative density and may be 
determined experimentally by means of 
drained cyclic simple shear tests on dry 
or saturated samples. 

An analytical expression for the 
rebound modulus Er' at any effective 
stress level d~, is given by Martin et 
al. (1975) as 
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in which cr~0 is the initial value of the 
effective stress and K2, m and n are 
experimental constants derived from 
rebound tests in a consolidation ring. 

2.3 Determination of Porewater Pressure 
Constants in Practice 

The direct measurement of the constants 
in the porewater pressure model requires 
cyclic simple shear equipment which is 
not yet in common use. Therefore, to 
facili.tate the use of TARA-3 in practice, 
techniques have been developed to derive 
the constants from the liquefaction 
resistance curve of the soil. The lique
faction curve may be determined from 
cyclic triaxial tests and then corrected 
to simple shear conditions as described 
by Seed (1979b) or derived directly from 
Standard Penetration Test data (Seed et 
al., 1983). In the latter case the 
constants are derived by a regression 
process to ensure that the predicted 
liquefaction curve compares satisfactor
ily with the field liquefaction curve 
using the program SIMCYC2 (Yogendrakumar 
and Finn, 1986a). If the liquefaction 
curve has been derived by laboratory 
tests, the rate of porewater pressure 
increase is known. Then a program for 
regression analysis, C-PRO, 
(Yogendrakumar and Finn, 1986b) is used 
to select constants that match both the 
rate of porewater pressure generation and 
the liquefaction curve. 

This process has been adapted to the 
TARA-3 model to include the effects of 
static shear. The volumetric strain 
constants are derived from porewater 
pressure data from cyclic loading tests 
with various levels of static shear 
stress or from appropriate liquefaction 
resistance curves reflecting the influ
ence of initial static shear. 

2.4 Slip Elements 

For analysis involving soil~structure 

interaction it may be important to model 
slippage between the structure and soil. 
Slip may occur during very strong shaking 
or even under moderate shaking if high 
porewater pressures are developed under 
the structure. TARA-3 contains slip 



elements of the type developed by Goodman 
et al., (1968), to allow for relative 
movement between soil and structure in 
both sliding and rocking modes during 
earthquake excitation. 

3. RESPONSE OF SATURATED EMBANKMENT WITH 
EMBEDDED STRUCTURE 

A schematic view of a saturated embank
ment with an embedded structure is shown 
in Fig. 2. This configuration with a 
strong soil-structure interaction 
provides a very severe test of the 
capabilities of TARA-3 to model dynamic 
response. The structure is made from a 
solid piece of aluminum alloy and has 
dimensions 150mm wide by 108mm high in 
the plane of shaking. The length perpen
dicular to the plane of shaking is 470mm 
and spans the width of the model 
container. The structure is embedded a 
depth of 25mm in the sand foundation. 
Sand was glued to the base of the struc
ture to prevent slip between structure 
and sand. 

Figure 2. 
structure. 

Centrifugal model of embedded 

The foundation was constructed of 
Leighton Buzzard Sand passing BSS No. 52 
and retained on BSS No. 100. The mean 
grain size is therefore 0.225mm. The 
sand was placed as uniformly as possible 
to a nominal relative density Dr= 52%. 

During the test the model experienced a 
nominal centrifugal acceleration of 80 g. 
The model therefore simulated a structure 
approximately 8.6m high by 12m wide 
embedded 2m in the foundation sand. 

De-aired silicon oil with a viscosity 
of 80 centistokes was used as a pore 
fluid. In the gravitational field of 
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80g, the structure underwent consolida
tion settlement which led to a signifi
cant increase in density under the struc
ture compared to that in the free field. 
This change in density was taken into 
account in the analysis. 

The locations of the accelerometers 
(ACC) and pressure transducers (PPT) are 
shown in Fig. 3. Analyses of previous 
centrifuge tests indicated that TARA-3 
was capable of modelling acceleration 
response satisfactorily. Therefore, in 
the present test, more instrumentation 
was devoted to obtaining a good data base 
for checking the ability of TARA-3 to 
predict residual porewater pressures. 

As may be seen in Fig. 3, the porewater 
pressure transducers are duplicated at 
corresponding locations on both sides of 
the centre line of the model except for 
PPT 2255 and PPT 1111. The purpose of 
this duplication was to remove any 
uncertainty as to whether a difference 
between computed and measured porewater 
pressures might be due simply to local 
inhomogeneity in density. 

The porewater pressure data from all 
transducers are shown in Fig. 4. These 
records show the sum of the transient and 
residual porewater pressures. The peak 
residual pressure may be observed when 
the excitation has ceased at about 95 
milliseconds. The pressures recorded at 
corresponding points on opposite sides of 
the centre line such as PPT 2631 and PPT 
2338 are generally quite similar although 
there are obviously minor differences in 
the levels of both total and residual 
porewater pressures. Therefore it can be 
assumed that the sand foundation is 
remarkably symmetrical in its properties 
about the centre line of the model. 

3.1 Computed and Measured Acceleration 
Responses 

The soil-structure interaction model was 
converted to prototype scale before 
analysis using TARA-3 and all data are 
quoted at prototype scale. Soil proper
ties were consistent with relative 
density. 

The computed and measured horizontal 
accelerations at the top of the structure 
at the location of ACC 1938 are shown in 
Fig. 5. They are very similar in fre
quency content, each corresponding to the 
frequency of the input motion given by 
ACC 3441 (Fig. 4). The peak accelera
tions agree fairly closely. 
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Figure 3. Instrumentation of centrifuged model. 
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Figure 4. Complete porewater pressure data from centrifuge test. 
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Figure 5. Recorded and computed 
horizontal accelerations at ACC 1938. 

The vertical accelerations due to rock
ing as recorded by ACC 1900 and those 
computed by TARA-3 are shown in Fig. 6. 
Again, the computed accelerations closely 
match the recorded accelerations in both 
peak values and frequency content. Note 
that the frequency content of the verti
cal accelerations is much higher than 
that of either the horizontal accelera
tion at the same level in the structure 
or that of the input motion. This occurs 
because the foundation soils are much 
stiffer under the normal compressive 
stresses due to rocking than under the 
shear stresses induced by the horizontal 
accelerations. 

3.2 Computed and Measured Porewater 
Pressures 

The porewater pressures in the free field 
recorded by PPT 2851 are shown in Fig. 7. 
In this case the changes in the mean 
normal stresses are not large and the 
fluctuations of the total porewater 
pressure about the residual value are 
relatively small. The peak residual 
porewater pressure, in the absence of 
drainage, is given directly by the 
pressure recorded after the earthquake 
excitation has ceased. In the present 
test, significant shaking ceased after 7 
seconds. A fairly reliable estimate of 
the peak residual pressure is given by 
the record between 7 and 7.5 seconds. 
The recorded value is slightly less than 
the value computed by TARA-3 but the 
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Figure 6. Recorded and computed vertical 
accelerations at ACC 1900. 

Test RSSlll/EQl PPT2851 

2.0 4.0 6.0 8.0 10.0 
Time (sees) 

Figure 7. Recorded and computed pore
water pressures at PPT 2851. 

overall agreement between measured and 
computed pressures is quite good. 

As the structure is approached, the 
recorded porewater pressures show the 
increasing influence of soil-structure 
interaction. The pressures recorded by 
PPT 2846 adjacent to the structure (Fig. 
8) show somewhat larger oscillations than 
those recorded in the free field. This 
location is close enough to the structure 
to be affected by the cyclic normal 
stresses caused by rocking. The recorded 
peak value of the residual porewater 
pressure is given by the relatively flat 
portion of the record between 7 and 7. 5 
seconds. The computed and recorded 
values agree very closely. 

Transducer PPT 2338 is located directly 
under the structure near the edge and was 
subject~d to large cycles of normal 
stress due to rocking of the structure. 
These fluctuations in stress resulted in 
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Figure 8. Recorded and computed pore
water pressures at PPT 2846. 

similar fluctuations in mean normal 
stress and hence in porewater pressure. 
This is clearly evident in the porewater 
pressure record shown in Fig. 9. The 
higher frequency peaks superimposed on 
the larger oscillations are due to dila
tions caused by shear strains. The peak 
residual porewater pressure which con
trols stability is observed between 7 and 
7.5 seconds just after the strong shaking 
has ceased and before significant drain
age has time to occur. The computed and 
measured residual porewater pressures 
agree very closely. 

2.0 4.0 6.0 8.0 10.0 
Time (sees) 

Figure 9. Recorded and computed pore
water pressures at PPT 2338. 

Contours of computed porewater pres
sures are shown in Fig. 10. They 
indicate very symmetrical distribution of 

residual porewater pressure. Recorded 
values are also shown in this figure. 

3.3 Stress-Strain Response 

It is of interest to contrast the stress
strain response of the sand under the 
structure with that of the sand in the 
free field. The stress-strain response 
at the location of porewater pressure 
transducer PPT 2338 is shown in Fig. 11. 
Hysteretic behaviour is evident but the 
response for the most part is not 
strongly nonlinear. This is not surpris
ing as the initial effective stresses 
under the structure were high and the 
porewater pressures reached a level of 
only about 20% of the initial effective 
vertical stress. The response in the 
free field at the location of PPT 2851 
(Fig. 12) is strongly nonlinear with 
large hysteresis loops indicating 
considerable softening due to high pore
water pressures and shear strain. At 
this location the porewater pressures 
reached about 80% of the initial effec
tive vertical pressure. 

4. ANALYSIS OF DAMS 

Since the development of TARA-3 in 1986, 
it has been used to estimate the seismic 
response of a number of dams. In 
particular, it has been used to determine 
the peak dynamic displacements and the 
post-earthquake permanent deformations. 
Typical results for the proposed Lukwi 
tailings dam in Papua New Guinea will be 
presented to show the kind of data that 
is provided by a true nonlinear effective 
stress method of analysis (Finn et al., 
1987). First, however, the framework of 
a TARA-3 analysis as applied to dams will 
be presented. 

TARA-3 conducts both static and dynamic 
analysis. A static analysis is first 

Figure 10. Contours of computed porewater pressures. 
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Figure 11. Stress strain response under 
the structure. 
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Figure 12. Stress strain response in the 
free field. 

carried 
strain 
section 

out to determine the stress and 
fields throughout the cross

of the dam at the end of 
construction. The program can simulate 
the gradual construction of the dam. 

Dynamic analysis in each element of the 
dam starts from the static stress-strain 
condition as shown in Fig. 13. This 
leads to accumulating permanent deforma
tions in the direction of the smallest 
residual resistance to deformation. 
Methods of dynamic analysis commonly used 
in practice ignore the static strains in 
the dam and start from the origin of the 
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Figure 13. Diff~rent ways of initiating 
dynamic analysis. 

stress-strain curve in all elements even 
in those which carry high shear stresses. 
TARA-3 also allows the analysis to start 
from the zero stress-strain condition, if 
it is desired to follow current practice. 

As shaking proceeds, two phenomena 
occur; porewater pressures develop in 
saturated portions of the embankment and, 
in the unsaturated regions, volumetric 
strains and associated settlements 
develop. The program takes into account 
the effects of the porewater pressures on 
moduli and strength during dynamic analy
sis and estimates the additional 
deformations due to gravity acting on the 
softening soil. At the end of the 
earthquake, additional settlements occur 
due to consolidation as the seismically 
induced residual porewater pressures 
dissipate. The final deformed shape of 
the dam results from the sum of permanent 
deformations due to the hysteretic dyna
mic stress-strain response, constant 
volume deformations in saturated portions 
of the embankment, volumetric strains in 
unsaturated portions and deformations due 
to consolidation as the seismic porewater 
pressures dissipate. The final post
earthquake deformed shape of a saturated 
embankment computed by TARA-3 is shown·in 
Fig. 14. This shows the classical 
spreading due to high porewater 
pressures. 

The post-earthquake deformed shape of 
an embankment with a central core is 
shown in Fig. 15. The water table is 
about 1. 7 m below the crest. Only the 
upstream segment to the left of the core 



is saturated and generates high porewater 
pressure during earthquake shaking. 
Large deformations occur upstream and the 
core is strongly deformed towards the 
upstream side. Although the deformations 
in this case are contained, they are 
sufficient to cause severe cracking 
around the core. 

These examples show the ability of 
TARA-3 to predict phenomenologically 
observed deformation modes in embankments 
during earthquakes. 

4.1 Lukwi Tailings Dam 

The finite element representation of the 
Lukwi tailings dams is shown in Fig. 16. 
The sloping line in the foundation is a 
plane between two foundation materials. 
Upstream to the left is a limestone with 
shear modulus G = 6. 4 x 106 kPa and a 
shear strength defined by c' = 700 kPa 
and 4>' =45 °. The material to the right 

is a siltstone with a low shearing 
resistance given by c' = 0 and <1>' = 12°. 
The shear modulus is approximately 
G = 2. 7 x 106 kPa. The difference in 
strength between the foundation soils is 
reflected in the dam construction. The 
upstream slope on the limestone is steep 
whereas the downstream slope on the 
weaker foundation is much flatter and has 
a large berm to ensure stability. 

The dam was subjected to strong shaking 
with a peak acceleration of 0. 33 g (Fig. 
17). The response of the limestone 
foundation is almost elastic as shown in 
Fig. 18 by the shear stress-shear strain 
response for a typical element. 

The response of the siltstone founda
tion is strongly nonlinear. The deforma
tions increase progressively in the 
direction of the initial static shear 
stresses as shown in Fig. 19. Since the 
analysis starts from the initial post
construction .stress-strain condition 
subsequent large dynamic stress impulses 
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Figure 14. Deformed shape of uniform embankment after earthquake. 
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Figure 15. Deformed shape of central core embankment after earthquake. 
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Figure 16. Finite element idealization of Lukwi tailings dam. 
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Figure 17. Input motion of analysis of 
Lukwi tailings dam. 

move the response close to the highly 
nonlinear part of the stress-strain 
curve. It may be noted that the 
hysteretic stress-strain loops all reach 
the very flat part of the stress-strain 
curve, thereby ensuring successively 
large plastic deformations. 

An element in the berm also shows 
strong nonlinear response with consider
able hysteretic damping (Fig. 20). 

The acceleration time history of a 
point near the crest in the steeper up
stream slope is shown in Fig. 21. The 
displacement time history of the point is 
shown in Fig. 22. Note that the 
permanent deformation is of the order of 
25 em. Most of this was generated by a 
large permanent slip which occurred about 
8 sees after the start of shaking. 

The deformed shape of the central 
portion of the dam is shown to a larger 
scale in Fig. 23. 

5. CONCLUSIONS 

Phenomenological aspects of soil
structure interaction are clearly 
demonstrated in centrifuge tests such as 
high frequency rocking response, the 
effects of rocking on porewater pressure 
patterns and the distortion of free-field 
motions and porewater pressures by the 
presence of a structure. 

The comparison between measured and 
computed responses for the centrifuge 
model of a structure embedded in a satur-
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Figure 18. Shear stress-shear strain response of limestone foundation. 
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Figure 19. Shear stress-shear strain response of siltstone foundation. 
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Figure 20. Shear stress-shear strain response in the berm. 

ated sand foundation demonstrates the 
wide ranging capability of TARA-3 for 
performing complex effective stress soil
structure interaction analysis with 
acceptable accuracy for engineering 
purposes. Seismically induced residual 
porewater pressures are satisfactorily 
predicted even when there are significant 
effects of soil-structure interaction. 
Computed accelerations agree in magni
tude, frequency content and distribution 
of peaks with those recorded. In parti
cular, the program was able to model the 
high frequency rocking vibrations of the 
model structures. This is an especially 
difficult test of the ability of the 
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program to model soil-structure inter
action effects. 

The program TARA-3 can compute directly 
the permanent deformations of earth dams 
under seismic loading. It can reproduce 
the lateral spreading characteristic of 
loose sand embankments with high pore
water pressures and the asymmetrical 
deformation fields of dams with imperme
able cores. 

The utility of l'ARA-3 in practice was 
demonstrated by the analysis of the Lukwi 
tailings dam. Computed stress-strain 
responses show the widely different 
responses of the different foundation 
materials to the design earthquake. The 
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Figure 21. Computed accelerations of 
a point near the crest. 
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Figure 22. Displacement history of a 
point near the crest. 

computed final deformed shape of the dam 
itself reflected clearly the influence of 
dam geometry and the different foundation 
materials. 

The nonlinear effective stress analysis 
provides a very clear overall picture of 
the response of the dam to the design 
earthquake as well as providing the 
designer with all the details necessary 
in zones of potential concern. 
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