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SUMMARY

Simulated earthquake tests were conducted on centrifuged model structures
embedded in dry ad saturated sand foundations. Accelerations and porewater
pressures were recorded at many locations during the test. Model responses were
analyzed sing the program TARA-3 which incorporates a procedure for nonlinear
dynamic effective stress analysis. Computed and measured responses agreed quite

closely.
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I. INTRODUCTION

The analysis of seismic soil-structure interaction is one of the more complex and
controversial problems of earthquake engineering. At present such analyses are
usually conducted using equivalent linear finite element analyses in the
frequency domain. There has been little verification of these methods because of
a lack of adequate field data.

There are certain important phenomena in soil-structure interaction outside the
scope of conventional frequency domain analysis. Typical examples are uplift
during rocking, permanent deformations, the effects of seismically induced
porewater pressures, hysteretic behaviour and stick-slip behaviour at interfaces
between structures and foundation soils.

Finn et al. 1) developed a nonlinear dynamic effective stress method of analysis
to cope with such problems which they incorporated in the computer program

TARA-3. The United States Nuclear Regulatory Commission (NRC) through the U.S.
Army Corps of Engineers sponsored a series of centrifugal model tests to provide
data for verification of TARA-3. The tests have been conducted intermittently
since 1983 on the large geotechnical centrifuge at Cambridge University in the
United Kingdom. Some of these tests have been described previously by Finn 2]
and Finn et al. 34,5,61.

Two of the NRC tests which model the response of heavy two-dimensional structures
embedded in both dry and saturated sand foundations to seismic excitation will be

described here. Dynamic responses were also calculated by TARA-3. The measured
and computed responses are compared to allow an assessment of the capability of
TARA-3 to model soil-structure interaction during earthquakes.

2. METHOD OF ANALYSIS BY TARA-3

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

[M][Ax} + [C](Ak} + [K]{Ax} = API

where [M), [C] and J�j are the mass, damping and stiffness matrices respectively,
and {AX , (Ak} , f6x} are the matrices of incremental relative displacements,

velocities and accelerations. The viscous damping is of the Rayleigh type and
the stiffness matrix is a function of the current tangent moduli. The use of
shear and bulk moduli allows the elasticity matrix [DI to be expressed as

[DI = Bt[Q1 I + Gt1221 (2)

where II and 1921 are constant matrices for the plane strain conditions usually
considered in analyses. This formulation reduces the computation time for

formulating [D] whenever Gt and change in magnitude because of straining or
porewater pressure changes.

2.1 Stress-Strain Behaviour

The behaviour of soil in shear is assumed to be nonlinear and hysteretic,
exhibiting Masing behaviour 7 during unloading and reloading.

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.
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The relationship between shear stress T and shear strain for the initial load-
ing phase under either drained or undrained loading conditions is assumed to be
hyperbolic and given by [8]

T f(Y) = Gmax Y (3)

(1 + (Gmax/Ta,) _YD

in which max maximum shear modulus and TMax = appropriate shear strength.
This initial 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 (Tr)yr ) at which the loading

reverses direction is given by [81

T-Tr Gmax(y-'Yr)/2 (4)

2 1 + (max/2 Tmax) IY-YrI

or
T-Tr f(Y-yr)- = , (5)

2 2

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

Finn et al. [8] 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. is determined using the appropriate tangent
shear modulus, Gt, derived from Eqn. 4 and the bulk modulus, from

G
Bt KbPa () (6)

P
a

Tmax. TMOX

e (Tr Yr)

max Gmax

T

+ Gmaxy GMGX
TMOX

C

Fig. 1 (a) Skeleton loading curve; (b) Unloading-reloading curves.
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in which K b is the bulk modulus constant, Pa is atmospheric pressure, a. 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 9.

Both G and depend on the current mean-normal effective stress and must tere-

fore be continuously modified for the effects of seismically induced porewater
pressures. These are computed using the Martin-Finn-Seed 101 porewater pressure
model modified to include the effects of initial static shear stresses.

2.2 Residual Porewater Pressure Model

During seismic shaking two kinds of porewater pressures are generated in satur-
ated 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 unaffected.

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 skeleton.
Both the shear and bulk moduli are dependent on the effective stresses in the
soil and therefore during an analysis excess porewater pressures ust be continu-

ally updated and their effects on the moduli taken continuously into account as
described in Finn et al. [8]. Two porewater pressure models are available; the
1975 Martin-Finn-Seed model and the Finn-Bhatia [11] endochronic model. The
M-F-S model was used in the subsequent analyses to generate the residual
porewater pressures. Therefore 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 saturated sand under seismic shear strains are related to the
volumetric strain increments AEv d that occur in the same sand under drained

conditions with the same shear strain history. This model applies to level
ground so that prior to the earthquake, there are no static shear stresses acting
on orizontal planes. The porewater pressure model is described by

AU = Er Cvd (7)

in which one-dimensional rebound modulus of sand at an effective stress a'.r v
Under drained simple shear conditions, the volumetric strain increment AE vd is a

function of the total accumulated volumetric strain d and the amplitude of the
current shear strain , and is given by

2
AE:vd = Cl(y-C2E:vd) + C3E:vd (8)

Y + C4E:vd

in which C " C2' C 3 and 4 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 , is given by Martin et al. [10 as

Er = dav K2(uv' )n-m, (9)

devr
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in which avo 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, for
using the program TARA-3 in practice, techniques have been developed to derive
the constants from the liquefaction resistance curve of the soil. The
liquefaction curve may be determined from cyclic triaxial tests and corrected to
simple shear conditions as described by Seed 121 or derived directly from
Standard Penetration Test data 131. In the latter case the constants are
derived by a regression process to ensure that the predicted liquefaction curve
compares satisfactorily with the field liquefaction curve using te program
SIMCYC 141. If the liquefaction curve has been derived by laboratory tests te
rate of porewater pressure increase is known. Then a regression analysis 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 by deriving the constants from the appropriate liquefaction
resistance curves and the rates of porewater pressure generation corresponding to
various levels of initial static shear stress.

2.4 Features of the Analysis

Dynamic analyses are conducted in current engineering practice without including
the effects of gravity or previous strains. Initial static analyses are
conducted only to determine the initial stress conditions so that appropriate
initial moduli may be selected. However as strength and stiffness degrade during
seismic excitation because of increasing porewater pressures, the structure
deforms under the gravitational forces. This effect is taken into account in
TARA-3. TARA-3 also has the capability to begin the dynamic analysis from a zero
strain condition as in current practice or from the initial state of strain under
static loading. The latter procedure leads to the most appropriate modelling of
plastic deformations.

For analysis involving soil-structure interaction it is 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 Goodman type [15 to
allow for relative movement between soil and structure in both sliding and
rocking modes during earthquake excitation.

3. TEST ON CYLINDRICAL STRUCTURE EMBEDDED IN DRY SAND

A centrifuge model of an embedded structure and foundation is shown in Fig. 2.
The foundation layer is 110 mm deep and the width perpendicular to the plane of
the figure is 480 mm. Construction of the foundation using Leighton-Buzzard sand
with a nominal relative density Dr 64%. The gravity structure was modelled by
an aluminum cylinder 150 mm in diameter and 100 mm high, embedded 30 mm in the
foundation soil. Centrifugal acceleration was nominally 80 g. The model, there-
fore, simulated a structure approximately 8 m high and 12 m in diameter embedded
to a depth of 24 m in the soil. Average contact pressure of the structure on
the soil was 220 kPa.

Since the test was conducted to see whether TARA-3 could model interaction
effects, the accelerations will be reported only for accelerometers mounted on
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Fig. 2 Centrifugal model of structure embedded in dry sand.

the structure except for ACC 2036 on the base which recorded the iput otion

(Fig. 3 Accelerometer locations are shown in Fig. 2 ACC 2033 easures

horizontal acceleration and ACC 728 and 734 record vertical accelerations due to

rocking. The computed and measured horizontal accelerations at the top of the

structure at the location of ACC 2033 are shown in Fig 4 They are very silar

in frequency content, each corresponding to the frequency of the input motion at

ACC 2036. The peak accelerations agree very closely.

The measured and computed vertical or rocking accelerations are shown in Fig.

5. Again the records are very similar and the peak accelerations are predicted

very closely. Note that the frequency of oscillation is now much higher tan

that of the horizontal accelerations at te top of the structure or than that of

the horizontal input motion. This occurs because the foundation soils are uch

stiffer under normal compressive stresses due to rocking than under te shear

stresses induced by the horizontal accelerations.
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Fig. 3 Input motions for centrifuge test.

4. MODEL STRUCTURE EMBEDDED IN SATURATED SAND

A schematic view of the model structure is shown in Fig. 6 It is made from a

solid piece of aluminum alloy and has dimensions 150mm wide by 108mm high in the

plane of shaking. The length perpendicular 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 structure to

prevent slip between structure and sand.
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Fig. 4 Computed and measured horizontal accelerations at top of structure.
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Fig. 5. Measured and computed vertical accelerations of rocking structure.
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Fig. 6 Centrifugal model of 2-D embedded structure.

The foundation was constructed of Leighton Buzzard Sand passing British Standard
Sieve (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 wit a viscosity of 80 centistokes was used as a pore fluid
in order to model the drainage conditions in the prototype during the earthquake.

If the linear scale factor between model and prototype is N, then excess pore-
water pressures dissipate approximately N2 times faster in the model than in the

prototype if the same fluid is used in both. The rate of loading by seismic

excitation will be only N times faster. Therefore, to model prototype drainage
conditions during the earthquake, a pore fluid with a viscosity N times the
prototype viscosity must be used. This viscosity was achieved by an appropriate
blending of commercial silicon oils. Tests by Eyton 161 have shown that the

stress-strain behaviour of fine sand is not changed when silicon oil is
substituted for water as a pore fluid.

In the gravitational field of 80g, the structure underwent consolidation settle-
ment which led to a significant increase in density under the structure 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. 7 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. 7, 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. 7 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
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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. Hence measured and computed porewater pressures are compared only for
locations on one side of the centre line of the model only, the right hand side.

5. 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. 9 They are very similar in frequency
content, each corresponding to the frequency of the input motion given by ACC
3441 (Fig. 8). The peak accelerations agree fairly closely.
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-C 0 1 2 3 4 5 6 7 a 9 10

Time (sec)

Fig. 9 Recorded and computed horizontal accelerations at ACC 1938.

The vertical accelerations due to rocking as recorded by ACC 1900 and those
computed by TARA-3 are shown i Fig. 10. Again, the computed accelerations
closely match the recorded accelerations in both peak values and frequency
content. Note that the frequency content of the vertical accelerations is much
higher than that of either the horizontal acceleration 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.

6. COMPUTED AND MEASURED POREWATER PRESSURES

The porewater pressures in the free field recorded by PPT 2851 are shown in
Fig. 11. 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
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Fig. 10. Recorded and computed vertical accelerators at ACC 1900.
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Fig. 11. Recorded and computed porewater pressures at PPT 2851.

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 75 seconds. The recorded value is slightly less than

the value computed by TARA-3 but the 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. 12) 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 75 seconds. The computed and recorded

values agree very closely.
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Fig. 12 Recorded and computed porewater pressures at ACC 2846.

The recorded response of PPT 2848 (Fig. 13) has characteristics similar to tat
at PPT 2846. In this case the computed porewater pressures are somewhat less
than the recorded ones but the overall agreement is good.

Test RSS111/EQ1 PPT2846
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... ... .......................

0

06 0-0-- 2'0 4'0 6,13 8.0 10.0
Time (sees)

Fig. 13. Recorded and computed porewater pressures at PPT 2848.

Transducer PPT 2338 is located directly under the structure near the edge and was
subjected to large cycles of normal stress due to rocking of the structure.
These fluctuations in stress resulted in similar fluctuations in mean-normal
stress and hence in porewater pressure. This is clearly evident in the porewater
pressure record shown in Fig. 14. The higher frequency peaks superimposed on the
larger oscillations are due to dilations caused by shear strains. The peak
residual porewater pressure which controls stability is observed between 7 and
7.5 seconds just after the strong shaking has ceased and before significant
drainage has time to occur. The computed and measured residual porewater
pressures agree very closely.

7. 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. 15.
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Fig. 14. Recorded and computed porewater pressures at PPT 2338.
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Fig. 15. Stress strain response Fig. 16. Stress strain response
under the structure. in the free field.

Hysteretic behaviour is evident but the response for the most part is not
strongly nonlinear. This is not surprising 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 Fg. 16) is strongly nonlinear with large
hysteresis loops indicating considerable softening due to high porewater
pressures and shear strain. At this location the porewater pressures reached
about 80% of the initial effective vertical pressure.

381



8. CONCLUSIONS

The comparison between measured and computed responses for te centrifuged odels
of structures embedded in both dry and saturated sand foundations 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 magnitude, frequency content and distribution of
peaks with those recorded. n particular, the program was able to model the high
frequency rocking vibrations of the model structures. This is a especially
difficult test of the ability of the program to model soil-structure interaction
effects.
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