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SY N O P S IS : A constitutive model based o n the h ie rarch ical single surface approach is develo pe d for cyclic b e ha vio r o f cohe sive soils. It is verified with respect
to lab oratory triaxial tests, and implemented in a n onli ne a r finite element p ro c e dure based o n the Generalized B iot's theory. T h e numerical pro cedur e is used
to sim ulate insitu, drivin g, consolidation and cycl ic loa ding for tests on tw o instrume nte d model pile segments (7 .6cm dia m. and 4 . 4 c m diam.). T h e back
predic tions, in te rm s o f sh ea r stresses, strains and fluid pres sures, provide very good co rrelations with the field obser vations.

‘U ndisturbed’ Sampling and Laboratory Testing

INTRODUCTION

O v e r the year s, a conside rable nu m b e r o f laboratory and field pile load tests,
both axial and lateral ha ve been perf orm ed on the Sabine Clay. H ow eve r, no
cylindrical triaxial o r multiaxial (cubical) tests with pore pre ssu re mea
sur em en ts fo r the Sabine Clay are re ported in the literature. T he re fo re, a
c om pre he n si ve series o f lab oratory tests, involving vario us , hydros tatic,
convent ional triaxial c om pr ess ion and triaxial extension stress paths, for the
S abine clay w as p e rf orm ed (Katti, 1991), so as to define th e required

T h e traditional approach to solving most geotechnical engineer ing pro ble m s
tends tow ard empirical de sig n techniques. T h e s e me thod s are based on year s
o f exp erie nc e with partic ula r ma terials and types o f loadings, and w o rk well
w ithin th ose limited conditions. H o w ev e r, the se empirical m eth od s may not
p e rf orm well u n d e r general materials and loading conditions enco un te red in
p ro ble m s such as offsh or e structures. In contrast, a general app roach based
on the p r o p e r characterization o f material pro pe rti es and the gove rn in g
e quat ions w ould be applicable to a w ide ran ge o f situations.

constitutive pa ra m e te rs fo r the fi* mode l.

‘U n dis tu rb e d ’ sampl es o f 7 .6 cm

dia m ete r cylindrical, and 12. 7cm X 12.7cm squ ar e w e re obta ine d. Samples
w e re carefully trans po rted to the U nivers ity o f A riz ona , and the cylindrical
and multiaxial tests w e re pe rf orm ed und er differ ent stress paths.

H e re , satur ated soil is considere d to be a m ixture o f soil particles and water.
Material be havior o f the soil sk eleton is modelled using the 6 ‘ model
' W a th uga la , 1990) o f the Hierarchical Single Surface (HiSS) modelling
app roach (Desai et al, 1986). T h e th eory o f dyn amic s o f por ous media,
pi one ere d by Biot (1941), is used to char acterize the soil water mixture. T h e
finite element method is used to develop the numerical solution pro c e dure
fr o m the gov ern in g differential equations. T h e propo sed pro c e dure is verified
by ba ck predic tin g lab oratory and field tests.

Installation and Load Tests of Pile Segments

T w o instrume nted model pile segme nts o f di am ete r 7 . 6 c m and 4 . 4 c m (Bogard
et al, 1985) with full displace ment cutting shoes w ere used in this study. Bore
holes o f 0 . 1 5 2 m di am ete r w e re driv en to the top o f the unif orm clay layer
w hich is o f about 3 . 0 - 3 . 7 m thickne ss and oc curs at a depth o f about 19.5m.
T h e b ore holes w e re cased using P V C pipes. Each model pile was connected
to the end o f a N-rod string and lowered into the bore hole until it reached the
bo tt om o f the b o re hole. T h e n it was driv en into the clay layer. A loading
fr am e w as setup o n top o f the b ore hole which could apply slow cyclic o r one
w ay loa ding w hil e pile dis place ments, shear transfer, p o re pre ssu re and total
horizontal earth p re s su re at the pile segme nt are recorded by the data a cq ui
sition system.

FIELD TESTING

O n e o f the unique aspects o f this study is the integration o f field testing and
verification with theoretical constitutive modelling and lab oratory testing.
Field testing was perfo rm ed by the Eart h T e c hn olo gy C orp ora ti on at a site
near Sabine Pass, T exas (T he Earth Te c hnolo gy C orp ora ti on, 1986). T h e
field testing p ro g r a m included: (a) collection o f ‘und is tu rb e d ’ s am pl es , (b)
installation o f instrume nte d pile segm ents with different diame ters and cutting
s hoes, (c) monito rin g consolidation, (d) pe rf or ming axial tensi on tests at
different levels o f c onsoli dation and (e) perf orming cyclic axial load tests at
the end o f consolidation. T h e pile segm ents w ere instrume nte d so as to
measu re total lateral earth pressu re and p ore pressu res at the pile wall and
s hea r tra nsfer ve rs us pile displacement.

T e n s io n tests at different consolidation levels w ere also carried out to
investigate th e increase in the pile capacity dur in g consolidation. F o r both
model piles, tw o-w a y cyclic load tests w e re carried ou t ne ar the end o f
consolidation.
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CONSTITUTIVE MODEL

HC Line,
N eutral Loading

This model allows for virgin (monotonic) loading (VL), unloading (UL) and
reloading (RL); the latter two are also referred to as non-virgin loadings.
Brief details of the model are given below.

Reloadin'
Yield Surfoce (F)

Unloodin

Reference Surface (R)

Virgin Loading

C urrent S tress Point

From the theory of plasticity, the incremental stress-strain relationship for
virgin loading can be determined from the yield surface (F), the potential
surface (Q) and the hardening function. In this section, the proposed yield

100.0

function and the hardening function are presented. The a ” model uses
associative plasticity, and therefore F ■ Q (Desai et al, 1986).

F ig u re 1 Yield Surface (F) and Reference Surface (R) in Triaxial Plane

The yield surface F is defined in terms of stress invariants J„ the first
invariant of the stress tensor, a5, Jm, the second invariant of the deviatoric
stress tensor, and Jw, the third invariant of the deviatoric stress tensor as

F ■

where a is the hardening or growth function,

y/27

p

The value of a is obtained by equating R = 0 and substituting current
stresses into the Eq. (4). All other symbols have the same meaning as that
for the yield surface.

is the atmospheric

The incremental stress-strain relationship for non-virgin loading is assumed
to be similar to that for virgin loadings. However, R surface is used instead
of the F surface in calculating the elasto-plastic matrix. Plastic modulus H“ -,
for reloading is found using an interpolation function. Unloading is assumed
to be elastic and this is equivalent to using a very high value for HUL, i.e. HUL
- * o s (WathugaJa, 1990).

pressure, p , y n and m (= -0.5 used) are material parameters.
The hardening function a is defined as a function of the trajectory of
deviatoric plastic strains,
and the trajectory of volumetric plastic strains,

*«\*>

The following simple interpolation function is used to evaluate reloading
plastic modulus, H"-, in this study:

(2)

where h,, h,, h, and h4 are material parameters; with h3= 0, the function
yields volumetric hardening response suitable for cohesive soils. The incre
ments of
and E. are defined as

H«- = H *

where

(=

(5)

moduli at points I, and I2 (Fig. 1) on the yield surface. The image point I,
is located at the intersection between the radial line passing through the
current stress and the yield surface. The point 1? is located at the intersection
of the hydrostatic compression line and the yield surface.

(3)
0

* H * r, ( l - a / a, ) *

where r, and r7 are material parameters, and H,*1 and H1n are virgin plastic

(l/v/3]dt"y fo r d ^ X )
d t D= (dfye{)> and

(4)

«
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fo r de^sQ

3) is the incremental deviatoric plastic strain tensor
LABORATORY VERIFICATION FOR TH E MODEL

and d t y is the incremental volumetric plastic strain during to virgin loadings.
Now the incremental stress-strain relationship for virgin loading can be
derived using the theory of plasticity,

Material parameters for a marine clay found near Sabine Pass, Texas have
been determined from laboratory triaxial tests performed by Katti (1991) on
‘undisturbed’ samples obtained from the field test site for the instrumented
pile segments (Earth Technology Corporation, 1986). They are Young's
Modulus, E = 4147 IcPa; Poisson's Ratio, v = 0.42; y = 0.047; /S = 0; .n
= 0.5; n = 2.4; h, = 0.0034; h, = 0.78; h, = 0; h, = na; r, = 500; r, =
2.4 and permeability = 2.39 x 10‘10m/s.

Non-Virgin Loading

During cyclic loading, material experiences non-virgin loadings (unloading
and reloading). Over consolidated clays experience non-virgin loading during
the initial part of any loading path. Unless inelastic strains developed during
these stress paths are modeled, it is not possible to predict proper pore
pressure generations during undrained loadings.

Comparisons

The convex reference surface (R), which passes through the current stress
point in the stress space as shown in Fig. 1 is used to distinguish unloading
from reloading. The shape of R is similar to that of the F surface and isgiven by

Back predictions using the proposed models are compared with typical
observed behavior (Wathugala, 1990). Figures 2(a) and (b) show compari
sons for undrained conventional triaxial compression (CTC) test with a, =
110 psi (756 kPa) and OCR = 1 for stress vs strain and pore water pressure
vs strain respectively. It can be seen that the model provides good predictions
for loading, unloading and reloading behavior of the clay.
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F ig u re 2 L aboratory Verification for an Undrained Triaxial Test

NUMERICAL SIMULATION O F FIELD TESTS
The constitutive model (fl‘ ) for cohesive soils and the incremental form of
the constitutive equations are presented above are introduced in the finite
element procedure which is based on the generalized nonlinear form of Biot’s
equations (Biot, 1941 and Desai and Galagoda, 1989) and details can be found
in Wathugala (1990). Robust and reliable algorithms are developed to
implement the models into the finite element procedure (Desai et al, 1990).

(b )
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The field test series was simulated in stages starting from insitu conditions to
cyclic loadings. Here, each stage uses the results in terms of stresses, strains,
pore water pressures and hardening parameters of the previous stage as the
initial conditions.

500.0
750.0
T im e, s e c o n d s

Initial stresses before pile driving is estimated using the coefficient of earth
pressure at rest,
calculated from the Jaky’s formula (Jaky, 1944). A self
boring pressuremeter test at the site confirmed the validity of this assumption
(Wathugala, 1990); however, as the pressuremeter test was not fully
successful due to the occurrence of shell fragments in the top layer, its results
are considered to be not complete. Initial hardening parameters are deter
mined by assuming that this stress state is reached through a proportional
stress path from zero stress state.
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Pile driving is simulated using the strain path method (Baligh, 1985;
Wathugala, 1990). Then the subsequent consolidation is simulated by
inputing the conditions at the end of pile driving to the finite element
program.

500.0

750.0

T im e in seconds

(d )

Simulation of Final Two-way Cyclic Load Tests

. Field O b s e rv a tio n s

Two-way cyclic load tests were performed with both pile segments. Five
loading unloading cycles were performed in both tests. The pile segments
were failed before reversing the direction in all the cycles. They are
simulated using the finite element procedure and are compared below with
field measurements.

. P rediction

F ig u re 3 Field V erification for Cyclic Load Test on 4.4cm Pile
Segm ent

Predicted results are compared with field measurements for the X-probe in
Fig. 3. The predicted shear transfer vs. pile displacements, Fig. 3a, show
good agreement with field measurements. The predicted shear transfer vs.
time, Fig. 3b, shows very good agreement with field measurements. Figure
3c compares predicted variation of pore pressures with time with field
measurements. Even though all peak magnitudes are not predicted well, their
locations indicated by small sized peaks are predicted satisfactorily. Also the
accumulation of pore pressures which is indicated by a small increase with
time, is predicted well. In practical applications, the accumulation of pore
pressures is often more important than the exact shape of the pore pressure
variation during a cycle. Total horizontal stresses did not change significantly
during the cyclic load test, the predicted values also show similar trend in
Fig. 3d. Results for 3-inch probe are similar and are available elsewhere
(Wathugala, 1990).

SUMMARY AND CONCLUSIONS

Hierarchical Single Surface (HiSS) model for clay was developed and
calibrated using laboratory triaxial tests on undisturbed samples of Sabine
clay. Then the model was used to simulate the complete field behavior of two
instrumented model pile segments starting from insitu stresses to the final
cyclic loading. The pile driving was simulated using strain path method and
the consolidation, tension tests and cyclic loading at the end of consolidation
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were simulated using a general dynamic nonlinear finite element procedure
based on the theory of dynamics of porous media.
Shear transfer vs pile displacements and shear transfer vs time for the pile
segments were predicted well by the procedure. Even though predicted pore
pressures were found to be lower than the observed ones during individual
cycles, the accumuliation of pore pressure for the entire test was predicted
well. Accumulation of pore pressure during cyclic loading is important since
it can contribute to the reduction of strength of piles during cyclic loading.
Pile capacity can be evaluated from the shear transfer values calculated here.
Therefore, it can be concluded that the proposed procedure shows good
promise of improved and detailed predictions for cyclic behavior of axially
loaded piles in saturated clays. Since a general finite element procedure is
used here, it is applicable not only to pile problems but also to a wide range
of geotechnical engineering problems with saturated soils.
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