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Abstract

A constitutive model capable of accounting for time dependency and the quasi-pre-consolidated effect is presented.
The model adopts the concept of an anisotropic bounding surface combining, elastoplastic and viscoplastic theory to
simulate secondary compression of quasi-pre-consolidated clay under the multidimensional condition. Predictive
capability of the proposed model is confirmed by K, and anisotropic consolidation tests.
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1. Introduction

The damage to a construction due to long term differential
settlement and its restoration are big problems in road
embankment on soft ground, and it is important to grasp
long term settlement precisely at the designing time.
Compared with one-dimensional consolidation in residential
land embankment on soft ground, it is said that long term
settlement in road embankment under plain strain condition
contains the effect of lateral flow.” Although the total
settlement under multi-dimensional condition is generally
calculated as the sum of the consolidation settlement and the
so called immediate settlement, which is the amount of
settlement with shearing deformation, there are few studies
that consider the time dependency of settlement with
shearing deformation. > * And, within the range that the
authors examined, the secondary compression difference
between one dimensional and multi dimensional long term
settlement, is not thoroughly studied.”  Secondary
compression is influenced by many factors. **6-7

The authors consider the consolidation stress condition
and stress history. As most of the real soft ground is under
quasi-pre-consolidated condition due to long term secondary
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compression, it is necessary to account for its influence on
the consolidation analysis of soft ground.®

This paper examines the influence of the quasi-pre-
consolidation period and anisotropic stress on secondary
compression by consolidation test with triaxial test apparatus.
Subsequently, the simulation of anisotropic consolidation
test using a simple secondary compression model with a
minimum number of constants was compared with the
experimental result.

2 . Experimental procedure

Table 1 shows the physical properties of clays considered
in this work. Remolded clay sample with water content over
the liquid limit for consolidation test was prepared by pre-
consolidation in one-dimensional consolidation test
apparatus. A clay sample of 5cm diameter and 12cm height
was formed, wrapped at the top, bottom and circumference
with filter paper in order to allow consolidation, and set in
triaxial cell. The sample was pre-consolidated for a day at K,
consolidation under the pressure that is equal to the pre
consolidation pressure, and subsequently the following
consolidation tests were done.

(1) K, consolidation test
Vertical stress increments were imposed in two steps.

Table 1 Physical properties of clays

Grading (%)

Sample Gs LL(%) PL(%) caly silt  sand
A 264 1120 50.5 470 384 146
B 267 69.0 370 240 520 240
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The consolidation periods, after the first step of
consolidation pressure (98-245kPa), are varied between 60
minutes (almost equal to the End of Primary Consolidation
determined by the square root of time method), one day and
one week, and the influence of the consolidation period of
the first step on secondary consolidation in the next loading
step (245-409 kPa) is examined.

(2) Anisotropic consolidation test (1)

After K, consolidation with vertical stress of 98 kPa, the
clay sample was loaded five times with small stress
increments at intervals of 20 minutes to avoid the
exeessive shearing deformation. At the end of loading, the
stress ratio 7 (=q/p= the ratio of deviator stress q and
effective mean stress p ; prime showing effective stress is
omitted in this paper) is 1,1.21,1.31,1.4, and a common axial
stress o, (=196 kPa) is adopted. The relation between 1 of
anisotropically ~ consolidated clay and secondary
consolidation was examined.

(3) Anisotropic consolidation test (2)

The clay sample was K, consolidated with vertical stress
of 196 kPa, and while the mean stress was kept constant and
deviator stress was increased, the influence of dilatancy on
secondary compression was examined. The stress ratio 7
which is equal to 0.93 for K, consolidation, was changed
from 1.21, to 1.31, to 1.4 during anisotropic consolidation.

3. Results and discussions

(1) K, consolidation test results

Fig.1 shows the relation of void ratio and elapsed time at
the second loading step in K, consolidation test. Secondary
compression almost in proportion to the logarithm of time,
was observed after 60 minutes of consolidation. Different
coefficients of secondary compression are observed, and it is
thought to be due to the different consolidation periods of
the former(or first) loading step. The response at secondary
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Fig. 1 Observed K, consolidation time curves

compression is affected by the initial void ratio at the end of
primary consolidation. If the sample at the EOP loading is
normally consolidated, the sample with consolidation period
after EOP, is a quasi pre consolidated one, and Fig.1 shows
the rate decrease during secondary compression due to
quasi-pre-consolidation.
(2) Anisotropic consolidation test results

Fig.2 and Fig.3 show the relation of volumetric strain,
axial strain and elapsed time at anisotropic consolidation test
(1). Volumetric strain decreases in proportion to the
magnitude of average effective stress at anisotropic
consolidation. Volumetric strain and axial strain are in
proportion to the logarithm of time after 200 minutes. With
the rate of secondary volumetric compression « , defined at
different 7 Fig.2 shows that «, at K,consolidation is the
largest and that increase of 7 causes decrease of « ..
Fig.3 shows the increase of axial strain due to the increase of
7, hence the increase of rate of secondary compression «,
defined in terms of axial strain, as well. Fig.4 and Fig.5 are
the results of anisotropic consolidation test (2). Change of
strain with time similar to anisotropic test (1) is observed. As
the mean stress was kept constant during the test (2), it is
thought that the time dependency of negative dilatancy
influences the rate of secondary compression « , defined by
volumetric strain. Fig.6 shows the relationship between rate
of secondary compression and stress ratio at anisotropic
consolidation test.
«, decreases a little due to the increase of 7, while «,
increases a lot. In real soft ground, if «, is larger at
anisotropic  consolidation than at one dimensional
consolidation, test results show that there is a possibility that
the long term settlement is greater on road embankment than
on residential land embankment. Thus, It is necessary to
study in detail the time dependency of volumetric strain and
shear strain at anisotropic consolidation.

—_ o

o
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Fig.2 Observed volumetric strain time curves
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Fig. 4 Observed volumetric strain time curves

4. Simulations of consolidation
(1) Stress strain time relation
As the void ratio e, of a clay element in K consolidation at
point A in Fig.7 decreases to e, by secondary compression,
the volumetric strain of quasi-pre-consolidated clay is
examined. ® * % The Aline of elasto plastic volumetric
strain is shown with the dotted line which goes through point
ain Fig.7b).  The effective mean stress, shown by point b
in Fig.7, at the intersection of the A line and the « line,
the latter passing from ¢, is considered to be associated with
the expansion of the yield surface due to quasi-pre-
consolidation. The so expanded yield surface will be
considered as Bounding surface within the Bounding
surface soil plasticity theory.'™ '  The dotted line in
Fig.7a) represents the Loading surface passing through point
A, which is supposed to be analogous to the Bounding
surface shown by the solid line. The range between the
Loading surface and Bounding surfaces, is supposed to
represents quasi-pre-consolidated range. Strain increments
which change in proportion to effective stress, are calculated
" by using the associated flow rule and the Radial mapping
rule, associated with the structure of Bounding surface

Vol. XXVII, 2002

Axial strain (%)

0.1

e
’..,:’/(
o
| Sample A ./,—"';/’ !
Kg=0.40 ..~~~ _.~"" Axial strain

-0;;;;;;;“q_hhsx4lh\“_o————o_____
Sample B Volumetric strain

L ! i 1 1 1 1 | 1 1 Il i

0.9 1 .1 1.2 1.3 14 15
Stress ratio n (=q/p)

Fig. 6 Relations of stress ratio and coefficient

Deviator stress

Void ratio e

of secondary compression
Bounding surface CSL
Loading
surface K.L X B _
0 “\(P. Q)
VAN pa) T
R “" Actual Po
e Stress
i Po ; a)
O :Effective mean:stress
R ;a Instgmt:
GA?-__‘/A line
Yol i ) ~"
€o g \I?_
k line
L A line
Delayed compression b)
| i

Log (effective mean stress)

Fig. 7 Bounding surface and e~ log p relations



F. Kawaura, A. Tonosakl, M. AkarsHl and Y. F. DAFALIAS

constitutive modeling, ' 1?

The total volumetric strain rate U of a clay element and
the total shearing strain £  rate are expressed by Eq.land
Eq.2 as the sum of elastic, plastic and visco-plastic strain rate
components, respectively.

U=0'+0"+0" M

=&+ +7 Q)
where superscripts e, p, and vp are elastic, plastic and visco
plastic strain components, respectively.

The sum of elastic and plastic strain rates is obtained by
the specific foom of Eq.3-Eq6 as

e, | O0F OF 1) .
v° 4+ = — —+t — | P
H 0p 0p K
1 0F OF
H 6p o0g |

€))

e . 1 0F O0F .
&+ & = ———p+
H 0p 0q
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— =t q
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1+ep and G:MK (6)
K I+v

where p is the effective mean stress, q is the deviator stress,
F is the analytical expression of the Loading surface to be
defined subsequently, H is the plastic modulus acting as a
hardening parameter, K is the elastic bulk modulus, e is the
void ratio, « is the slope of swelling line, v is the
Poisson's ratio, r and r are the distances in stress space
shown in Fig.7 ast= OB, r = OA, the superposed bar means
a stress on the Bounding surface.

The visco plastic strain rates are expressed by Eq.7, in
term of an over stress function ¢ which is defined in Eq.8.
> oF

o7 = () and &7 = <¢>Z_’; ™

¢ — av * 10—(1)»'/7+uo‘3”)/a‘. * (}"/17) 8)

The v ,"is the viscoplastic volumetric strain given as the
initial condition at the beginning of calculation. It can be
considered that there are changes of secondary volumetric
compression rate «, which is affected by the ratio of quasi-
pre-consolidation. But, because it is impossible to predict the

rate of secondary compression 06\(,)(‘ developed in quasi-
pre-consolidated clays, over consolidation ratio is substituted
secondary
compression rate of quasi-pre- consolidated clay is

for quasi-pre-consolidation ratio.  The

calculated by of Eq.9.  Superscripts OC and NC mean over
consolidation and normally consolidation, respectively.

@, =al *(0.1+0.9/0CR ) ©

v v

For the application of Eq.1 and Eq.2, it is important to
specify the analytical expression of the Bounding surface
and its analogous Loading surface. As such, the anisotropic
expression derived by Dafalias(1986) is chosen, given by the
following equations.

F=M?*(p*—ppy)+4q° =2fpq+ S’ pp, (10)

ﬂ:n§+3(1~x/l)nK—M2 an
3(1l-x / A)

where M is the slope of the critical state line in g-p space, p,

is a size parameter of the loading surface, 3 is the

anisotropic variable which determine the rotation and

distortion of the surface shape, and which can be determined
under K, conditions by Eq.11, where n =3(1- K)/(1+2
Ky). If B=0, F agrees with the isotropic yield function of
Modified Cam Clay Model.

In this paper, the ratio of bounding surface and loading
surface p, /p, is defined as the quasi-pre-consolidation ratio
Q-OCR. In calculating the stress strain relation including
secondary compression, the model in this paper requires six
soil constant : slope of critical state line M, compression
index A, swelling index «, coefficient of secondary
compression « v, coefficient of earth pressure at rest K, and
Poisson's ratio v . Ifthe initial void ratio of the clay e;=e,
in Fig.7, normally consolidated condition applies. If « =0
or o= 0 in Eq.8, elasto plastic constitutive response
applies without viscoplasticity.

(2) Computational results and discussions

The stress strain time relation of soil under drained
conditions is calculated using the proposed equations. The
constants used in the calculation are shown in Table 2. In
order to calculate stress strain time relation, it is necessary to
fix v,? in Eq.8 as initial condition at the beginning of
anisotropic consolidation. Visco plastic volumetric change in
time of normally consolidated clay is calculated, while the
ratio between v P and secondary compression constant «
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Fig. 9 Calculated total volumetric strain time curves
of quasi pre consolidated clay

Table 2
p Kk M K, ay v

Soil constants

075 009 135 046 1 0.3

is changed with stress increase along K, line, and the result
is shown in Fig.8. Time increment in the calculation is one
minute. .
Visco plastic volumetric strain (equivalent to secondary
compression) is calculated in proportion to the logarithm of
time, after a certain period following consolidation and
corresponding with the size of supposed v ,®. The
smaller v ,* is, the more linear the line becomes. However,
it is difficult to decide the size of viscoplastic volumetric
strain at the beginning of anisotropic consolidation by an
experiment.  So, in this paper, v/ av =1 is adopted in
hereafter calculations, because the viscoplastic volumetric
strain at the beginning of anisotropic consolidation is almost
zeroand it is comparatively linear.  In the anisotropic
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Fig. 10 Calculated volumetric strain time curves
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Fig. 11 Calculated axial strain time curves
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Fig. 12  Calculated relations of stress ratio and

coefficient of secondary compression

consolidation with stress increment along the K, line, the
principal strain and volumetric strain are calculated to be the
same.

So change in time of viscoplastic volumetric strain in
Fig.8 can be regarded as secondary compression of clay
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with infinite coefficient of permeability under the condition
of K, consolidation. Fig.9 shows the total volumetric strain
time curves of quasi-pre-consolidated clay. The total
volumetric strain at one minute of elapsed time after the
beginning of anisotropic consolidation is almost equal to the
elasto  plastic volumetric strain. The change in time of the
total volumetric strain, calculated with quasi-pre-
consolidation ratio shown in the figure, is the same as the
secondary compression rate calculated by Eq.10.

The calculated results of change in time of volumetric and
axial strain under  similar condition of anisotropic
consolidation, are shown in Fig.10 and Figll. As
calculation is made under fully drained condition, it does not
reproduce the consolidation process of the anisotropic
consolidation test, but each change calculated in time is quite
similar to the test results. From calculation of anisotropic
consolidation test (2), the relation between the rate of
secondary consolidation and stress ratio n is examined,
and the result is shown in Fig.12. The relation between
secondary compression coefficients «,and «,, defined by
calculated volumetric and axial strain, respectively, and the
stress ration 7 shows results that are quite similar to the
observed ones.

5. Conclusion

Secondary compression, which is thought to cause long
term settlement, is studied by  anisotropic consolidation test
and its simulation. The obtained results are summarized as
follows.
1) As stress ratio increases at anisotropic consolidation,
secondary consolidation rate defined by volumetric strain
decreases and secondary consolidation rate defined by axial
strain increases. The change of secondary compression rate
with the increment of stress ratio is considerably larger if the
secondary compression rate is defined by the axial strain.
The result suggests the possibility that long term settlement
under multi-dimensional consolidation condition becomes
larger than under one-dimensional consolidation condition.
2) Assuming that the bounding surface expands as void ratio
decreases with secondary compression, the range between
bounding surface and loading surface is defined as quasi pre
consolidation range. The simulation of drained shear test of
normally and quasi pre consolidated clay by an elasto visco
plastic soil model, which is an application of the concept of
bounding surface proposed by Dafalias, is similar to
secondary  compression  behavior of  anisotropic
consolidation test. The proposed model can be used to
predict the long term settlement under multi-dimensional
condition.
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