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Excess Pore Water Pressure Response in Soft Clay
under Embankment
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Abstract

Increases in excess pore water pressure without change of surcharge load were reported in clay underneath
embankments at Berthierville and Olga sites after the end of construction. These abnormal phenomena could not
be explained by classical consolidation theory. This paper presents a nonlinear viscoplastic model to interpret an
increase in pore water pressure on natural clay. The proposed model can consider the combined processes of pore
water pressure dissipation according to Darcy's law and pore water pressure generation due to viscoplastic strain,
as well as time-dependent viscoplastic behaviour and strain rate dependency of preconsolidation pressure. The
calculated results using numerical analysis are compared with measured ones under embankments built on soft clay
at Berthierville and Olga in Québec, Canada. It may be possible to explain the phenomenon of excess pore water
pressure increase after the end of construction using the proposed nonlinear viscoplastic model.
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1. Introduction pation of pore water pressure is a process of consoli-

dation.

Consolidaticn is a time-dependent process associated
with change of pore water pressure and deformation of
soft clay. In classical consolidation theory, pore water

pressure is only generated by external load and dissi-

Yoshikuni et al. (1995) performed special oedometer
tests with repeated operations of opening and closing a
drainage valve in order to demonstrate that “consolidation

is a combined process of pore water pressure dissipation
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Fig. 1. Variation of void ratio with time (Yoshikuni et al., 1995)

due to drainage and pore water pressure generation due
to stress relaxation, even under constant load”. Figures
1 and 2 show the variation of void ratio and excess pore
water pressure with time, respectively. It is obvious
from Fig. 2 that pore water pressure is generated by
stress relaxation throughout the consolidation process. In
this particular test, 8 repetitions of drain and undrain
cycles were carried out. Since the actual situation is
regarded as an infinitive repetitions with an infinitesimal
interval, it can be said that consolidation is a combined
process of dissipation and generation of pore water
pressure.

Chang (1981), Becker et al. (1985), and Kabbaj et al.
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g. 2. Variation of excess pore water pressure with time
(Yoshikuni et al., 1995)

(1988) observed abnormal phenomenon such as increase
in pore water pressure for some time after loading of an
embankment. Becker et al. (1985) reported that excess
pore water pressure increased for approximately 4 months,

even though the island construction was completed and
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Fig. 3. Observed excess pore pressure in clay under Tarsiut Island
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Fig. 4. Observed behaviors at Berthierville
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the vertical load on the foundation was unchanged, as
shown in Fig. 3. Kabbaj et al. (1988) also reported that
pore water pressure increased after the end of construction,
while the effective stress decreasing after in-situ stress
approached to preconsolidation pressure (Fig. 4). G1, G2,
G3 and G4 in Fig. 4 stand for piezometers installed in
clay deposit to measure excess pore water pressure
during and after construction of embankment.

Crawford (1986) suggested that excess pore water
pressure was generated by the collapse of clay structure
near preconsolidation pressure, especially in highly struc-
tured and sensitive soils. Chang (1981) and Kabbaj et al.
(1988) suggested that increase in excess pore water
pressure may result from viscous strain.

From the viewpoint of classical consolidation theory,
it is hard to explain an increase in pore water pressure
on natural clay due to viscoplastic strain. In order to
simulate combined process of pore water pressure response
during consolidation after loading of embankment and
give an interpretation of increase in excess pore pressure,
this paper uses a nonlinear viscoplastic model proposed
by Kim et al. (2001).

2. Nonlinear Viscoplastic Model

The continuity equation for consolidation process can
be obtained from the principle of continuity of mass and

consideration of Darcy’s law (Berry and Poskitt, 1972)
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where ¢ = time; z = depth; e, = vertical strain; « =
excess pore water pressure; e, and e = initial and
current void ratios, respectively; 4, = hydraulic con-
ductivity varying with void ratio; y, = unit weight of
water.

A rate of total strain at any state point ( g,/, ¢,) can
be expressed as the sum of an elastic strain rate

component, ¢ ¢, and a time-dependent viscoplastic strain
p v P p

rate component, ¢ . The resulting constitutive equation
for vertical strain rate is (for more detail, see Kim and
Leroueil, 2001):

. : . g, [(loga, —I'— e~ Cc )/C))
g,= e+ el= lﬁl-(e AUUT*Jr“lO o8 o Ce 8y
0 v

2

where x = recompression index, g, = effective stress,

I' = the value of log ¢, at e?= 10°, C,= preconsoli-
dation index (the slope of log o, against ), C. =
compression index (the slope of log(o,’/o,’) against ),
and e, = intercept. The values of I, C,, C., and &,
are constant for given ranges of strain rate and strain,
respectively.

As schematically illustrated in Fig. 5, each preconsoli-
dation pressure is dependent on the corresponding strain
rate occurring during the consolidation process. Total

strain during consolidation process is the sum of the
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Fig. 5. Schematic diagram of nonlinear viscoplastic model
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elastic and viscoplastic strain components. Viscoplastic
strain takes place in both the overconsolidated and the
normally consolidated regions (Leroueil et al., 1985),
even though current excess pore water pressure is not
fully dissipated. The viscoplastic component is however
much smaller in the overconsolidated region than in the
normally consolidated one.

The variation of excess pore water pressure with time

can be induced from Egs. (1) and (2) as follows:

i= L+ (1+:o)du'{(l+eo) 8( k, ﬂ)
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where [ = rate of surcharge stress change, and log £,
—(e,—e)/C, In which C, is the permeability change
index defined as the slope of the e— log &, relationship.
As expressed in Eq. (3), variation of the excess pore
water pressure with time can be produced by a change
in pore water pressure due to surcharge loading, by pore
water pressure dissipation due to vertical flow according
to Darcy’s law, or pore water pressure generation due
to viscoplastic strain. The first and third terms of Eq. (3)
show the rate of generation of pore water pressure and
the second term governs the rate of dissipation of pore
water pressure. The response of pore water pressure is
influenced by the resultant of these three terms.
Relaxation effect on the effective stress is dominant
when the amount of pore water pressure generation due
to viscosity is larger than the amount of pore water

pressure dissipation. It is worth noting from Eq. (3) that

pore water pressure generation. Therefore, increase in
excess pore water pressure might be produced in highly

structured and sensitive clay with low permeability.

3. Comparison of Calculated and Measured
Behaviors

3.1 Berthierville Test Embankment

A test embankment with diameter of 29m was built
at Berthierville (Kabbaj et al. 1988). Below 10~20cm
of top soil and about 2m of fine-to medium-sand layer
is a soft silty clay of 3.2m thick, which is underlain by
a fine sand layer. This clay is relatively homogeneous
without a fissured crust, and is well confined between
two layers of sand. The simulation of the behavior of the
clay foundation at Berthierville embankment has been
performed using the parameters defined in Table 1.

Fig. 6 shows the variation of strain rate occurring at
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Fig. 6. Variation of strain rate occurred at several positions with

the smaller the values of C, and permeability, the more time
Table 1. Material properties of Berthierville clay foundation
Layer (Depth, m) e, C, k,, (m/sec) Cs o, (kPa) o, (kPa)x
#1(2.3~3.0) 1.73 0.01 2.5x107° 0.865 35.0 60.0
# 2 (3.0~3.9) 1.73 0.01 3.2x10° 0.865 39.0 64.0
# 3 (3.9~4.8) 1.57 0.01 4.3x107° 0.785 47.0 69.0
# 4 (4.8~5.5) 1.45 0.01 5.0x10° 0.725 52.0 73.0

* preconsolidation pressure at ¢, = 6.35x10® and T = 20C
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Fig. 7. Stress-strain relation and variation of effective stress with time

top, mid and bottom planes with time. Total strain rate
is the sum of an elastic strain rate and viscoplastic strain
rate. Also total strain rate is equal to the strain rate result
from Darcy’s law, as shown in Fig. 6. It is worth noting
that the total strain rates are dominated by elastic strain
rates in overconsolidated state, but are dominated by
viscoplastic strain rates in normally consolidated state.

The calculated effective stress-strain curve is presented
in Fig. 7a, together with the in-situ stress-strain curve.
The calculated effective stress-strain relation for the
considered layer is in good agreement with the measured
one. It is noted from Fig. 7a that increase in excess pore
water pressure is induced after effective stress approaches
to preconsolidation pressure.

Variation of effective stress with time is also shown
in Fig. 7b. Stress relaxation takes place after the end of
construction in the case that pore water pressure genera-
tion due to viscoplastic strain is larger than what can be
dissipated according to Darcy’s Law. This generation of
pore water pressure is affected by values of permeability

and nonlinear viscoplastic model parameters.

3.2 Olga—-C Test Embankment

The Olga-C test embankment was built on the deposit

of soft, sensitive varved clay. The Olga-C test embankment
with height of 6m is 50m in top length and 10m in top
width. The observations made during construction and
the following two years are described by St-Armaud et
al. (1992). Olga-C‘ test embankment was built with four
different zones in 1990 (Lavallee et al.,, 1990): Zone A
had no drain; Amerdrain vertical drains were installed in
zone B with a spacing of 1.5m and in zone C with a
spacing of 1.0m; Alidrain vertical drains were used in
zone D with a spacing of 1.0m. All vertical drains were
installed in triangular pattern in Olga-C test site. In this
study, zones A and B were chosen to compare field
behaviors of soft clay with and without drains. The
material parameters for numerical analysis are shown in
Table 2.

The calculated dissipation curves of excess pore water
pressure in zones A and B are presented in Fig. §,
together with measured excess pore pressures. The cal-
culated dissipation curves of excess pore water pressure
are in good agreement with measured ones. The excess
pore pressure in zone B was reduced to zero after about
1000days, but about 10000days in zone A. Excess pore
pressures more rapidly decrease in zone B than in zone
A. The excess pore water pressure in zone A increased

after the end of construction, but not in zone B.
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Table 2. Material properties of Olga-C embankment

Layer Depth (m) e, C, k. (m/sec)* kenol o Cus Ci o, (kPa)«
# 1 0-2 1.45 0.0t 4.0x10° 1.0 0.60 120.0
#2 2-4 2.31 0.01 4.0x10° 1.0 1.20 80.0
#3 4 -6.5 2.47 0.01 1.56x10° 1.25 1.35 78.0
# 4 65 -9 2.32 0.1 2.0x10°® 1.25 1.20 80.0
#5 9 -1 2.35 0.01 2.8x107® 1.25 1.25 85.0
# 6 11 - 13 1.15 0.01 3.0x10°° 1.25 0.40 105.0
#7 13 - 14 0.85 0.01 40x10° 1.25 0.20 115.0

*  Coefficient of permeability at the field temperature

*x Preconsolidation pressure measured in 24 hrs conventional oedometer tests at 20C
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Fig. 8. Dissipation of excess pore pressure with time
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Fig. 9. Stress-strain relations of layer 4 in Olga-C test embankment

Fig. 9 shows the effective stress-strain relations in
zones A and B. There is effective stress relaxation in soft
clay without vertical drain, but not in drainage-installed
deposit of Olga-C site. For the case of zone A, the

effective stress decreased (about 5 kPg) affer in-situ
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effective stress approached to the preconsolidation pressure,
with pore water pressure generation due to viscoplastic
strain larger than what can be dissipated according to
Darcy’s law. For zone B, effective stress relaxation does

not take place due to the dissipation of pore water



pressure from combined vertical and radial flows are
greater than the generation of pore pressure.

As shown in Fig. 9, in-situ preconsolidation pressures
are about 70 kP2 in zone A and 80 2Pz in zone B,
respectively. In-situ preconsolidation pressure is about
14% larger in zone B than in zone A. This means that
strain rate occurring in drainage-installed deposit is larger

than that of zone A without vertical drain.

3.3 Discussion of Increase in Excess Pore Water
Pressure Caused by Viscoplastic Strain

The Mandel-Cryer effect is sometimes used to explain
pore water pressure increase in linear elastic soil under
plane strain condition and when vertical load was applied
suddenly. The embankments of Tarsiut Island, Berthierville
and Olga-C were not constructed suddenly and the clay
behaviors were not linear elastic. It was also found that
the finite element consolidation model using the modified
Cam-clay constitutive relationship was unable to simulate
the phenomenon of excess pore water pressure increase
in the clay (Conlin et al. 1985). FE model could not
consider the creep nature of soils. Therefore, the Mandel-
Cryer effect could not explain increases in excess pore
water pressure in these clays.

The excess pore water pressure dissipates much faster
in the overconsolidated range than in the normally

consolidated range. It indicates that £, is not constant but

dependent on void ratio or effective stress, and the value
of permeability will be larger in the overconsolidated
range than in the normally consolidated range. After
effective stress approach to preconsolidation pressure,
viscoplastic strain will have more tendencies to increase
due to collapse of soil structure than in the overcon-
solidated range. However, the dissipation of excess pore
water is slower due to low permeability, so the strain
caused by dissipation is less than that caused by viscop-
lastic strain. Therefore, the generation of pore water
pressure takes place to compensate the difference of
volume changes between viscoplastic strain and pore
water pressure dissipation.

Fig. 10 shows a schematic diagram for interpretation
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Fig. 10. Schematic diagram for interpretation of pore pressure
increase due to viscoplastic strain

of the increase in pore water pressure due to viscoplastic
strain and the associated decrease in effective stress.
After the end of construction, total stress is not changed.
Thus the first term of Eq. (3) is zero during consolidation.
The rate of pore water pressure generation and corres-

ponding strain are defined as follows:

)

hey=hLe)—ne; ®)

4. Conclusions

Increases in excess pore water pressure after the end
of construction were observed under embankments,
especially in highly structured and sensitive soils. A
nonlinear viscoplastic model was used to explain the
variation of pore water pressure during consolidation.
This model was applied to simulate the behavior observed
under test embankments at Berthierville and Olga-C,
Quebec. Results show that the phenomenon of pore water
pressure increase can be explained by viscoplastic model.
From the results of analysis, the following conclusions

could be drawn:

(1) Variation of the excess pore water pressure with time
can be influenced by a change in pore water pressure
due to surcharge load, by pore water pressure dissi-
pation due to vertical flow according to Darcy’s law,

or pore water pressure generation due to viscoplastic
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strain.

(2) As shown in Figs. 7(a) and 9(a), increase in excess
pore water pressure was produced in clay after
effective stress approaches to preconsolidation pressure
at Berthierville and Olga-C embankments.

(3) Pore water pressure generation caused by viscoplastic
strain occurs under the condition that amount of pore
water pressure generation is larger than what can be
dissipated according to Darcy’s law.

(4) The generation of pore water pressure may take place
to compensate the difference of volume changes
between viscoplastic strain and pore water pressure

dissipation.
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