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Comparison of Strain Rate-Dependent Consolidation Behaviors of
Olga-C Embankment with and without Vertical Drains
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Abstract

This paper presents consolidation behaviors of soft clay in Olga-C test embankment with and without vertical drains,
To analyze effects of strain rate on consolidation of natural clay with vertical drains, axisymmetric nonlinear
viscoplastic model for vertical drain was proposed by using a unique effective stress-strain-strain rate relationship

d,—&,— €&, The proposed model can consider the difference in strain rate between laboratory and field, as well as

combined processes of generation and dissipation of pore pressure during consolidation. The strain fate occurred in
drainage-installed deposit {zone B), in which both vertical and radial flows take place, is greater than Ihat occurred in
soft clay without vertical drain (zone A}, Preconsolidation pressure is larger in zone B than zone A due to the effect of

strain rate occurred. Effective stress relaxation occurred in zone A, but not in zone B of Olga-C site.

Keywords : Axisymmetric consolidation, Soft clay, Strain rate, Vertical drain

1. Introduction typically change by 10% per logarithm cycle of strain rate
(Leroueil et. al, 1996). As shown in Fig. 1, ranges of strain

Clay exhibits time-and strain rate-dependent behaviors rate occwrred in field are very low compared to those
during consolidation process. Sirain rate-dependent usually encountered in laboratory tests (Leroueil et. al,
preconsolidation pressure and time-dependent strain are 1988). The strain rate is dependent on the drainage length
important characteristics on behavior occurred in soft clay. and characteristics of the clay such as compressibility and
Preconsolidation pressure and undrained shear strength coefficient of permeability. The in-situ strain rates occurred
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in sofi clay are generally Jess than about 10 *s 1. On the
other hand, the strain rates occurred in laboratory tests are

usually larger than about .10 "s™! One of the main
reasons that strain rates occurred in laboratory tests are
larger than those occurred in field is that the drainage
length is shorter in laboratory sample than field.
The effects of strain rate are also clear in stress-strain
curves in Fig. 2. The stress-strain curves followed in the
different sub-elements of clay layer vary with the position
of the sub-element in the layer or the local strain rate due
to the viscous nature of soft clay (Leroueil et al., 1996},
Material parameters obtained from laboratory tests are
usually used in numerical analysis to simulate of field
behaviors. Laboratory tests are performed in the range of

strain rate larger than about 107" s~ But in-situ strain

rate js less than about 10 °s™'. Therefore, it is more
reasonable to congider the effects of strain rate for
simulations of field behaviors, especially in the case that
material parameters obtained from laboratory tests are
used in numerical analysis. In order to predict strain
rate-dependent behaviors of consolidation on drainage-
installed deposits, a theory of axisymmetric nonlinear
consolidation was proposed in which considers the
variations of compressibility and permeability during
consolidation process. A numerical program for the analysis

of axisymmetric nonlinear consolidation is developed
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Fig.1 Ranges of strain rates usually occurred in laboratory
iests and fiekd (After Lerousil et al,, 1988)
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by adopling finite difference method. It is capable of analyzing
consolidation behaviors of multi-layered deposiis and
simulating time-dependent loading sequence. The results
of numerical analysis are compared with field behaviors
measured in Olga-C embankment with and without vertical

drain.

2. Axisymmetric Nonlinear Viscoplastic
Consolidation

A hydrodynamic equation for both vertical flow to
drainage boundary and radial flow to central vertical drain
can be obtained from the principle of continuity of mass
and consideration of Darcy's Law(Lo, 1991; Kim, 1997,
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where ¢= time; z= depth; = radius; == vertical sirain;
7 = excess pore water pressure; e,, e= initial and current

void ratios, respectively; £,, #, = coefficients of perme

ability in the vertical and horizontal directions, respecti-

vely, varying with void ratio; y,, = unit weight of water.
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Fig. 2 Consoldation of Saint-Hilaire clay for pressure incre
ment from 97kPa 10 138kPa
(results from Mesr et al.{1995) reinterpreted by Ler
-oueil and Marques(1336)}



any state ( g,, ¢,)can be expressed as the sum of elastic
strain rate ( %), and time-dependent viscoplastic strain
rate { £ ). The time-dependent viscoplastic strain rate is

the stress-strain-strain  rate model
&, (Leroueil et al., 1985). The relation of

€, was obtained by various oedometer tests

induced from
g,—&,~
o,~ &, —
on different natural clays such as multiple stage loading
lests with reloading at the end of primary consolidation

( MSL,) and after 24 h{ MSL.,), constant rate of

strain{CRS) tests, controlled gradient tests, and long-term
creep tests.

)

g, = 24+ %

Eq. (3) is the resulting constitutive equation for vertical
strain rate. More details can be found in Kim and Leroueil
(1999).

K a, 19 [(log o,— '~ g, — C,&?)/C,]

1te, g, ()

g, =
where K = recompression index ( K = C,/ In10), o,=
effective stress, I" = the value of log Jj;c at= ¢%¥=10"

C,= preconsolidation (yielding stress) index, ie. the
slope of log 0, against log 67 . C.= compression
index, i.e. the slope of log(g,/0,.} versus &%, and g, =
intercept. The valuesof I, C,, C,,and &,, are constants
for the given ranges of strain rate and strain, respectively.

The value of I' is dependent on temperature.
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In order to obtain toial vertical strain, integrating Eq. (3)
with respect to time gives:
£, = f £, dt (4
As schematically illustrated in Fig. 3, total strain during
consolidation process is the sum of elastic and viscoplastic
strain components. Viscoplastic strain takes place in both
overconsolidated and normally consolidated regions even
though current excess pore pressure is not fully dissipated
to zero. Viscoplastic strain is however smaller in
overconsolidated region than in normally consolidated
region. Preconsolidation pressure is calculated based on
the strain rate occurred. Larger strain rate gives larger
the

consolidated stage, strain increases almost linearly to

preconsolidation  pressure.  During normally

log o, with a little steeper slope than  &,= constant line.
It can be also seen that the strain rate decreases with
increasing strain in normally consolidated stage. After
excess pore pressure is reduced to zero, compression is
only resulted from viscoplastic strain (secondary
compression) under a constant effective stress. Calcula-
tion of settlements can be performed using Eq. (4) on the
assumption of that lateral deformation is negligible.
In relationship of eifective siress, pore pressure and

surcharge stress, effective stress is written as;

Fig. 3 Schematic diagram of nonlinear viscoplastic model
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in which o, is an initial vertical effective stress, and L
and u are respectively surcharge stress and excess pore
pressure at any given time. The rate of effective stress

change is:

L—u (6)

g, =

The variation of excess pore pressure with time can be
induced from Eqgs. (1}, (3), and (6).
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where ,

log &, = log by — (e, — &/C s

log £, = logky,— (e, — &)/Cuy . Ch. and Cy, are
slopes of vertical and horizontal permeability lines on
e— log b, and e — log &, planes, respectively.

As expressed in Eq. (7), the vaniation of excess pore
pressure with time is influenced by change in pore
pressure due to surcharge loading, dissipation of pore
pressure due to combined vertical and radial flows
according to Darcy's Law, or generation of pore pressure
due to a viscoplastic straining. Relaxation of effective
stress takes place in case that amount of pore pressure
generation is larger than that of pore pressure dissipation.
It is noted above Eq. (7) that, for the case of drainage
installed deposits, the dissipation effect of pore pressure
due to combined vertical and radial flows is penerally
greater than the generation effect of pore pressure.

Therefore, the effect of stress relaxation is negligible
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)

comparing to one-dimensional vertical drainage.

The numerical program takes into account decrease it
permeability with void ratio, nonlinear compressibility of
stress-strain relation, and time-dependent loading for
multistage construction. It also handles variations with
depth of initial void ratio, coefficient of permeability, and

effective stress.

3. Application to Field Behaviors
3.1 Olga-C Test Site and Embankment

The Olga-C test site is located in 10km North-East of
Matagami, about 600km North-West of Mentreal. The
Olga-C test embankment was built to check performance
of wick drains on deposit of sott, sensitive varved clay.
The geotechnical profile of Olga-C is shown in Fig. 4.
Under about 0.5m of peat is varved clay deposit
approximately 14m thick. Surface clay was weathered and
oxidized to depth of at least 2m. Soft deposit consists of
varved clay to depth of 14m, underlain by dense silt and

sand. Varves arerather regular, especially between 7m and
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Fig. 4 Gaeotechnical profile of Olga-C embankment
{after Hydro-Ouebec-Lavalin, 1991)



Fig. 5 Section of Olga-C embankment

Table 1. Material properties of Olga-C embankment
ki

Laver | Depth{m) 2y C, o | kel Cad Coe
{m/sec)
#1 0-2 1.45 1 0.01 | 402107 | 10| @60
#2 2-4 231 | 0.01 | 4p9x10™® 1.0 120
#3 | 4-85 | 247 | 001 | , o oo [1.25] 1.35
#4 | 65-9 | 232|001 1.25| 1.20

-3
#5 | 9-11 | 2.35 | 001 | 49%10° 1195 135
#6 | 11-13 | 1L.16 | 0.01 | 4.0%107" 1125 040
#7 | 13-14 | 085 | 0.01 | 4.0%x107 [1.25] 0.20
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Fig. 8 Height of embankment and applied effective strass

10.5m. At depths between 2 and 7m, the average vane
shear strength slightly decreases with depth from 27 to
20kPz; the preconsolidation pressure also decreases from
96 to 75kPa; the plasticity index typically equal to 45 and
the liquidity index varies between 1.15 and 1.5, At larger
depths and up to 10m, both the undrained shear strength
and the preconsolidation pressure slightly increase with
depth. At depths larger than 10.6m, the plasticity index is
much lower and the undrained shear strength rapidly
increases.

The Olga-C test embankment with height of 6m is 30m
in top length and 10m in top width. Fig. 5 illustrates the
geometry of the test embankment. The observations made
during construction and the following two years are
described by St-Arnaud et al.(1992). The 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 this study, zones A
and B were chosen to compare field behaviors of soft clay

with and without drain.

3.2 Comparison of Calculated and Measured
Behaviors

Fig. 6 shows applied effective stresses with time, which
simulate surcharge load on soft clay at Qlga-C site.
Embankment fill has been placed up to 6 m for 76 days.
Unit weight of fill is 20.4 2N/ #:*. The total applied stress
due to fill of 6m is about 122.4 kPa at the base of
embankment. The water table rose up 0.8m in
embankment fill after construction of embankment of
about 45day, leading to a change in the effective stress
applied to foundation (St-Arnand et al., 1992). The applied
effective stress is reduced to aboui 114 kPa at the base of
embankment. The effective stress distribution undet the
deposit was determined using Osterberg(1957) solution,
and the effect of partial submergence of the embankment
was taken into account as settlement occurs.

The site was divided into 7 layers. The material parameters
for numerical analysis are shown in Table 1. Preconsolidatio
pressures were measured in 24 hours conventional
oedometer tests at 20°C. Coefficients of permeability were
measured at the field and the tempera
ture in field was about 7°C. The permeability change index
is taken as 0.5 e,, as generally observed by Tavenas et
al.(1983) for soft clay.

Both radial flow to vertical drain and vertical flow to
boundary are taken into account in axisymmetric consolida-
tion. On the other hand, only vertical flow is considered in
one-dimensional consolidation. For one- dimensional
consolidation, a nonlinear viscoplastic model was applied,
in which the stress-strain-strain rate model consideringthe
effects of strain rate was used (Kim and Leroueil, 1999),

The graphs for relation of - log oyand log{(c,/o,)
- &}¥ are shown in Fig. 7, which were obtained by oedo-

meter tests such as MSL , and MSL,,, or CRS. In order to
consider the effect of temperature on preconsolidation

Comparison of Strain Rate-Dependent Consolidation Behaviors of Olga-C Embankment with and without Vertical Drains 43




Viscoplastic Strain Rate (1/s)

1E12  1E-41  1E-10  1E8  1E8  1E7

Preconsolidation Pressure (kPa)

qq Lot e

(a) &7 - o, relation

Normalized Effectve Siress
0.1 1.0 100

Rl 2t e b Bl |

—— Layert
20 L={ = Layer2
| =N - layer3ad
i - Layer 5
—t— Layerd
T —=fr = Laysr 7

30 ¢ PR T R B A I PP P ST}

Viscoplastic Strain (%)
o

25 -

(b} o, /o), — & relation

Fig. 7 ¢¥—g, and g,/0,— ! relagions for Olga-C embankment

g, 157

" 10" 10 10" 107 10" 107 107
[ I
| cot

p——i

o]

|
MSL

Hershtervlle |

St~ Atban,

_ I (lonceter "I

Vusby

- - Olga-C, Zome A
This study

amaw Olge-C, Zone B

| I

Fig. 8 Dissipation of excess pore pressure with Time

pressure, in-situ preconsolidation pressures at field tem-
perature of about 7°C were increased by 10% compared to
the preconsolidation pressures measured in laboratory at
20°C.

The calculated dissipation curves of excess pore
pressure in zones A and B are presented in Fig. 8, together
with measured excess pore pressures. The calculated
dissipation curves of excess pore pressure are good
agreement with measured ones. Excess pore pressures
more rapidly decrease in zone B with vertical drain than
zone A without vertical drain. The excess pore pressure in
zone B was reduced to zero after about 1000days, but
about 10000days in zone A. Radial flow toward vertical

drain is efficient in drainage-instalied deposit, reducing
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consolidation duration to reach a required degree of
consolidation.

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. For the case of zone A, the effective stress
decreased (about 5 kPg) after in-situ effective stress was
approached to the preconsolidation pressure, with pore
pressure peneration 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 pressure from combined vertical and
radial flows is greater than the generation of pore pressure.

Asshown in Fig. 9, preconsolidation pressures occurred
in in-situ are about 70 £Pgz in zone A and 80 £Pgin zone B,
respectively. In-situ preconsolidation pressure is about
14% larger in zone B than zone A. This means that strain
rate occurred in drainage-installed deposit is larger than
that of zone A without vertical drain, as shown in Fig. 1.
The strain rates occurred in zone A and B are less than
about 10 % s L and 10 ¥ s~ !, respectively. The strain rate
occurred in drainage-installed deposit after the end of
consiruction, in which both vertical and radial flows take
place, is 10 times greater than that occurred in soft clay
without vertical drain.

Fig. 10 shows the variations of strain rate with time in

zones A and B. Ti is noted that strain rate decreases with
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time. Stain rate in zone B more rapidly decreases than zone
A, which corresponds to variation of pore pressure with

time.

4. Conclusions

To predict strain rate-dependent behaviors during
consolidation process on drainage-installed deposits, a
theory of axisymmetric nonlinear consolidation was pro-
posed in which considers the variations of compressibility
and permeability during consolidation. The proposed

mode] can consider effects of strain rate on consclidation

to take into account the difference of strain rate between
laboratory and field. This model was applied to simulate
the behavior observed in Qlga-C embankment. Results
show that the model can predict relatively well the
observed behavior of soft clay.

For the case of Olga-C embankment, the strain rate
occurred in drainage-installed deposit(zone B) after the
end of construction is 10 times greater than that occurred in
zone A without vertical drain. The value of preconsolida-
tion pressure is 14% larger in zone B than zone A due tothe
effect of strain rate occurred. Effective stress relaxation
occurred in zone A, but not in zone B in which both

vertical and radial flows take place.
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