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Proceedings: Fourth International Conference on Case Histories in Geotechnical Engineering, St. Louis, Missouri,
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EFFECT OF SMEAR DUE TO VERTICAL DRAINS ON THE BEHAVIOUR OF
TWO EMBANKMENTS CONSTRUCTED ON SOFT CLAY

B. Indraratna I W. Redana

University of Wollongong University of Wollongong
NSW, Australia 2522 NSW, Australia 2552
ABSTRACT 2.04

This paper describes the methodology to include the effect of smear in the prediction of settlements beneath two
embankments stabilized with vertical drains, The extent of smearing around the drains was studied using a
detailed analytical formulation developed by the authors and used in conjunction with the finite clement code,
CRISP. The smcar zone propagation around vertical drains was studied in the laboratory using a large radial
drainage consolidometer. The case historics selected in this study include (a) embankment stabilized with vertical
sand drains at a Naval Dockyard, Thailand, and (b) embankment stabilized with vertical band drains in soft Muar
clay, Malaysia. It may be concluded from this study that the inclusion of smearing improves the settlement
predictions significantly. The numerical results indicate that the extent of smearing 1s mainly dependent upon the

magnitude of horizontal permeability and the drain geometry.

KEYWORDS

clays, finite element method, settlement, smear cffect, smear zone, vertical drains

INTRODUCTION

This paper describes the ellect of smearing due o
vertical drains installed beneath  embankments
constructed on soft clay. The first embankment
described in this study was constructed in solt
Bangkok clay, Thailand. The wuial embankment was
stabilized under three different ground improvement
schemes. Two sections of the embankment were
stabilized with vertical sand drains with a drain
spacing of 1.5 and 2.5 m to a depth of 17 m. The
last section of the embankment (control section) was
built without any foundation improvement. The
second ecmbankment was constructed on solt Muar
clay, Malaysia. The soft clay foundation was
stabilized with vertical band  drains with  drain
spacing of 1.3 m to a depth of 18 m. In both case
histories, the mandrel driven installation of vertical

drains was responsible for smearing around the
drains.

The main objective of this study was to evaluate the
cffect of smearing in the laboralory, and to model
this effect both in the laboratory and in the ficld
using 2-D hinite element code CRISP. The sub soil is
modelled according to the modified Cam-clay
theory. The role of permcability on the extent of
smearing was studied using an analytical formulation
developed by the authors. The effect of smear was
modclled by converting a single axisymmetric drain
into an equivalent plane strain drain wall. The
vertical drain system could be converted into
cquivalent parallel drain walls by adjusting the
spacing of the drains and the coefficient of
permeability ol the soil (Indraratna and Redana,




1997). The transformed permeability coefficicnt was
then incorporated in the finite clement code, CRISP,

MODELLING OF PLANE STRAIN SOLUTION

Theory of consolidation of vertical drains under
axisymmetric condition is described by Hansbo
(1981). Following Hansbo’s theory, Indraratna and
Redana (1997) showed that if the radius of the
influence zone of a single drain (R) is taken to be the
same as the width (B) in planc strain (Fig. 1) then
the converted plane strain ratio of the horizontal
smear zonc permeability, &z, to the undisturbed

permeability k;,, is given by:

kf
hp B ,
k -0 1 (1)

k
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where, the geomeltry paramelers are given by:
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It both smear and well resistance are ignored, then

the simplified ratio of plane strain to axisymmetric
horizontal permeability, &, is represented by:

k 0.67
"o 2)

k,  [In(n)-0.75]

The converted halt width of drain (b,) and the half
width of smear zone (b,) in plane strain 1s given by:

2 2
R, o,
=—— and b, =— 3a
w =g ey (3a)
for drains in a squarc pattern, and
2
1143 o2 1.143mr ,
b, = % and by ==— " (3b)

for drains in a triangular patieim.
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In the above, n = R/r, and s = rdr, , r; = radius of
smear, 7, = radius of drain, § = spacing of the drains,
R = radius of influence of the drain, B = width of
unit ccll in plane strain (B=R), &, and %, =
horizontal cocfficient of permceability outside and
inside the smecarcd zonc, respectively. The above
paramcters are defined diagrammatically in Fig, 1.

z - T
] drain 'J
} smear .{
zone ;
[ hiy ;Fb”
2—-—-| rs I—'—' bs
1) | R 1B
P AT L
k3 1 ! i}
D | 2B

a) Axisymmetnc radial flow b) Planc strain
Fig. I Conversion of an axisymmetric unit cell into
plane strain

LABORATORY MODELLING OF SMEAR
EFFECT

Laboratory testing was conducted to determine the
elfect of smear on the soil permeability, and to
evaluate experimentally the permeability ratio k/k.
within and outside the smear zone. For this purpose,
a large-scale consclidometer was utilized. By
sampling the soil around the vertical drain, the smear
zone could be quantified by the measured change in
permeability.  The  large-scale  radial  drainage
consolidometer consists of two half sections made of
stainless steel (450 mm internal diameter), and a
schematic illustration is given in Fig. 2. The cell is
also equipped with a specially designed steel hoist
from which a synthctic vertical drain can be inserted
along the central axis of the cell. Detailed
description of this consolidometer 1s given by
Indraratna and Redana (1995).




Test Procedure

As it was not feasible to obtain one undisturbed
sample for the large consolidometer apparatus,
reconstituted alluvial clay from Sydney was used to
make large samples. The clay size particles (<2 ptm)
accounted for about 40%-50 of the specimen, and
particles smaller than sill size (<6 [m) constituted
about 90% of the specimen. Sclected geotechnical
properties of the soil are: water content = 40%,
Liquid Limit = 70%, Plastic Limit = 30%, unit
weight = 17 kN/m’, and specific gravity = 2.6. On
the basis of lthe Casagrandc Plasucity chart, the
reconstituted clay could be catcgorized as CH (high
plasticity clay).

Clay was thoroughly mixed with water, before
placing it inside the large cylinder. Subsequently, the
soil was compacted in layers, and an inital
preconsolidation pressure of 20 kPa was applied
prior to the installation of the central drain. The
vertical sand drain was installed in the center of
specimen using a specially designed pipe mandrel
(50 mm diameter and 2 mm thickness) and hoist
representative of a typical prototype ficld system.
The sand poured into the pipe was lightly compacted
while withdrawing the mandrel. Separate samples
were prepared in the large-scale consolidometer with
thc central drain, and were loaded axially In
increments of 50, 100, and 200 kPa to promote
radial consolidation, After instulling the vertical
drain and subsequent loading, small specimens (50
mm in diameter) were recovered [rom  different
locations within the ccll at known radii using a tube
sampler (Fig. 2). The specimens were subjected 10
one-dimensional  consolidation  using  standard
oedometers. The measured compressibility  and
permeability characienistics of the smear zone
around the drain were difterent from the rest of the
clay which was unaffected by the drain installation
(Fig. 2b).

Variation of Permeability Ratio, £,/&,

The magnitudes of the coeflicients of permeability &,
and &, were  calculated by  Terzaght 1D
consolidation - theory, - where the --coefficients © of
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consolidation (¢, and ¢,) were determined on the
basis of the Casagrande ‘log time’ method. The
change in k/k, ratio along the radial distance from
the central drain is plotted in Fig. 3. The value of
k; / k! in the smcar zonc varies between (.9 and 1.3
with an average of 1.15. Hansbo (1987) argued that
for extensive smearing, the ratio &,/ k] could
approach 1. The current experimental results
certainly seem to be in agreement. For the applied
range of consolidation pressures, the ratios of ki/k,
were observed to vary hetween 1.4 and 1.9 (average
ol 1.63) in the undisturbed zone. As shown in Fig. 3,
the extent of smeared zone can be estimated to be
around 100 mm from the central drain.

specirjﬁ1

smear zone —

| = 950 mm

imparmeaable

ED
X

b)

vetical specimen
horizontal spegimen

Fig. 2 a} Schematic section of the test equipment
showing the central drain and associared smear and
b) locarions of small specimens obtained to
determine the consolidation and permeability
characteristics
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Fig. 3 Ratio of k/k, along the radial distance from
the central drain.

Numerical Modelling of Sctilements

The settlement behaviour of clay under loading was
predicted using the analytical approach proposcd by
Hansbho (1981), and by the plane strain finite clement
technique. The discretised finite element mesh for
the soil cell (Fig. 4) is composed of 6-node linear
strain triangular (LST) clements with three pore
pressure nodes. The scttlements were calculated on
the basis of the modified Cam-clay theory (Roscoc
and Burland, 1969) and coupled Biot-consolidation
model incorporated in CRISPY2 software. The clay
layer is characlerized by drained conditions at the
upper boundary only. The excess pore water
pressures  were set to zero along the drain
boundaries to simulatc complete dissipation, and
also, the effect of well resistance was neglecled.
Tables 1 and 2 summarize the soil properties of the
clay tested in the large-scale consolidometer, and the
stress levels varying with depth within the apparatus,
respectively. The definitions of all parameters are
listed in the Notation at the end of the paper.

The finite element predictions, Hansbo (1981)
theory and the laboratory results are compared in
Fig. 5. Hansbo (1981) theory undcrestimates
settlements particularly during the final loading
stage, mainly because of the assumption of the ratio
ol vertical to horizontal permeability being unity
throughout the smear zonc. The finite ¢lement
analysis  incorporating the  luboratory  based
permeability ratios provides a good agreement with

399

the measured settlements. If the effect of smear is
not included in the predictions, the conventional
time-settlement curve overestimates the settlements
subslantially (Fig. 5).

G
b o 4

drain
boundary I =850 mm
___.__“__b.
smear zone
— ", periphery

of the cell

e mm—
L AN 1
Note: width of drain
225 mm is not shown

Fig. 4 Finite element discretization for plane strain
analysis of the soil in large-scale consolidometer

TABLE 1. Soil properties lested in the large-scale
consolidometer

Soil propertics valuc units
3 0.05 -
) (.15 -
Ces 1.55 -
M .1 ;
\Y .25 -
Y. 17 kN/m*
ky 3.67x" m/s
k, 2.25x10™° m/s

Ky, 1.66x10™ m/s
kp, 1.12x10™ m/s
C. (.34 -
G 0.14 -
G 20 kPa




TABLE 2. Stress state within the large-scale
consolidometer

Depth o a’ u pL(kP
(m) (kPa) | (kPa) | (kPa) a)
0 0 0 0 30
0.15 12 21 1.5 20
0.45 14 23 4.5 23
(.95 16 28 9.5 27
Note:

o', o) = vertical and horizontal effective pressurcs
u = pore water pressure
p. = 1sotropic pre-consolidation pressure

U=
R
= =
~ T N
50 L Loading Stage 1 \
= 50 kPa = o—
= ™~ ~
S r ~ . e
sk .
= Loading Stage 2~
Elﬂﬂ r 100 kPa -
) ading Stage 3] N\
= Lmdlg%o i.ﬁj ’ I_ . Nosmeur (FEM)
D sl N
w150 — Measurement ~
Predictiops: ~ .
r|— - —Hansbo, (I98]) —
— — Finite element anal ysis
2()0 1 1 A 1 N 1
0 10 20 30 40 50

Time (d a}; S}

Fig. 5. Consolidation settlement of the soil
stabilized with sand drain as measured in the lurge-
scale consolidometer incorporating smear effect.

CASE HISTORY ANALYSIS I:
DOCKYARD, BANGKOK, THAILAND.

NAVAL

Sub-s0il Conditions

The selected case history contains the performance
of sandwick drains at a Naval Dockyard test
embankment in Thailand (AIT, 1977), which was
located approximately 20 km south of Bangkok city,
along the Chao Phraya river. The vertical drain
pattern and the typical geotechnical properties of the
soil layers at this location arc shown in Fig. 6, where
the soil layer consists of an upper layer ol weathered
clay to a depth of 3 m. This surlace layer is underlain
by soft clay, silts and sandy silt to a depth of 17.2 m,
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followed by a stiff clay to a depth of 25 m below the
ground level. The sandwick drains consist of a hose
made of a fibrous material of fair strength and of
high permeability, and filled with a dry sand. The
diameter of the drains was 5 cm and the drains were
installed to a depth of 17 m o reach the stiff clay
layer. In order to install the wicks, a casing of 7.5
diameter with a wooden plug at its lower end was
pushed into the soft ground using a 2 tonne hammer.
The drains were installed in a square grid with a
regular spacing of 1.5 m and 2.5 m at different
sections of the embankment, T1 and T2,
respectively,  The  instrumentation  scheme  for
monitoring seutlements of the embankments was of
two types, namely, the surface scttlement points and
subsurface settlement points. In order to monitor the
porewater pressures, piezometers were installed
below the test fill arca and outside the fill area. The
embankment loading was applied in threc stages:
firstly, the placing of a sand blanket of thickness
0.35 m, followed by an initial layer of {ill of 1.10 m,
which was then continued until a total fill height of
2.35 m was attained (Fig.6). The loading scheme of
the unstabilized section (T3) of thc embankment
(without drains) was the same, therefore, the
performance of the cmbankment with and without
drains could be compared.

® = Poin] al which settlement
& *235 " lom prgtliiqoné“ére made
Nepth - t )
7 — Very soit grey clayey silt
6 — Very soft to soft grey clay

Soft to medium soft grey
— -4 FF AR A Felay « ~ - - - - - - - -
— Madium soft grey silty
clay + broken shells

Stff light brown clay
Fig. 6 Cross section through centerline of
embankment  with  sub-soil  profile ar Naval

Dockyard.

Numerical Analysis

The Cam-clay parameters [or each soil layer and the
in-situ stress levels are given in Table 3 and 4,




respectively. In order Lo estimatle the undisturbed
soil pcrmcability, laboratory consclidation  tests
have been conducted on  both vertically and
horizontally oricnted specimens (AIT, 1977). For
the smear zone surrounding the drain, the horizontal
permeability was assumed to be equal to 1.15 times
the wvertical permcability, based on the current
laboratory tests conducted by the authors, The
measured horizontal and wvertical permeability
coeflicients of the undisturbed soil (k, and £,) and
the equivalent plane strain values based on Eqgs. (1)
and (2) are given in Table 5.

The discretised finite clement mesh ncar the drain
boundary is shown in Fig. 7, which contains 6-node
linear strain triangular (LST) elements with three
pore pressure nodes. In the axisymmetric condition,
the equivalent radius of sandwick drains and smcar
zone ate r,= (0,05 m and r, = 0.375 m, respectively.
The equivalent plane strain width of the drain and of
the smear zone are as follows. For embankment T1:
§5=1.5 m, B=0.75 m, b,=0.003 m and b.=0.15m; for
cmbankment T2: $=2.5 m, B=1.25 m b,=0.002 m
and b=0.09 m. The above notation ot parameters is
in Fig. 1.

The results of the pluane strain analysis together with
the measured settlements for drain spacing 1.5 m
and 2,5m are plotted in Figs. 8a and 8b, respectively.
The analysis based on perfect drain conditions (no
smecar, complcte pore  pressure  dissipation)
overpredicts the measured scttlement, whereas the
inclusion of smear cftect significantly improves the
accuracy of the predictions. However, a better
prediction is obtained if the permeability of the
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smear zone is arbitrarily incrcascd by a factor of
about 3-3 for all sub-soil layers, representing a
partially smeared condition. Increased ground
permeability is not surprising, because the porosity
in the field can often be larger than that of small
laboratory specimens due to ground anisotropy,
natural fissures, etc. As shown in Fig. 8b where the
drains spacing is 2.5 m, the centerline surface
scttlement prediction is excellent.

TABLE 3. Cam-clay parameters used in numerical
analysis

Depth K A €ex M v Ys
(m) kN
0-3 0,091 04 | 3610801029 16
3-8 0.09 | 087 | 5.06 [ 1.10 | 0.31 | 16

8-11.5 [ 009|048} 335090029 15

11.5-14 [ 0.09 | 03012791 0.88 1 0.26 | 16

14-17 1009 | 0222261093026 17

TABLE 4. In-situ stress condition used in numerical
analysis

Depth Cha G u Pe
(m) (kPa) (kPa) (kPa)
1 92 14 0 14.4
3 18.0 284 19.6 29
) 31.7 59.3 68.7 56.2
11.5 47.8 77.5 103 77.5
14 57.3 92.9 127.5 92.9
17 64.3 114.5 156.9 113

TABLE 5. Coefficients of permeability used in numcrical analysis

Depth ky k, Drains Spacing 1.5 m Drains Spacing 2.5 m
(m) (m/s) (m/s) k,, (m/s) k;, (m/s) k;p (mM/s) kp, (mfs)
{no smear) | (with smear) | {(no smear) | (with smear)
x 10" | x 10" x10"" x10"? x10™"" x10"
0-3 457 261 156 124 123 213
3-8 20.8 11.9 7.09 5.67 5.62 9.71
8-11.5 6.46 3.69 2.20 1.76 1.74 3.01
F1.5-14 | 478 2.73 1.63 1.30 1.29 2.23
14-17 2.64 1.51 0.9 0.72 0.714 1.23
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Fig. 7 Finite element mesh in the vicinity of drain at
a Naval Dockyard, Thailand
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% RO (|Field measurements: N
| with vertical drains .
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Fig. 8. Consolidarion settlement at ground surface
at embankment centerfine at a Naval Dockvard
Thailand (a) embankment T1 with drain spacing 1.5
m and (b) embankment T2 with drains spacing 2.5
m.
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The predicted and mcasured excess pore water
pressurcs under the centerline of the embankment at
depths of 7 m bhelow the ground surface are
compared in Fig. 9. It is observed that the field
mcasurements are in excess of the numerical
predictions duning Stage | and Stage 2 of loading,
whereas the pore pressures at Stage 3 loading are
generally well predicted. It is anticipated that partial
clogging of some of the drains ncar the piezometer
location (hence, retarded pore pressure dissipation)
can probably be the cause of this (Indraratna et al.,
1994), Another cause of error can be attributed to
the fact that the nodal pore pressure points at the 7
m depth on the finite element mesh did not
necessarily coincide exactly with the piezometer tips.

Excess pore pressure (m)

/ Field measurements:
4 / emhb. T1
£ S A (R emb. T2
Y . Finite element analysis:
2 wilh smear — - —eamb.
/ — - - .emb. T2
0 ) n 1 L 1 1 1 L Y "
0 30 1{00 150 200 250

Time (days)
Fig. 9 Variation of excess pore water pressures at

embankment centerline for piezometer at 7 m below
ground level

CASE HISTORY ANALYSIS 2: MUAR CLAY,
MALAYSIA

Sub-soil Conditions

This embankment was built on soft Muar clay in
Malaysia. Fig. 10 shows the cross section of the
embankment and the sub-soil profile beneath the
cmbankment. The embankment was composed of
compacted sandy clay having a unit weight of 20.5
kN/m*. During Stage 1 of construction, the
cmbankment was raised 1o a height of 2.57 m in 14




days. Following a rest period of 105 days, additional
fill was placed (Stage 2) until the embankment
reached a height of 4.74 m in 24 days. The
settlements and excess porc walcr pressures were
monitored for about 400 days (Indraratna et al.,
1994).

. 43 m L *4.74 m as5m
dapth {m) *
|l T
2 - - - | 1 i 1 i H 1 || weathered clay
very solt
6 —- - -IHIH{IHIH T R T s
s0ft silty clay
8—--- " medium dense
1o dense silty
sard
24 —

55 band drains at 1.3 m spasing
{triangutar grid)

Fig. 10 Cross secrion through
embankment with siub-sotl profile

Numerical Analysis

The Cam-clay paramcters for cach soil layer are
shown in Table 6, and the in-situ stress distribution
with depth is given in Table 7. The undisturbed soil
permeabilities were estimated  from  laboratory
consolidation tests conducted on both vertically and
horizontally cored specimens. In the smear zone, the
horizontal permcability was assumed to be 1.15
times the wvertical permeability. The mcasured
horizontal and vertical permeability coellicients of
the undisturbed soil (&, and k) and the equivalent
plane strain valucs arc given in Table 8.

centerline  of
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TABLE 6. Cam-clay paramcters used in numerical
analysis

Depth | k& | A [ e | M| v | %
{m) kN/m*
0-1.8 [ 0.06 |0.16] 3.10| 1.19§ 0.29 | 16.5
1.8-5.5(006|0.16 (310 1.19 [ 0.31 | 150
55-8. [0.05]0.13(3.06] 1.12] 029 | 155
8-18 100410091 161 ] 1.07 ] 0.26] 16.0

TABLE 7. In-situ stress condition used in numerical
analysis

Dept Cho Cvo u De
h (m) (kPa) (kPa) (kPa)
0 0 0 0 110
1.8 17.3 28.9 0 95

5.5 29.1 48.4 36.7 44
& 37.6 62.6 61.3 60
18 74.8 124.6 | 159.3 65

The discretized finite element mesh near the drain
boundary is shown in Fig. 11, which contains 6-node
lincar strain triangular (LST) clements with three
porc pressure nodes, The prefabricated vertical
drains were installed in a triangular pattern at a
spacing of 1.30 m. The cquivalent drain diameter,
the diameter of the axisymmetric influence zone for
cach drain, and the extent of the smcar zone were
estimated to be 70 mm, 1.365 m and 04 m,
respectively. For the triangular pattern of vertical
drains, the equivalent widths of the drain and smear
zone were calculated using Eqg. (3b) 1o give: b=
034 ¢m and by = 11 cm, respectively. Because of

TABLE 8. Cocfficicnts of permeability used in numerical analysis

Depth ky (m/s) | k. (m/s) k,, (m/s) k;, (mfs)
(m) (no smear) | (with smear)
0-1.8 | 6.4x107 | 3.0x107 | 1.9x107 79x10"
1.8-550 | 5.2x10° | 2.7 x107 1.6 x10” 7.2 x101?
5.50-8.0 | 3.1x107 | L4x107 | 9s5x10" 3.7 x10™"?
8.0-18.0 | 1.3x10° | 0.6 x10” | 39x10™ 1.6 x10"




symmetry, it was sufficient to consider one hall of
the unit cell. The clay layer was characterized by
drained conditions at both the upper and lower
boundaries. The embankment loading was simulated
by applying incremental vertical loads to the upper
boundary. The excess pore water pressures were set
to zero along the drain boundary to simulate
complete dissipation. The effect of well resistance
was neglected, and only the eflect of smearing was
considered using Eq. (1).

) R T

drain
boundary I=18m
_._...._.—P

centerline
gl clay bc%dv
weea 0
. ag}acerﬂ g}’ains
?D <FE Y Note: wkith of drain
] is nat shown
>
B =065m

Fig. 11 Finite element mesh in the vicinity of drain

The results of the planc strain analysis together with
the mecasured scttlements are plotted in Fig. 12a. As
expected, the analysis based on perfect drain
conditions (no smecar, complcte pore  pressure
dissipation) overpredicts the measured selllement.
The inclusion of smear effect significantly improves
the accuracy of the predictions. An cxcellent match
18 again obtained il the permeability of the smear
zone is arbitrarily increasced by a factor of 2.5-3.0 lor
all sub-soil layers. As mention earlier, this is because
the field permeability can often be larger than that of
small laboratory specimens. The predicted and
measured excess pore water pressures under the
centerline of the embankment at depths of 9.1 m and
13.6 m below the ground surface are compared in
Fig. 12b. The pore pressure increase during Stage L
loading 1s well predicted, but the post-construction
predictions (after Stage 2 loading) indicate a greater
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rate of pore pressure dissipation in comparison with
the gradually deercasing ficld values.
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Fig 12 (a) Consolidation settlement at ground
surface of embankment center; and (b) Variation of
excess pore water pressures at  embankment
centerline for piezometer at 9.1 m and 13.6 m below
ground level

CONCLUSION

This study highlighted the behaviour of soft clay
foundation under embankment loading, with
reference to two casc histories taken from Thailand
and Malaysia, respectively. The numerical analysis
was cextended to include the effects of smear caused
by mandrel driven verlical drains. The solt clay
consolidation was modclled by the modificd Cam-
clay theory and the coupled Biot-conselidation
model.

The effect of smear was investigated in the
laboratory, using a large-scale consolidometer
having the facility of a central drain, promoting




radial drainage. By measuring the variation of the
horizontal permeability close to and away {rom the
centrally installed drain, the extent of the smear zone
could be determined. The smear zone radius was
estimated to be a factor of 4-5 times the radius of
the central drain. At the drain-soil interface, the
measured ratio of horizontal to vertical permeability
approached unity. The inclusion of the correct
variation of the permeability ratios (i.c. as a function
of the radial distance from the central drain) in the
finite element method is a more realistic tool for
predicting settlements. The analysis of these two
case histories verily that the smear effects can affect
the settlements significantly. It is also pointed out
that the correct prediction of excess pore pressures
at the beginning of the loading stages is often
difficult because of partial clogging of somc drains
that lead to relarded pore pressure dissipation. In
contrast, the excess pore pressure and  the
settlements can be predicted accurately, towards the
end of construction and during the post-construction
period.
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NOTATION

A = the gradients of volume against log pressure
relations for consolidation

K = the gradients of volume against log pressure
refations for swelling

M = slope of the critical state line based on effective
stress

¢.s = void ratio at unit consolidation pressure

v = Poisson’s ratio

v, = unit weight of soil

C. = compression index

C, = rccompression index

G, = maximum past pressure
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