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LABORATORY DETERMINATION OF SMEAR ZONE DUE TO VERTICAL
DRAIN INSTALLATION

By B. Indraratna,’ Member, ASCE, and I. W. Redana®

ABSTRACT: This paper is mainly concerned with a laboratory study to investigate the effect of smear due to
vertical drain installation. The extent of the smear zone around a vertical drain was studied utilizing a large-
scale consolidometer apparatus. The test results reveal that a significant reduction in the horizontal permeability
takes place toward the central drain, whereas the vertical permeability remains relatively unchanged. The radius
of the smear zone was estimated to be a factor of four to five times the radius of the central drain (mandrel),
and the measured ratio of horizontal to vertical permeability approached unity at the drain-soil interface. The
laboratory measured settlements are subsequently compared with the predictions based on the theory of Hansbo
and the finite element method. It is of relevance to note that the inclusion of the correct variation of permeability
ratios of the smear zone in the plane strain finite element analysis improves the accuracy of settlement predic-

tions.

INTRODUCTION

The installation of vertical drains by means of a mandrel
causes significant remolding of the subsoil, especially in the
immediate vicinity of the mandrel. Thus, a zone of smear will
be developed with reduced permeability and increased com-
pressibility. As remolding retards the consolidation process of
the subsoil, it has to be considered in any theoretical solution.
Barron (1948) suggested the concept of reduced permeability,
which is equivalent to lowering the overall value of the co-
efficient of consolidation. Hansbo (1979) also introduced a
zone of smear in the vicinity of the drain with a reduced value
of permeability.

In the present research, a large-scale consolidometer (In-
draratna and Redana 1995) was utilized to examine the actual
reduction of soil permeability, and to assess the extent of the
smear zone around a mandrel driven vertical drain. By sam-
pling the soil around the vertical drain, the smear zone could
be quantified by the measured change in permeability. In the
present study, the laboratory findings have been incorporated
in a finite element model to predict the corresponding consol-
idation settlements under a given load. The numerical results
indicate that accurate predictions can be obtained once the
smear effects are included in the model, and also that the
Hansbo (1981) theory underestimates settlements in the long
run.

The three-dimensional (3D) axisymmetric modeling of ver-
tical drains is considerably more time consuming than the two-
dimensional plane strain modeling. Indraratna and Redana
(1997) have shown in a previous study that the plane strain
analysis is accurate, once the relevant geometric parameters
are transformed from the axisymmetric to the plane strain con-
dition. In contrast to 3D modeling, a plane strain analysis can
incorporate a large number of vertical drains in a finite element
model simulated in a personal computer environment.

APPARATUS

The schematic illustration of the large-scale radial drainage
consolidometer is given in Fig. 1, where the main body of the
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cell consists of two half sections made of stainless steel (450
mm in internal diameter and 950 mm in height). The friction
along the cell boundary is reduced by placing a 1.5 mm thick
Teflon sheet around the internal cell boundary. The loading
system with a capacity of 1,200 kN can be applied by an air
jack compressor system via a piston. The axial displacement
transducer is usually placed at the top of this piston to measure
the settlements. To measure the excess pore-water pressures,
six diaphragm type piezometers complete with wiring can be
connected to a 10-channel switch box for signal conditioning,
and the subsequent readings can be observed via a digital volt-
meter. Volume changes during the test are monitored using a
burette drainage tube system. The cell is also equipped with a
specially designed steel hoist from which a synthetic vertical
drain can be inserted along the central axis of the cell.

TEST SAMPLE

As it was not feasible to obtain one undisturbed sample for
the large consolidometer apparatus, reconstituted alluvial clay
from Sydney, Australia was used to make large samples. The
clay size particles (<2 wm) accounted for about 40%—-50% of
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FIG. 1. Large-Scale Consolidation Apparatus
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TABLE 1. Soil Properties of Reconstituted Clay Sample

Soil properties Reconstituted clay

(1) @
Clay content (%) 40-50
Silt content (%) 45-60
Water content, w (%) 40
Liquid limit, w; (%) 70
Plastic limit, wp (%) 30
Plasticity index, PI (%) 40
Unit weight (+/m®) 1.7
Specific gravity, G, 2.6

vertical drain
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horizontal spsgimen

FIG. 2. Schematic Diagram: (a) Section of Test Equipment
Showing Central Drain and Assoclated Smear; (b) Locations of
Small Specimens Obtained to Determine Consolidation and
Permeability Characteristics

the specimen, and particles smaller than silt size (<6 pwm) con-
stituted about 90% of the specimen. Selected geotechnical
properties of the sample are shown in Table 1. On the basis
of the Casagrande Plasticity Chart, the reconstituted clay could
be categorized as CH (high plasticity clay).

TEST PROCEDURE

Clay was thoroughly mixed with water before placing it into
the large cylinder, and subsequently the soil was placed and
compacted in layers. To reduce friction between the side wall
of the cylinder and the soil, a Teflon sheet was laid around the
inner periphery of the cell. After specimen preparation, filter
material and a sand mat of about 5 cm thick were put on the
surface of the compacted clay. The loading device was set and
an initial preconsolidation pressure of 20 kPa was applied prior
to the installation of the central drain.

The vertical sand drain was installed by using a specially
designed ‘‘pipe’’ mandrel and hoist (pulley system). The di-
ameter of the mandrel was 50 mm and its thickness was 2
mm. After the sand was poured into the pipe, it was gradually
withdrawn by the hoist while applying light vibration to the
pipe as well as compacting the sand using an external (inner)
rod. The vertical drain thus formed can be regarded as a sand
compaction pile (SCP).

After installation of the sand compaction pile in the large
cell, small specimens were collected from different locations
within the cell at known radial distances by using a specially
designed tube sampler [Fig. 2(b)]. The samples were subjected
to one-dimensional consolidation using conventional (50 mm
diameter) oedometers in order to study the variation in soil
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FIG. 3. Void Ratio against Pressure Relationship for: (a) Verti-
cal Specimen; (b) Horizontal Specimen

properties close to and away from the central drain. It is pos-
tulated that the compressibility and permeability characteristics
of the smear zone near the sand drain would be significantly
different from the rest of the clay unaffected by the installation
of the SCP. The horizontal and vertical compressibility and
permeability characteristics were measured for the specimens
recovered from the cell, as indicated in Fig. 2(b).

To investigate the effect of a vertical drain on settlements,
separate samples were prepared in the large-scale consolidom-
eter with the central drain, and were loaded axially in incre-
ments of 50, 100, and 200 kPa to promote radial consolidation.
A schematic section of the vertical drain and associated smear
in the large-scale consolidometer is illustrated in Fig. 2(a). The
corresponding settlement behavior was recorded and plotted.

TEST RESULTS AND ANALYSIS

As mention earlier, the extent of the smear zone associated
with the vertical sand drain installation was investigated by
evaluating the compressibility and permeability parameters
close to and away from the vertical drain. The following sec-
tion describes the oedometer consolidation behavior of the
small specimens that were obtained from the large cell after
the drain installation [Fig. 2(b)].

Fig. 3 shows the relationship of the void ratio against the
applied consolidation pressure for samples obtained at differ-
ent radial distances (R) from the axis of the drain. It is ob-
served that the void ratio decreases toward the vicinity of the
central drain, which confirms that the effect of smear (com-
paction) is greatest near the drain boundary. Due to the sig-
nificant reduction of the horizontal permeability in the vicinity
of the drain [Fig. 4(a)], it is clear that the radius of the smear
zone can be taken to be 100 mm or estimated to be a factor
of four to five times the radius of the drain (mandrel).

The variation of the horizontal and vertical coefficient of
permeability (k, and k,) for various mean applied consoli-
dation pressures is plotted in Fig. 4. The magnitudes of the
coefficients of permeability k, and k, are calculated by the
Terzaghi consolidation theory, where the coefficients of con-
solidation (c, and c¢,) are determined on the basis of the Cas-
agrande “log time’’ method. In the smear zone, although it is
seen that the coefficient of horizontal permeability (k) be-
comes smaller toward the drain, the vertical permeability
(k.) is almost unchanged even at the drain interface.
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FIG. 5. Ratio of k,/k, along Radial Distance from Central Drain

As discussed previously, the coefficient of permeability, k
(Fig. 4), was obtained (back-calculated) using the Terzaghi
one-dimensional consolidation theory. Tavenas et al. (1983a)
have stated that this indirect method of determining k is not
accurate because of the assumptions of constant modulus of
deformability (m) and constant coefficient of consolidation (c,)
during the reduction of void ratio (e¢) upon loading. Tavenas
et al. (1983a) suggest the determination of permeability using
the triaxial or modified oedometer apparatus. However, in the
present study, the actual magnitude of k is not critical in de-
termining the extent of smearing. The smear zone is charac-
terized by the significantly decreased permeability toward the
drain, in relation to the higher permeability of the soil that is
unaffected by drain installation. In other words, it is the kind
of variation of k with radial distance (i.e., the shape of the
graph in Fig. 4) that is important to detect smear, rather than
the actual magnitude of k. The writers have, therefore, pro-
posed a dimensionless ratio k,/k, (Fig. 5) to eliminate the pre-
viously mentioned ambiguity inherent in Terzaghi’s method.
The method of obtaining k, and £, is not critical, as long as
the same laboratory approach is consistently followed for de-
termining both &, and k..

The change in k,/k, ratio along the radial distance from the
central drain is plotted in Fig. 5. The value of k;/k, in the
smear zone varies between 0.9 and 1.3, with an average of
1.15. Hansbo (1987) argued that for extensive smearing, the
horizontal permeability coefficient in the smear zone (k)

should approach that of the vertical permeability coefficient
(k ), thus suggesting that the ratio k,/k,, could approach 1. The
experimental results of the current study seem to be in agree-
ment with Hansbo (1987). For the applied consolidation pres-
sures, it is observed that the value of k,/k, varies between 1.4
and 1.9, with an average of 1.63 in the undisturbed zone. Sho-
gaki et al. (1995) reported that the average values of k,/k, were
in the range of 1.36-1.57 for undisturbed isotropic soil sam-
ples taken from the Hokkaido to Chugoku region in Japan.
Tavenas et al. (1983b) reported that for the soil tested in a
conventional oedometer, the k,/k, ratio was found to vary be-
tween 0.91 and 1.42 for intact natural clays, and from 1.2 to
1.3 for Matagami varved clay. Bergado et al. (1991) conducted
a thorough laboratory study on the development of the smear
zone in soft Bangkok clay, and they reported that the horizon-
tal permeability coefficient of the undisturbed zone to the
smear zone varied between 1.5 and 2, with an average of 1.75.
The ratio of k,/k, was found to be almost unity within the
smear zone.

The settlement behavior of clay under loading was predicted
using the analytical approach of Hansbo (1981) and by the
finite element method (CRISP). The finite element discretiza-
tion of the consolidation cell is shown in Fig. 6, and the results
are discussed later. The variation if k,/k, within the consoli-
dation cell, as explained earlier, was incorporated to represent
the effect of smear in the predictions. The settlement of the
large-scale consolidometer sample without smear was pre-
dicted from the Terzaghi one-dimensional theory (C, = 0.34,
C,=0.14,¢c,= 15 X 107 m%s, and k, = 2.25 X 107" m/s).
A maximum past pressure (0,) of 20 kPa was assumed based
on previous oedometer consolidation data. The stress distri-
bution within the cell was determined based on the theory of
elasticity (Boussinesq analysis). The radius of the smear zone
was estimated to be 100 mm on the basis of the large-scale
experimental results shown in Fig. 5.

Following the Hansbo (1981) analytical method for axisym-
metric flow, the average degree of consolidation U, on a hor-
izontal plane at a depth z and at time ¢ was predicted from

Uy,=1— exp (—%> n
m

where

o w = In(n/s) + (k,/kp)In(s) — 0.75 (smear effect only)
* w=In(n) — 0.75 (both smear and well resistance ignored)

In the previous equations, n = R/r,, and s = r,/r,; R = radius
of influence, r, = radius of smear, and r, = radius of drain
well (see also Fig. 2); k, = horizontal coefficient of permea-
bility; and k; = horizontal coefficient of permeability in smear
Zone.

A plane strain finite element analysis was also employed to
predict the settlement behavior of the soil, where the numerical
analysis based on the modified Cam-clay model (Roscoe and
Burland 1968) was incorporated in the finite element code,
CRISP92. The discretized finite element mesh for the soil cell
(Fig. 6) is composed of six-node linear strain triangular ele-
ments with three pore-pressure nodes. Because of symmetry,
it is sufficient to consider one half of the unit cell. The clay
layer is characterized by drained conditions at the upper
boundaries only. The applied piston 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, thus the effect of
well resistance was neglected. The axisymmetric permeability
ratios (Fig. 5) were converted to plane strain equivalents based
on the detailed analytical formulation described elsewhere by
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FIG. 6. Finite Element Discretization for Plane Strain Analysis
of Soil in Large-Scale Consolidometer

TABLE 2, Stresses within Large-Scale Consolidometer

Depth op o, u P
(m) (kPa) (kPa) (kPa) (kPa)
(1 (2) (3) 4 )
0 0 0 0 30
0.15 12 21 1.5 20
0.45 14 23 4.5 23
0.95 16 28 9.5 27

Note: o, o, = vertical and horizontal effective pressures; u = pore
water pressure; and p/ = isotropic preconsolidation pressure.
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FIG. 7. Consolidation Settlement of Soil Stabilized with Sand
Drain As Measured in Large-Scale Consolidometer Incorporat-
ing Smear Effect

Indraratna and Redana (1997). Only a summary of the impor-
tant governing equations is given next.

The ratio of the equivalent plane strain permeability (k,,) to
the axisymmetric permeability (k,) without smear effect is
given by

k 0.67
Pl A
k, [in(n) — 0.75] @

where parameter n is the same as defined earlier in Hansbo
(1981) theory. Subsequently, the equivalent (plane strain) per-
meability in the smear zone (k,) can be determined by the
following expression:

; B

* [ln (2> + (k-':) In(s) — 0.75 — a]
s k»

where a and B = parameters based on geometry of smear zone
and vertical drains (Indraratna and Redana 1997).

The Cam-clay parameters for the soil cell are chosen as
measured in the laboratory and are as follows: gradients of
volume against log pressure relations for consolidation and
swelling, X = 0.15 and k = 0.05, respectively; slope of the
critical state line based on effective stress, M = 1.1; void ratio
at unit consolidation pressure, e, = 1.55; Poisson’s ratio v =
0.25; and unit weight of soil vy, = 17 kN/m®. The extent of the
smear zone and the associated permeability parameters were
determined by large-scale consolidometer tests, as described
earlier. In the smear zone, the average, converted (plane strain)
permeability k;, = 3.52 X 107'? m/s, while outside the smear
zone, the mean converted value of permeability k,, = 1.66 X
107'° m/s, for the range of applied consolidation pressures.
The stress levels at various depths within the consolidation cell
(Table 2) were incorporated in the finite element code, CRISP.

The finite element predictions are also compared with the
Hansbo (1981) theory, as illustrated in Fig. 7, together with
the laboratory measurements. As shown in Fig. 7, the Hansbo
(1981) theory underestimates settlements, particularly during
the final loading stage. This is not surprising, because in Hans-
bo’s theory, the ratio of vertical to horizontal permeability is
assumed to be unity throughout the smear zone. The finite
element analysis incorporating the laboratory permeability ra-
tios provides a good agreement with the measured data and is
more appropriate to predict the long-term settlements. If the
effect of the smear is not included in the predictions, the con-
ventional time-settlement curve becomes considerably below
the actual settlement response (Fig. 7). However, as the time
period is increased substantially (greater than, say, three
months), the settlement curve without smear converges toward
the settlement prediction with smear. This implies that the ef-
fect of smear is mainly a concern during the short-intermediate
term.

l—%‘k

3)

>

CONCLUSIONS

The effect of smear due to the installation of a vertical sand
compaction pile was investigated in the laboratory, using a
large-scale consolidometer. By measuring the variation of the
horizontal permeability close to and away from the centrally
installed drain, the extent of the smear zone could be deter-
mined. The smear zone radius was estimated to be about 100
mm, which was a factor of four to five times the radius of the
central drain (mandrel). At the drain-soil interface, the mea-
sured ratio of horizontal to vertical permeability approached
unity. This implies that the original assumption made by
Hansbo (1981) with regard to k,/k, = 1 for the whole smear
zone would, in general, underestimate the settlements. The in-
clusion of the correct variation of the permeability ratios (i.e.,
as a function of the radial distance from the central drain) in
the finite element method is a more realistic tool for predicting
settlements.
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