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ABSTRACT

This article provides an assessment study of the embankment
stability on soft soil improved with prefabricated vertical
drains (PVDs). An empirical approach based on Barron theory
is used to predict settlement grounds with PVDs and
compared to measured. This comparative study is essential to
validate the soil parameters in analyzing the stability of the
embankment with a limit equilibrium method (LEM). The
effectiveness of PVDs and geotextiles installations has also
been investigated in stabilizing the soft soil beneath the
embankment. This study reveals that the ground improvement
by PVDs has an effect on reducing the vertical displacements
of subsoil. The geotextiles installed under the embankment
provides higher stability to the surface soil, and the maximum
settlement can be reduced in the long term period.

Key words Soft soil; Prefabricated vertical
Settlement; Slope stability; Limit Equilibrium method.

drains;

1. INTRODUCTION

Precisely predicting the behaviour of embankments
constructed on soft soil stabilized with vertical drains
remained a challenging issue, although tremendous progress
has been made via rigorous numerical model over the past few
years [1]. Reducing long-term infrastructure settlement and
ensuring  cost-effective  foundations  with  sufficient
load-bearing capacity are strategic priorities in most countries
for infrastructure development. Poor soil characteristic can
cause excessive settlement, causing undrained infrastructure
failure if proper soil improvement is not performed [2]. Hence
it is important to apply appropriate ground improvement
techniques to existing soft soils prior to construction in order
to avoid inappropriate excessive and unequal settling along
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with improving the bearing capacity of the foundations [3].
One of the effective soil improvement techniques practised
worldwide is the installation of prefabricated vertical drains
(PVD).

The primary concern of the embankment design is the
stability and settlement of the ground foundation.
Construction on soft soil leads to major problems such as the
high magnitude of settlement [4]. In order to improve the
workability of the embankment on soft soil, ground
improvement should be performed. There are several
commonly used improvement methods such as the installation
of PVDs [5], piles [6], geotextiles [7] and stone column [8].
However, the installation of PVDs and geotextiles can reduce
construction costs [9].

In recent years, there has been an increasing interest among
researchers in settlement predicting [10], simulating the
behaviour [11] and developing analytical solutions [12] of the
embankment with PVDs. Factors found to be influencing
embankment stability with PVDs have been explored in
several studies [13]-[15]. However, a major problem with this
kind of application is that its effect on stability is limited in the
existing literature.

Thus, the performance of PVDs and geotextiles installed
under the embankment was assessed to investigate its
effectiveness in this study. The settlement of soft soils under
the embankment was predicted by empirical methods and
compared with measured. The slope stability analysis of the
embankment was performed using the LEM.

2. CONSOLIDATION OF SOFT SOIL

Soft soil consolidation is an important aspect that needs to be
considered for large construction projects in or near coastal
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areas. The main purpose of soft soil consolidation with PVDs
is to achieve the required degree of consolidation within a
specified period of time. In the classical one-dimensional
consolidation Terzaghi’s theory [16], consolidation due to
vertical drainage is considered only for natural drainage
boundaries [17]. In 1948, Barron [18] summarized the
one-dimensional  reinforcement  theory presented a
comprehensive solution to the problem of reinforcement for
cylindrical-shaped soil with sand drainage in the middle. The
method allows the issue of settlement to be solved into two
conditions, namely independent vertical deformation and
equivalent vertical deformation. Both of these conditions
provide an almost uniform settlement. Several assumptions
have been made to develop solutions for horizontal
reinforcement using a ground cylinder with vertical drainage.
Some of the assumptions made are:

(i) Soil is homogeneous and isotropic and saturated.

(ii)The compression of details and water is negligible.

(iii) The burden used is uniformly distributed.

(iv) The average reinforcement is calculated based on
pore pressure.

(v) The stress that occurs is in the vertical direction only.

(vi) The legality of Darcy's law.

(vii) The drainage effect zone is round and axisymmetric.

In multi-stage construction, the estimation of the degree of
consolidation or ultimate settlement of soft clay is significant.
This can be evaluated by field instrumentation using
settlement gages and piezometers. The field settlement can be
measured using different methods to determine the final soft
soil settlement from the time of initial installation. In 1978,
Asaoka [19] proposed a revised method of using Barron
solution [18] for pure radial drainage to solved consolidation
problems with vertical drains [4]. The prediction of the
ultimate settlement is affected by the period after the
placement of the surcharge as well as the time interval used
for the assessment [11]. It is difficult to assess the best fit line
through the data points at small intervals. In order to assess the
best-fit line through the data points, a longer time interval may
require a long-term instrumentation monitoring program.

3. LIMIT EQUILIBRIUM METHOD

In slope stability measurement, limit equilibrium method
(LEM) is widely used by researchers and engineers for many
years [20]-[22]. Due to the rapid growth of software
technology and the increasing popularity of the limit
equilibrium method in geotechnical engineering, it is now
practicable to perform a comprehensive numerical study of
the soft soil behaviour stabilized with multiple vertical drains.
Two-dimensional plane strain analysis is widely used for
simplicity in the field of slope stability [3], [17], [23]. The
two-dimensional slope stability analysis of LEM is considered
to be a statically indeterminate problem, and an evaluation of
the safety factor (FOS) involves assumptions on the internal
force distribution [24]. The factor of safety (FOS) defines the
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structural strength of an embankment or slope beyond the
anticipated or actual loads, whether natural or excavated. The
surface of the critical slip is the surface that corresponds to the
minimum FOS value. In the problem of plane strain, in many
existing LEM, the slip surface is assumed to be a circular arc
and could be a combination of a straight line and a circular
arc, or a combination of a straight line and a logarithmic
spiral.

4. METHODOLOGY

The site under study is located at Ujung Pasir, Melaka. The
area surrounding the project was known located over soft soil
deposit of soft clay, silt and sand. Thus, relevant data such as
the properties of soil both before and after ground
improvement work was collected from the results of soil
investigation performed prior to ground improvement and
after the ground improvement. The pre-compression and
vertical drain method was implemented as ground
improvement of the project.

The field monitoring was performed to observe the
settlements obtained from rod settlement gauges. In addition,
the achievement of ground improvement criteria can be
evaluated by observing the time required to reach the
predetermined criteria of the ground improvement project
through settlement monitoring. Settlement analysis was
performed for backfilling on original soil without and with
surcharge preloading and vertical drain following the method
suggested in the Barron solution [18]. This solution was used
to predict the settlement rate based on the data obtained from
the laboratory.

4.1 Field works

The soil conditions are determined from a geotechnical site
investigation comprised of field and laboratory studies. A site
investigation was conducted, which included drilling ten (10)
boreholes from which samples were extracted using 3-inch
diameter Shelby tubes for laboratory testing. In addition, four
(4) Standard Penetration test (SPT) were conducted and also
obtained a disturbed soil sample for the visual examination
and laboratory testing. Standard Penetration Test (SPT) was
carried in accordance with Test No. 19 BS 1377:1975.

The foundation layer consists of four layers; starting from the
bottom, it consists of 10m soft clay layer, 9m very soft clay
layer, 1.0m suitable fill and 1.5m sand blanket. After
obtaining the soil properties of the test area, the topsoil was
removed before the tests. The construction procedures are
summarized as follows:

(i) Install geotextiles after 7 days.

(if) The existing ground level is on average at reference
level (RL) 2.2m and finish platform level is at RL 3.7m
thus required approximately 1.7m fill.

(iii) The geotechnical instrument was
summarised in Table 1.

(iv) The PVDs were installed at a spacing of 1.2 m c/c

installed and
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arranged in a triangle along the embankment. The
PVDs have penetrated a depth of about 18m into the
subsoil.

(v) Placing embankment surcharge using homogeneous
soil with 2H: 1V side slope and compacted.

(vi) 20 kPa traffic loads is applied. In order accelerated
consolidation surcharge of 1.5m adopted with a rest
period of 6 months.

(vii) The embankment is allowed to be consolidated for a
six month, and the settlement measurement is
performed.

A field monitoring program has been established to monitor
surface and underground settlements, excessive pore pressure
and lateral movements. A total of 5 settlement plates, 4
inclinometers and 3 piezometers were installed in each test
embankment. Near the center of the test embankment, the
surface and subsurface settlement gauge are installed. At a
vertical interval of 3 m, sub-surface settlement gauges and
piezometers were installed. The plan and details of the
embankment instrumentation are given in Table 1.

Table 1: Summary of instrumentations

Instruments Numbers Location
Type
Standpipe 1 Located at least 10m away from
Piezometer embankment
Vibration Depth 6m, 9m, 12m below ground
Wire 3 in one borehole located 10m from
Piezometer embankment edge
Inclinometer Depth 33m located 1.0m from
. 4
Casing embankment toe
Settlement Placed below sand blanket located
Plate / 5
at edge of embankment and centre
Gauge
Settlement 9 Placed on top of surcharge, located
Marker at embankment edge and centre

The data will be summarized and interpreted in accordance
with the parameters required for the settlement evaluation of
empirical analysis. The subsoil properties were calculated on
the basis of the site investigation report being modelled in the
LEM. The soil properties used to represent the stress-strain
behaviour and strength of the soft clay, and very soft clay are
shown in Table 2.

Table 2: Soil parameters for stability analysis

. Unit Soil .
Soail T(f:rl]c)k Weight Cohesion F;lnctllgn
(KN/MY) | (kNIm?) 9
Very Soft Clay 9.0 15.0 15.0 0.0
Soft Clay 10.0 16.0 25.0 0.0
Suitable Fill 1.0 19.0 5.0 28.0
Sand Blanket 1.5 18.0 0.0 30.0

4.2 Subsoil condition

The basic properties of average SPT-N values, initial void
ratio (eo), specific gravity (Gs) and compression index (c) are
summarized together in Table 3. Subsoil profile consists of
very soft clay at 9m thickness. It is underlain with soft clay at
10m thickness and follows by a sand blanket at 1.5m
thickness. It is then underlain by homogenous soil as a
suitable fill at 1m thickness.

Table 3: Summary of the soft ground properties

Depth | Sample P C
BH (nF")l) NG knNm?) | Ce | € | (mlyr)
BH1 | 45 uD1 30 069 | 1.56 | 0.66
BH1 | 105 uD2 75 025]083| 1.03
BH2 | 45 uDI 45 139 [ 357 | 1.35
BH2 | 75 uD2 34 0.40 | 1.35| 0.93

Average 46 0.68 | 1.83 | 0.99

Consolidation parameters have been adopted using the
average values. It is shown that the anticipated geotechnical
problem is related to the strength and settlement of the
embankment. Hence, PVD with surcharge was implemented
as a ground treatment for accelerated settlement. In addition,
strengthening the stability of the embankment using PEC-150
was used to increase the stability of the embankment.

5. SETTLEMENT ANALYSIS

The one-dimensional (1D) consolidation theory of Terzaghi
[16] was used to estimate the settlements of the 1D primary
consolidation. Settlement analysis was made for the
anticipated settlement under backfilling to the design platform
and compensation fill. The settlement under backfill and
surcharge fill of 1.5 m was evaluated to observe the effect of
pre-compression. Effect of the vertical drain in speeding up
the consolidation process was also evaluated.

The performance of ground improvement can be identified by
the achievement of the prescribed performance criteria and
the improvement in terms of engineering properties. In order
to verify the design analysis, an instrumented embankment
was constructed prior to the commencement of earthwork.
The achievement of the performance criteria was evaluated by
settlement measurement and the achievement of the predicted
settlement in terms of time. Due to vertical drainage U, and
radial drainage U, is provided by Asaoka, considering the
effect of smear and well resistance factors on the combined
degree of consolidation U given by equation (1).

U=1-01-0,)01-1,) 1)
Different types of treatment include, vertical drains treatment

and surcharge treatment were used to treat the soft clays to
minimize the differential settlement and to avoid costly
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maintenance of projects. The control situation embankment
without treatment also used to assess the performance of soil
settlement. About 1.5m surcharge was used for consolidation
of soft subsoil.

Table 4: Summary of the settlement at the 90% of
consolidation

Treatment Settlement (m) Time (month)
Without
Treatment 1.03 1087
PVD & 103 7
surcharge
Surcharge 1.03 1087

The settlement measurement in Table 4 indicates that in
general, the embankment had reached the targeted 90%
consolidation in less than 7 months after the construction.
Resting period of about 6 months was required to reach the
prescribed consolidation settlement before the surcharge
could be removed. The results also show that the embankment
without treatment and with surcharge treatment had reached
the targeted 90% consolidation in a long period of time. The
estimation of the final settlement by the Barron method is
influenced by the evaluation period after the placement of the
surcharge as well as the time interval used for the analysis.

Time (months)

0 500 1000 1500 2000 2500

0.00 H# } } } }

0.40
0.60
0.80 4

1.00 #

Settlement (m)

1.40

1.60

——vertical drain+surcharge
—&—No treatmentl
—— Surcharge

Figure 1: Time — settlement curve for different embankment
treatment.

Figure 1 shows the graph of field time (t) —settlement (Sy)
curve from settlement monitoring. From the data in these
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figures, it is apparent that the consolidation settlement process
is faster during the initial stage of embankment filling, which
shows a significant difference in magnitude of settlement. The
differences in cumulative settlement term, however, are
decreasing and attempting to converge for a long-term
consolidated period. A possible explanation for these results
may be due to the compaction energy that during the first
stage of sand cushion filling imposed on the upper layer of
soft clay resulting in a higher settlement rate that cannot be
modelled. This finding is in agreement with Mamat et al., [17]
results that after the consolidation of 70% to 90%, the
consolidation rate decreases to a minimum value and enabling
second-stage loading is economically and technically feasible.
At this point, the additional load will increase the shear
strength of the subsoil.

6. SLOPE STABILITY

Stress based stability analysis was performed for the models
to check the variation of the FOS with the different rates of
construction. The LEM defines the FOS as follows:

Shear strength of =oil

FO5 =
Sheear stress required for equilibrium

()

Figures 2 and 3 show the stability values for two different
cases; without and with the installation of geotextile
reinforcements. The internal slope stability analyses were
done with high strength geotextile reinforcements. The
ultimate tensile capacity of the geotextile reinforcements
consisted of PEC-150 was 150 kN/m and vertical spacing of
0.5m. Slope stability analyses are performed using the
industry-recognized SLOPE/W perimeter bund software
developed by Geoslope. The software program implements
several methods for analyses of random circular, non-circular
slip and sliding failure surfaces. The Morgenstern-Price
Method is used to calculate the factor of safety. In the
Morgenstern-Price Method, compatibility of both moment
and force equilibrium is enforced; this provides a higher level
of reliability than methods that compute moment or force
equilibrium alone [25].

Table 5: Computed FOS for embankment stability

Treatment FOS Remarks
Without treatment 1.23 <13
Embankment stability
reinforcement PEC 150 kKN/m 141 >13

Stability analysis was performed for the models to check the
variation of the FOS with the different method of ground
treatment. The factor of safety values for two different cases;
without treatment and embankment with the installation of
reinforcement has been shown in Table 5. Furthermore, as
shown in Figure 2, the simulation of LEM analysis for
embankment without treatment and Figure 3 showed the
simulation of LEM analysis for embankment treatment with
reinforcement. The results FOS indicate that the embankment
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without treatment and embankment stability using
reinforcement 150kN/m (PEC 150) was 1.234 and 1.405,
respectively.
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Figure 2: FOS value identified from the LEM analysis for

embankment with reinforcement.
This finding suggested that the installation of the geotextiles
results in higher stability values. The finding is consistent
with findings of past studies [15], [20], [26] which found that
the factor of safety of the embankment decreases in the
loading stage and increases during each consolidation stage.
The use of reinforcement produces a marginal increase in the
overall factor of safety compared to that without
reinforcement.
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Figure 3: FOS value identified from the LEM analysis for
embankment without treatment.

448

7. CONCLUSION

The present study was designed to compare the performances
of settlement on a soft soil deposit stabilized with different
embankment treatment. The method of assessment is essential
during stage construction of embankment on thick deposits of
soft soil for determination of the degree of consolidation of
instrumented sections. In addition, from this method, the
waiting period for each stage corresponding to the degree of
consolidation can be estimated. Theoretical graphs have been
prepared, which can estimate the settlement and time at
ultimate consolidation for different treatment of embankment.
The degree of consolidation at 90% is estimated to be in the
range of 7 to 8 months for embankment treated with PVDs
and surcharge. This study has found that PVDs stabilize the
embankment produces higher stability compared to the soft
soil without improvement. Further emperical study using
different subsoil thickness, drain spacing ratios and c,/c, ratio
is strongly recommended.

The second major finding was that determination of the factor
of safety using LEM calculation methods, to allow for an
expedite assessment of the stability of soft soil slopes, for
different ground improvement method. The use of
reinforcement 150kN/m (PEC 150) in soil embankment, and
according to the LEM approach, appears to be the most
effective way of enhancing its FOS, especially when in soft
soil condition. The results of this study show that the used of
geotextile (PEC150) under the embankment provides a
reinforcement effect to the surface soil, and the maximum
settlement can been reduced compared to that without
reinforcement.
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