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Abstract Stability of an embankment constructed
on soft consolidating soil improved with pre-fabri-
cated vertical drains is investigated. The factor of
safety of the embankment is obtained at various time
intervals from the end of construction till the end of
consolidation in order to check the embankment
stability. Finite element method is used to obtain the
effective stresses at required points in soil at various
time intervals. Critical slip surface is obtained using
two methods. In the first method, the critical slip
surface is assumed as an arc of a circle selected among
various probable slip circles with minimum factor of
safety whereas, in the second method, a random
walking type Monte Carlo technique is used to predict
the critical slip surface. The effects of providing
vertical drains on stability of an embankment is
investigated by comparing the factor of safety of slope
with vertical drains to the factor of safety of slope
without vertical drains. It is concluded from the study
that the installation of vertical drains enhances the
factor of safety of the embankment from the end of
construction till the end of consolidation.
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1 Introduction

Embankments constructed on soft soil with high
ground water level shows excessive settlements and
requires long duration to dissipate excess pore pres-
sure. In such instances, ground improvement measures
are often used to enhance stability and to decrease the
consolidation period. Prefabricated vertical drains
(PVD) is one of the commonly used ground improve-
ment technique to accelerate the consolidation process
and have been widely applied in soft soil such as an
embankment construction on soft ground in past few
decades (Chai and Miura 1999). Soil improved with
vertical drains is commonly analysed using one
dimensional unit cell solution (Barron 1948; Hansbo
1981) ignoring the effect of vertical drainage. How-
ever, in some cases the vertical drainage has a
considerable effect on the degree of consolidation of
PVD improved subsoil (Chai et al. 2001) and hence a
three dimensional analysis considering actual loca-
tions of vertical drains and their influence zones is
required in such cases. A numerical technique such as
finite element method which is a powerful computa-
tional tool in engineering has been developed for the
analysis of soft soil with vertical drains (Hird et al.
1992; Chai and Miura 1999; Borges 2004; Shen et al.
2005; Yildiz 2009). Since, three dimensional finite
element modeling of vertical drain system is very
sophisticated and requires large computational effort
when applied to a real embankment project with a
large number of vertical drains (Biot 1956; Yildiz

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-015-9975-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-015-9975-4&amp;domain=pdf

658

Geotech Geol Eng (2016) 34:657-669

2009), two dimensional plane strain finite element
analysis using several matching methods (Hird et al.
1992; Chai et al. 2001) to simulate the actual
axisymmetric flow condition have been developed
and its applicability have been verified through many
laboratory as well as field tests on full scale embank-
ments (Indraratna et al. 1994; Chai and Miura 1999;
Shen et al. 2005; Yildiz 2009). The major emphasis of
these analytical methods as well as laboratory/field
tests are to investigate the settlement behaviour of the
embankment and pore pressure in underlying soft soil.
Stability of embankment is generally expressed in
terms of factor of safety and it is the basic result to
express the stability of an embankment. Moreover, in
the case of an embankment constructed on soft
consolidating soils, the factor of safety varies with
time due to the change in effective stresses. In addition
to settlement and pore pressure, factor of safety of an
embankment at various time intervals from the end of
construction till the end of consolidation is also needed
in order to check its stability.

Many methods to determine the factor of safety of
an embankment have been proposed since 1948.
Determination of the potential failure surface and the
corresponding forces tending to cause slip and to
restore or stabilize the sliding mass and the compu-
tation of available factor of safety are the essential
steps in a stability analysis (Sengupta and Upadhyay
2009). Due to their simplicity, limit equilibrium
methods (Bishop 1955; Janbu 1957; Morgenstern
and Price 1965; Spencer 1967; Sarma 1979) are the
most common and reliable method and can be used
with confidence to investigate the slope stability
(Alkasawneh et al. 2008). In the last two decades
many advanced methods based on optimization tech-
niques such as dynamic programming approach
(Baker 1980), simplex method (Bardet and Kapuskar
1989), genetic algorithm (Zolfaghari et al. 2005;
Cheng et al. 2007; Sengupta and Upadhyay 2009; Tran
and Srokosz 2010) and Monte Carlo based optimiza-
tion techniques of the random walk type (Greco 1996;
Malkawi et al. 2001; Alkasawneh et al. 2008) have
also been proposed to predict the critical slip surface.
Methods based on finite element method have also
been proposed for the problems involving complex
boundary and loading conditions (Matsui and San
1992; Kim et al. 1999, 2002; Chen et al. 2014). Limit
analysis method which takes advantage of the lower
and upper-bound theorems of plasticity theory to
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provide rigorous bounds of the true solution of a
stability problem (Kim et al. 2002) and the strength
reduction method in which soil strength parameters
are reduced, until the slope becomes unstable, are the
common approaches proposed in finite element
method. In another approach of finite element method,
stresses at required points are obtained by finite
element method and the factor of safety is obtained
either by using limit equilibrium methods (Duncan
and Dunlop 1969; Donald and Giam 1988) or by
joining the points of local failure in an embankment
(Scott and Yamasaki 1993). Since finite element
method is the most preferred numerical technique to
solve the consolidation problem such as an embank-
ment on soft soil with vertical drains, a method
combined with finite element method to obtain
effective stresses and any of the above technique to
obtain the factor of safety may be more effective and
appropriate.

Krishnamoorthy (2010) developed a procedure to
obtain the factor of safety of an embankment on
consolidating soil using finite element method to
obtain stresses at required points and a Monte Carlo
technique (MCT) proposed by Greco (1996) to obtain
critical slip surface. The effectiveness of installing
vertical drains has also been investigated (Krish-
namoorthy 2013) using the proposed technique. In
these studies, the behavior of foundation soil is
modeled as a linearly elastic material. In order to
enhance the effectiveness of the technique further and
to represent a realistic behavior of soil, a similar
procedure but modeling the soil using a nonlinear
relationship is proposed in this study to investigate the
stability of an embankment constructed on soft soil
with vertical drains. Since, a Mohr—Coulomb yield
criterion is used to compare the destabilizing and
restoring forces while obtaining a factor of safety, a
similar model is also used to model the nonlinear
behavior of foundation and embankment soils. In
addition to MCT, a critical slip surface obtained from a
number of surfaces (CSNS) is also used to obtain
factor of safety. In this approach, number of slip
circles with different radius and center are generated
and the factor of safety is obtained for each slip surface
using the stresses obtained by finite element analysis.
Among these, a slip surface with minimum factor of
safety is chosen as the critical slip surface for a
particular time interval. Selection of number of slip
surfaces in this method ensures that all the possible
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critical slip surfaces are investigated and no potential
slip surface is left behind. One of the limitation of this
search technique compared to the optimization tech-
niques is the computational time. However, it may be
noted that, in the consolidation problems using finite
element method, the time required to obtain the critical
slip surface is negligible compared to the time required
to solve the consolidation problem and hence this is
not a major issue compared to its effectiveness. The
effective stresses in the case of embankment on
consolidating soil varies with time, not only due to the
dissipation of excess pore pressure but also due to the
change in geometry caused by the excessive settle-
ment of foundation soil. Since generation of slip
surfaces using number of trials is found to be more
stable, this method is also used in the proposed study
to obtain the critical slip surface in addition to MCT.

Thus, when finite element method is used to obtain
excess pore pressure and effective stresses in soil, the
factor of safety may be obtained by limit analysis
method, strength reduction method or limit equilibrium
method. The major advantage of limit analysis and
strength reduction methods compared to traditional
limit equilibrium method is the stress and displacement
obtained by these methods may lead to a better
understanding of the mechanism of slope failure.
However, since the equilibrium state of a geotechnical
system with reduced soil strength must be repeatedly
evaluated, the shear strength reduction finite element
method is generally more expensive than the tradi-
tional limit equilibrium method (Chen et al. 2014). The
limit equilibrium method, on the other hand, possess
the advantages of simplicity and effectiveness. Monte-
Carlo techniques are very fast, easy-to-implement and
can be used to locate the critical slip surface more
efficiently (Alkasawneh et al. 2008). Moreover, the
critical slip surface from the more advanced limit
equilibrium methods compare well with the slip
mechanism from limit analysis method (Kim et al.
2002). Hence, for the proposed analysis, effective
stresses are obtained by finite element method and
factor of safety is obtained using limit equilibrium
based MCT and CSNS methods. MCT and CSNS
methods are simple and effective, whereas, the finite
element method provides a rigorous solution and yields
information such as stress, displacement and pore
pressure from the beginning of construction till the end
of consolidation similar to the approaches based on
limit analysis or strength reduction methods.

2 Method of Analysis

The analysis consists of two parts

1. Finding the effective stresses in soil at the
required points using finite element method.

2. Locating the critical slip surface and finding the
factor of safety using these stresses.

2.1 Determination of Pore Pressure and Effective
Stresses in Soil by Finite Element Method

The elemental equation for the consolidation proposed
by Zienkiewicz (1977) is expressed in matrix form as

5 e -1 o

K, is the soil stiffness matrix and H is the flow matrix.
u, p and f are the vector of nodal displacements, pore
pressure and forces respectively. L is the coupling
matrix which is formed from the equation

9
L= / NT aax Nids (2)
' dy

N; and N, are the shape functions defining the
displacement of the soil element and pore pressure
distribution respectively.

Equation (1) in incremental form can be written as

5 e (e g -{a) )

A denotes the variations of each parameter from
time 7 to time ¢ + Ar and index i indicates the i” time
step. Equation (3) is solved in the incremental form
using Newmark’s method to obtain displacement and
pore pressure at each time interval Ar.

2.2 Modeling of Vertical Drains

Embankment on soft soil with vertical drains is
analysed using plane strain finite element method. A
matching procedure proposed by Hird et al. (1992)
accounting for the effects of the smear zones around
the drains is used to simulate the actual axisymmetric
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flow. The three matching procedures proposed by Hird
et al. (1992) are:

1. Geometric matching: the drain spacing is matched

while maintaining the same permeability
coefficient
1
B 3 R ky Ty 3 2
—=2(Z)|m(= (=) - (2
G- E)C) -G}
(4)

2. Permeability matching: the coefficient of perme-
ability is matched while keeping the same drain
spacing

ki 2
é - 3|In(R k) 10 ( L 3 )
CORNOEERED
3. Combined matching: A convenient value of drain
spacing is preselected for plane strain analysis and

the corresponding permeability is calculated for
this drain spacing

- ek (6)
32 fin(%) + (1) n(2) - @)

In the above equations, R, is the radius of axisym-
metric unit cell and B is the half width of the plane
strain unit cell, k;/k, is the ratio of horizontal
permeability of the undisturbed and smeared soil and
g1, 18 the ratio of radius of the smear zone and radius
of drain. k., and k,, are the horizontal permeability of
axisymmetric and plane strain conditions respectively.
For a square configuration, the unit cell radius, R, is
related to the drain spacing, S, using the expression,
R = 0.565S.

2.3 Locating the Critical Slip Surface

As already mentioned, critical slip surface is obtained by
two methods. The first method gives the Critical Surface
from Number of Surfaces (CSNS) and the second
method is based on Monte Carlo Technique (MCT).

2.3.1 Critical Slip Surface by Monte Carlo Technique
(MCT)

Greco (1996) proposed a new Monte Carlo method of
the random walking type, for locating critical slip
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surface. In this method, each search stage is articulated
in two phases: exploration phase and extrapolation
phase. A trial slip surface with six or seven trial points
is selected. As shown in Fig. 1, A, B, C, D and E is one
such trial surface with points A, B, C, D and E as the
trial points. In the exploration phase, each of these trial
points A, B, C, D and E is then shifted to a new
position in eight directions. A, B’, C, D and E is one
such surface obtained after shifting B to B’. For each
shift the factor of safety is computed. If the factor of
safety of the new slip surface (A, B’ C D E) is lesser
than the factor of safety of the previous slip surface (A,
B, C, D, E) then the point is fixed to this new position
(B’). Otherwise, it is returned to the previous position
(B). The process of shifting the trial points to new
position based on comparison of the old and the new
factor of safety is repeated for all trial points A, B, C,D
and E. As trial points are shifted to new position a new
slip surface is obtained. In the extrapolation phase, the
total displacement obtained in the exploration is
repeated, and the slip surface is updated if the factor
of safety is lesser than that obtained at the end of the
exploration phase. The factor of safety of the new slip
surface, thus obtained is compared with the factor of
safety of the old slip surface. If the factor of safety of
the new surface is less than the factor of safety of the
old surface then the procedure is repeated for the new
surface. Thus shifting of trial points of the slip surface

(a)

(b)

Fig. 1 a Trial slip surface ABCDE for MCT. b Trial slip circles
generated by CSNS method
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in eight directions as explained above is repeated until
the factor of safety of new slip surface and previous
slip surface are same.

2.3.2 Critical Slip Surface Obtained from Number
of Surfaces (CSNS)

Number of slip circles of different centers and radius
are generated in this method using the following steps

1. Two points X; and X, with coordinates (x;, y;) and
(x2, y,) are selected. As shown in the Fig. 1b, point
X is on the ground surface where as point X5 is on
the top surface of the embankment.

2. Different circles passing through the points X; and
X, are generated.

3. Initially, the point X; is fixed at point B and point
X, is gradually shifted from C to D at an increment
of 0.25 m.

4. Once the point X, reaches the point D, the point X
is then shifted towards A at an increment of
0.25 m and for each increment, the step (3) is
repeated once again by shifting point X, from C to
D, till X; reaches point A.

5. About twenty-five thousand circles are generated
by this procedure as shown in Fig. 1b. Each of the
circle thus obtained is divided into arcs of length
AL = 0.5 m to obtain the factor of safety.

2.4 Determination of Factor of Safety

The trial slip surface is divided into ‘n’ number of
segments each of length AL. The overall factor of
safety for a particular slip surface is obtained using the
equation

_ D TyAL;

FS==—+-"—
> TAL

(7)
where 1, is the mobilized shear stress and t¢is the shear
strength of the material. AL; is the length of ith
segment. For the ith segment on a particular slip
surface, the values of 7; and 7, may be expressed as

1 = ¢ + o tang’
1 = 0.5 (0}, —0,)sin2e; + T, ;cos20; @)
8

0, = 0.5 (d); + a;) + 0.5 (d,— a);)cos2,

! .
— TySin2a;

where ¢/ and ¢’ are the effective cohesion and
effective angle of internal friction of the soil respec-
tively. o), is the effective normal stress acting on
segment i. o', a;l., and r’xyi are the effective stresses on
ith segment. o; is the inclination of the ith segment
with horizontal.

3 Numerical Applications

Factor of safety obtained from the proposed method of
combining the finite element method to obtain effec-
tive stresses and the critical slip surface selected from
MCT and CSNS method is compared with the factor of
safety obtained by Kim and Lee (1997) for a 1:1
homogeneous dry slope of height 5.0 m. The unit
weight and modulus of elasticity of soil are 20 kN/m>
and 15,000 kN/m? respectively. The factor of safety
obtained by the proposed methods and by Kim and Lee
(1997) for the three combinations of ¢/ and ¢ are
presented in Table 1. There is a close agreement
between the factor of safety obtained by the proposed
methods and by Kim and Lee (1997). This shows that
the proposed methods can be used to find the factor of
safety of slopes. Moreover, CSNS method is more
reliable compared to MCT since all the possible slip
surfaces are checked while arriving the critical slip
surface. Also, the proposed CSNS method of choosing
the critical slip surface will not require any constraints
unlike many optimization techniques.

3.1 Stability Analysis of Embankment on Soft
Consolidating Soil

Stability of a dry embankment on soft consolidating
soil with vertical drains is investigated using the
proposed methods. Figure 2 shows an embankment of
height 2.0 m, width of crest 10.0 m and side slope 1:1

Table 1 Comparison of factor of safety (F.S) obtained by Kim
and Lee (1997) and by proposed methods

¢ kN/m* ¢ ()

F.S by Kim F.S by FE.S by
and Lee (1997) MCT CSNS

10 20 1.31 1.30 1.32
6 20 1.01 1.01 1.05
5 30 1.27 1.27 1.32
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embankment

PVD improved zone
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«— vertical drains
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Fig. 2 Embankment on soft soil with vertical drains

Table 2 Matching parameters obtained by various procedures
proposed by Hird et al. (1992)

Geometric Permeability Combined
matching matching matching
R(m) 0.5 0.5 0.5
B(m) 2.5 0.5 1.25
kpi/k ax 1.0 0.0406 0.253
5m D
B [
£ g
A 17m ¢

Fig. 3 Finite element descritization of soft soil and
embankment

considered for the analysis. Foundation is 5.0 m thick
saturated soil laying on a rigid impermeable soil.
Prefabricated vertical drains with 98.7 x 6.83 mm®
section are installed in a square grid at a spacing, S, of
0.9 m underneath the embankment. Smear effect is
taken into consideration using r¢r, =5 and k;/
ks = 10. Matching parameters for two dimensional
plane strain condition for the various matching
procedures proposed by Hird et al. (1992) are tabu-
lated in Table 2. Half width of plane strain unit cell, B,
is preselected as 1.25 m for combined matching, it is
similar to the radius of the axisymmetric unit cell,
R = 0.5 m, for permeability matching, whereas, it is
obtained from the Eq. 4 for geometric matching as

Table 3 Properties of embankment and foundation soil

2.5 m. Finite element discretization of the embank-
ment and foundation soil with vertical drain is shown
in Fig. 3. Due to symmetry, only half of the embank-
ment and foundation soil is considered in the finite
element discretization. Four noded quadrilateral ele-
ment of size 0.5 m x 0.5 m and triangular element as
shown in the figure are used for discretization. The
displacement along horizontal and vertical direction is
restrained at the bottom surface of the foundation soil
(along AC) and displacement in horizontal direction is
restrained along the sides AB and CD as shown in
figure. Bottom surface AC and side AB are considered
as impervious and excess pore pressure is set as zero
on the ground level (corresponding to upper drainage
surface) and for the nodes corresponding to the
location of vertical drains. In the case of soil without
vertical drains, excess pore pressure is considered as
zero only on the upper drainage surface. It is assumed
that the embankment is constructed in sequence. Each
layer with 0.5 m height of embankment is constructed
in 3.5 days with a pause period of 3.5 days, so that the
construction is completed in 24.5 days. The material
properties considered for the embankment and the
foundation soil are tabulated in Table 3. Since,
extensive investigations have been carried out to study
the effect of vertical drains on settlement and pore
pressure (Borges 2004; Yildiz 2009), parameters that
have major influence on factor of safety of embank-
ment are presented and discussed in this study. Also,
out of the three matching procedures proposed by Hird
et al. (1992), the permeability matching has the
drainage spacing similar to the actual axisymmetric
case, whereas, Yildiz (2009) proposed a combined
matching procedure as the most convenient, as it
enables controlling mesh geometry in the finite
element analysis. Hence, for the proposed analysis,
the vertical drains are modeled using both the
permeability matching and combined matching pro-
cedure proposed by Hird et al. (1992).

Figure 4 shows the variation of excess pore pres-
sure obtained by permeability matching at points P, Q
and R. As shown in Fig. 3, these points are at 0.5, 2.0

y (kKN/m?) E (kN/m?) ¢’ (kN/m?) ¢ ©) K (m/day)
Embankment 20 8 x 10° 0.35 10 30 —
Foundation 18 2 x 10° 0 23 486 x 1074
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Fig. 4 Variation of excess pore pressure with time at points P, Q and R for the soil with and without drains

and 4.5 m depths respectively from ground surface
and at a horizontal distance of 0.5 m from the drain
below the center of the embankment. It may be noted
that half width of plane strain unit cell, B, in the case of
permeability matching is similar to the radius, R, of the
axisymmetric unit cell in actual three dimensional
condition. From Fig. 4 it is observed that the maxi-
mum excess pore pressure at the end of construction in
the case of soil with drains at points P, Q and R is
larger compared to the soil without vertical drains.
Time required for almost complete dissipation of
excess pore pressure at points P, Q and R for the soil
with drains is almost similar and is within 600 days
whereas for the soil without drains, the time required
for almost complete dissipation of excess pore pres-
sure at points P,Q and R is nearly equal to 3000, 4000
and 5000 days respectively. Also, excess pore pres-
sure at point P dissipates at faster rate up to 300 days
compared to dissipation of excess pore pressure
beyond 300 days for both the soils with and without
drains.

Thus, (1) excess pore pressure dissipates faster at
points Q and R (i.e. at depths 2.0 and 4.5 m) in the case
of soil with drains compared to the soil without drains
(2) rate of dissipation of excess pore pressure after

construction is almost similar at all the points P, Q and
R in the case of soil with drains, whereas it decreases
with increase in depth in the case of soil without drains
and (3) for the point P, situated very close to the
drainage surface, the period required for complete
consolidation is almost similar for both the soils, with
and without drains.

Figure 5Sa—c show the variation of excess pore
pressure along the base of the embankment at 0.5 m
beneath ground surface, 2.0 m beneath ground surface
and 4.5 m beneath ground surface for the soil with
drains obtained by permeability and combined match-
ing and for the soil without drains at the end of
construction, 300 days after construction and
600 days after construction. Average excess pore
pressure below the embankment for the soil with and
without drains is tabulated in Table 4. Excess pore
pressure profile shows that, as expected, the excess
pore pressure is zero at the matched locations of the
drains, i.e. at a spacing of 1.0 and 2.5 m respectively
for permeability matching and combined matching.
However, the excess pore pressure profile predicted by
two matching procedures for the soil with drains are
different. Immediately after construction, excess pore
pressure between the drains is larger for permeability
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Fig. 5 aExcess pore pressure at various depths immediately after construction. b Excess pore pressure at various depths 300 days after
construction. ¢ Excess pore pressure at various depths 600 days after construction

Table 4 Average excess pore pressure (kN/m?) below the embankment for the soil with and without drains

Time (days) 0.5 m depth 2.0 m depth 4.5 m depth

ND P C ND P C ND P C
0 28.14 21.15 22.84 36.28 30.72 26.65 32.22 28.48 26.13
300 8.76 2.72 3.79 23.96 4.79 6.32 32.07 6.22 7.51
600 5.59 0.37 0.41 16.94 0.71 1.32 26.44 0.51 1.51

ND without drains, P permeability matching, C combined matching

matching as compared to combined matching. How-
ever, it is interesting to observe that the average excess
pore pressure tabulated in Table 4 obtained by
permeability matching and combined matching is
almost similar. Thus, while the excess pore pressure in
between the locations of drains, immediately after
construction, in the case of soil with drains is larger
compared to the soil without drains, the average
excess pore pressure for the soil with drains is slightly
lesser compared to the soil without drains. Large
excess pore pressure will develop in between the
location of drains in order to balance the zero excess
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pore pressure at the locations of the drains. Also, the
excess pore pressure is maximum at the center of
embankment and decreases towards the toe of the
embankment for the soil without drains at all the
depths. For the soil with drains, the excess pore
pressure decreases towards the toe at 0.5 m depth
whereas, it will not vary much with distance and is
more or less uniform beneath the base of the embank-
ment at 2.0 and 4.5 m depths. Further, the average
excess pore pressure is almost similar at all the depths
at the end of construction for both the cases of with and
without drains and it is almost equal to the weight of



Geotech Geol Eng (2016) 34:657-669

665

oe
-0.05
0.1 —a— permeability matching
T —s— combined matching
:-0 15 —6— without drains
-0
IS
o
©
()

0365 +——m—mF—————————
0 1000 2000 3000 4000 5000
Time (days)

Fig. 6 Variation of settlement with time at point S for the soil
with and without drains

the embankment. However 300 and 600 days after
construction, the average excess pore pressure is
almost similar for all the depths only in the case of soil
with drains where as it increases with depth for the soil
without vertical drains. This clearly shows that the
water drains in horizontal direction in the case of soil
with drains since drainage distance is similar at all
depths (i.e. 0.5 m) whereas, it drains in vertical
direction in the case of soil without drains and due to
this the drainage distance increases with depth. Thus,
as already shown by many investigators, one of the
major advantage of vertical drains is the significant
decrease in drainage distance. Due to this, the excess
pore pressure dissipates at faster rate after construction
in the case of soil with vertical drains and results in
lesser excess pore pressure compared to that of the soil
without drains as observed from Fig. 5b, c.

To study the change in profile of the embankment
during consolidation, variation of settlement with time
at point S (beneath the center of the embankment), and
variation of settlement along the base of the embank-
ment is investigated. Variation of settlement with time
at point S is shown in Fig. 6. As it can be seen, the
settlement is more or less stabilized about 600 days
after construction for the soil with drains and
3500 days after construction for the soil without
drains. Also, the long term settlement (settlement at
the end of consolidation) is larger for the soil without
drains compared to the soil with drains. In addition, the
soil without drains takes much longer time to stabilise
compared to the corresponding settlement of soil with
drains. When the settlement with time predicted by

—&— end of construction (with drains)
—— end of construction (without drains)
—=— end of consolidation (with drains)
—— end of consolidation (without drains)
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Fig. 7 Settlement at the base of the embankment for the soil
with and without drains

permeability matching procedure is compared with
that of combined matching in Fig. 6, it may be
observed that the settlement predicted by both the
matching procedures are almost similar. Thus, as
against two matching procedures predicting different
excess pore pressure profile, the settlement predicted
by two matching procedures are almost similar.
Similar observations were also drawn by Yildiz
(2009) after comparing the results of three dimen-
sional unit cell predicted by three matching procedures
proposed by Hird et al. (1992). For the present study
the settlement at the end of consolidation predicted by
two matching procedures are 0.24 m (predicted by
permeability matching) and 0.234 m (predicted by
combined matching).

Variation of settlement along the base of embank-
ment at the ground surface is shown in Fig. 7.
Settlement profile shows that maximum settlement
occurs at the center of the embankment and gradually
decreases towards the toe of the embankment. Settle-
ment profile also shows heave that starts from toe,
increases first, reaches a maximum value at 1.0 m
from toe and then gradually decreases till it reaches
zero value at point B. It can also be seen from
figure that the settlement at the end of construction at
point S for the soil with drains is larger compared to
the soil without drains, whereas, the settlement at the
end of consolidation is lesser for the soil with drains
compared to the soil without drains. This clearly shows
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Fig. 8 Ciritical slip surfaces for an embankment on soft soil with and without drains
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Fig. 9 Variation of factor of safety for an embankment on soft soil with and without drains

that the soil with vertical drains settles lesser after
construction compared to the soil with out drains.
Moreover, the maximum heave, both at the end of
construction as well as at the end of consolidation is also
less for the soil with drains compared to the soil without
drains, indicating that the soil with drains settle more
uniformly compared to the soil without drains. The
above observations, clearly shows that the embankment
on soft soil with drains is more stable than that of the
embankment on soft soil without drains.

Finally, in order to investigate the variation of
stability of the embankment with time, the factor of
safety is obtained at various time intervals starting
from the end of construction till the end of consoli-
dation for the soil with and without drains. Figure 8
shows the critical slip surfaces predicted by the CSNS
method for the soil with and without vertical drains.
Both the soils with and without drains shows three
typical critical slip surfaces from the end of construc-
tion till the end of consolidation. The first for
consolidation period up to 200 days, the second from
200 to 400 days and the last for consolidation beyond
400 days for the soil with drains whereas for the soil
without drains the three critical slip surfaces are at the
time intervals from O to 50, 50 to 1100 days and after
1100 days. For both the soils, with and without drains,
decrease in size of critical surface due to the
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movement of surface towards the toe of the embank-
ment with progress in consolidation can be observed
from Fig. 8. Also, the size of the critical slip surface is
larger and extends deeper into the soft soil for the soil
without drains compared to the soil with drains.
However, in both the cases, the critical slip surface
does not extend beyond 1.0 m depth from the ground
surface and hence, for the embankment and soft soil
considered for the study, variation of excess pore
pressure in the soil situated below a depth of 1.0 m
may not have much influence on variation of factor of
safety of the embankment with time.

Variation of factor of safety with time for the
embankment constructed on soft consolidating soil
with and without vertical drains is shown in Fig. 9.
Following observations can be made from Fig. 9.

1. Factor of safety of embankment on soil without
drains obtained by MCT shows four distinct parts.
They are:

(a) Rapid increase in factor of safety
(1.07-1.48) with time for the first part from
the end of construction up to about
300 days

Moderate increase in factor of safety
(1.48-1.57) with time for the second part

from 300 to 600 days

(b)
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(c) Marginal decrease in factor of safety
(1.57-1.55) with time for the third part
from 600 to 1400 days

(d) Marginal increase in factor of safety
(1.55-1.58) with time again from
1400 days till the end of consolidation

Factor of safety obtained by CSNS method, for the
soil without drains however shows only three
parts. i.e.:

(@) Rapid increase in factor of safety
(1.01-1.44) from the end of construction
to about 300 days

(b) Moderate increase in factor of safety
(1.44-1.48) with time for the second part
from 300 to 600 days

(c) Marginal increase in factor of safety
(1.48-1.55) beyond 600 days till the end
of consolidation

Thus it may be noted that while the factor of safety
increases rapidly up to 300 days, it may either
increase or decrease marginally with time beyond
300 days. Rapid increase in factor of safety till
300 days is due to the attribution of express
dissipation of excess pore pressure within top
1.0 m depth of foundation soil (as observed from
Fig. 4). After 300 days till the end of consolidation,
variation of factor of safety with time is influenced
by the dissipation of excess pore pressure as well as
the change in profile of the embankment caused by
the settlement of foundation soil. Factor of safety
predicted by MCT decreases marginally from 600
to 1400 days may be due to significant settlement of
the foundation soil during this period without much
change in excess pore pressure within 1.0 m depth
of foundation soil.

Thus factor of safety of the embankment on
consolidating soil varies not only due to the
dissipation of excess pore pressure but also due to
the change in profile of the embankment with time
as consolidation progresses. Factor of safety of the
embankment on soft soil may either increase or
decrease with time due to dissipation of excess
pore pressure in the soft soil and due to change in
profile of embankment.

Similar to embankment on soil with out drains, the
factor of safety of soil with drains also shows rapid
increase in factor of safety with time for initial

part of consolidation up to 300 days, gradual
increase in factor of safety from 300 to 600 days
and little or no increase in factor of safety beyond
600 days till the end of consolidation.

4. When the factor of safety predicted by two

matching procedures for the soil with drains are
compared, it can be observed that the factor of
safety predicted by both the matching procedures
are almost similar. However, comparison of MCT
with CSNS method to predict the factor of safety
indicates that the factor of safety obtained by
MCT is slightly larger compared to the factor of
safety obtained by CSNS method.

5.  When the factor of safety of the embankment on

soil with drains is compared with that of the
embankment on soil without drains, it can be
observed that the factor of safety of the embank-
ment on soil with drains is larger compared to the
embankment on soil without drains at the end of
construction due to rapid dissipation of excess
pore pressure in the soil with drains during
construction. Moreover, at the end of consolida-
tion, despite the excess pore pressure dissipates
completely in both the soils with and without
drains, the factor of safety is not similar for these
two cases. The factor of safety at the end of
consolidation for the embankment on soil with
drains is also larger compared to that of the
embankment on soil without drains. This is due to
relatively lesser and uniform settlement of foun-
dation soil with drains compared to that of the soil
without drains. Thus, provision of drains enhances
the factor of safety (stability) of an embankment
both at the end of construction and at the end of
consolidation. While the factor of safety increases
due to rapid dissipation of excess pore pressure at
the end of construction, the increase in factor of
safety at the end of consolidation is due to uniform
and lesser settlement of foundation soil with
drains compared to the soil without drains.

4 Summary and Conclusions

A numerical procedure using plane strain finite
element method to find effective stresses and a critical
slip surface obtained from (1) number of probable slip
surfaces and (2) Monte Carlo technique to obtain the
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factor of safety of an embankment on soft consolidat-
ing soil with vertical drains is proposed. In the
proposed analysis, the foundation and embankment
soil is modeled using Mohr—Coulomb model. The
stability of an embankment on soft soil with vertical
drains is investigated using the proposed analysis.

It is shown theoretically that the proposed technique
is reliable and easy to implement in finite element
method to obtain the factor of safety of an embankment
on soft consolidating soil when nonlinear constitutive
model is used to represent its behavior. Moreover, the
factor of safety obtained from the proposed methods
matches well with the factor of safety obtained from
other optimization techniques such as nonlinear pro-
gramming. The installation of vertical drains acceler-
ates the consolidation process during and after the
construction period and hence the maximum factor of
safety can be achieved in lesser time due to vertical
drains. Installation of vertical drains also decreases the
post construction settlement of the embankment and
helps to settle the embankment more uniformly.
During initial stage of consolidation, the variation of
factor of safety with time is primarily influenced by the
rate of dissipation of excess pore pressure with in the
depth of soil up to which the critical slip surface passes.
The variation of factor of safety at later stage of
consolidation is influenced by the change in profile of
the embankment caused by the dissipation of excess
pore pressure at the other part of the soft soil beneath
the critical slip surface. The factor of safety may
increase during initial stage of consolidation due to
express dissipation of excess pore pressure in soft soil
near the ground surface while in the later stage of
consolidation, the factor of safety may either increase
further or decrease gradually due to the change in
profile of the embankment as the consolidation
progresses. The installation of vertical drains enhances
the factor of safety at the end of construction due to
rapid dissipation of excess pore pressure and at the end
of consolidation due to relatively lesser and uniform
settlement of the foundation soil.
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