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Abstract

In many cities worldwide, the development of sites underlain by thick deposits of soft marine clay has become more com-
mon to meet the demand for essential transportation infrastructure arising from the current unprecedented urban population
growth. Staged construction and ground improvement techniques are two approaches frequently used in constructing high
embankments over soft soils. These approaches improve stability, ensuring that the pace of construction does not cause a
build-up of excess pore water pressures and an associated reduction in shear strength, which could lead to progressive failure.
This study examines the use of prefabricated vertical drains (PVDs) and the pace and sequence of construction, to determine
the most suitable method for constructing high embankments on soft soil deposits. The problem was modelled using a Finite
Element software called PLAXIS 2D, in which the PVD is available as pre-coded drainage line elements. The modelling
was carried out with a staged construction technique. The analyses considered PVD spacing ranging from 1 to 2.5 m, with
PVDs extending to the crest, to the toe, or beyond the toe of the embankment. The fill layer thickness and the consolidation
time following the placement of each layer were also varied to study the effect of these parameters on overall stability. The
results obtained from this study show that PVDs can significantly improve the stability of embankments when combined
with an appropriate consolidation time for a faster construction pace.

Keywords Consolidation - Marine clay - Excess pore water pressure - Prefabricated vertical drains - Settlement - Plain
strain model

Introduction water pressures, which in turn significantly reduces the

shear strength. Various constructive techniques are avail-

Studying the behaviour of high embankments founded on
soft marine soils is a challenging area of soil mechanics,
due to the complex problems posed by the weak geotechni-
cal characteristics of the foundation soils. The low strength
of marine clays significantly limits the load (and embank-
ment height) that can be applied while maintaining adequate
safety for short-term stability. In addition, the high deform-
ability and low permeability of these soils result in exces-
sive settlement and very slow dissipation of excess pore
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able for designing high embankments on soft soils. Alter-
ing the properties of the foundation soil or the fill layers
can increase the global stability, accelerate consolidation,
and reduce creep settlement. However, the most commonly
applied techniques for accelerating the rate of consolidation
and reducing the consolidation time are the use of prefab-
ricated vertical drains (PVDs) [1], stone columns without
encasement and granular encased columns in the founda-
tion soils. Early work on soft Bangkok clay was carried out
by Muktabhant et al. [2], Moh et al. [3], Eide [4, 5], and
Bergado et al. [6]. Since saturated marine clays have very
low shear strength, rapid embankment construction cannot
be carried on such soils. Thus, to increase global stability,
embankments are built by using staged construction, with
waiting periods between the construction stages to allow
time for consolidation to occur and as a result, an increase
in the undrained shear strength of clay is observed. With an
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application history of more than three decades, PVDs have
proven to be an efficient means of accelerating the rate of
consolidation and improving the performance of the soft
subsoil. In combination with the use of PVDs, staged con-
struction has become more widespread in the construction
of embankments [7].

With increasing populations, the demand for infrastruc-
ture development on soft compressible soils is constantly
growing, especially in the coastal regions of many coun-
tries. Rapid developments often require the use of even the
poorest of soft clays. Therefore, it is essential to stabilize
existing soft clay foundations prior to and during the con-
struction, in order to avoid excessive or differential settle-
ment. Although a variety of soil improvement techniques are
available, the application of prefabricated vertical drains is
still a widely used solution [8]. Prefabricated vertical drains
(PVDs) provide artificially created drainage, which is used
in soft soil deposits to accelerate primary consolidation by
shortening drainage paths, so that excess pore water pres-
sures can dissipate radially rather than vertically. The main
advantages of drains are that they accelerate the increase in
the soil shear strength by consolidation, thus reducing dif-
ferential settlement during primary consolidation, and they
also reduce the depth of surcharge fill required to achieve the
desired pre-compression. [9] Of the various vertical drains
used to accelerate the dissipation of excess pore water pres-
sures beneath embankments, prefabricated vertical drains
are the most cost-effective. In combination with the use of
surcharge fill, the radial drainage paths facilitated by PVDs
stabilize the soft ground by increasing the soil shear strength
and reducing post-construction differential settlement [10].

In 1940, prefabricated band-shaped drains and Kjellman
cardboard wick drains were introduced in the field of ground
improvement. Several other types of PVD have been devel-
oped since then, such as the Geodrain (in Sweden), Alidrain
(in England), and Mebradrain (in the Netherlands). PVDs
consist of a perforated plastic core functioning as a drain,
and a protective sleeve of fibrous material acting as a filter
around the core. Vertical drains are generally installed by
using either a dynamic or a static method. In the dynamic
method, a steel mandrel is driven into the ground by using
either a vibrating hammer or a conventional drop hammer. In
the static method, a mandrel is pushed into the soil by means
of a static force. Although the dynamic method is quicker,
it causes more disturbance of the surrounding soil during
the installation. This results in shear strain, accompanied
by an increase in the total stress and pore water pressure,
in addition to the displacement of the soil surrounding the
vertical drain [11].

The effectiveness of a PVD system is related to the drain
characteristics, including the longitudinal permeability
or discharge capacity. A decrease in discharge capacity,
referred to as well resistance, retards the dissipation of pore
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water pressures and the associated settlement. The main
causes of well resistance are deterioration of the drain filter
(leading to reduction of the drain cross-section), silt intru-
sion into the filter (resulting in a reduction of pore space)
and folding of the drain due to lateral movement [12]. The
finite element method (FEM) has been generally adopted to
analyze the behaviour of PVD-improved soft subsoils under
embankment loading. There are three existing approaches
for modelling the PVD-improved subsoil. The first method
employs a one-dimensional (1D) drainage element. The
second method uses a macro-element in the FEM program
to consider the drainage behaviour of vertical drains. The
third method is an approximate approach, which estimates
an equivalent value for the vertical hydraulic conductivity of
PVD-improved subsoil. With this approach, the behaviour of
PVD-improved subsoil can be analyzed in a manner similar
to that used for non-treated natural subsoil [13].

Hird et al. [14] developed a method for modelling the
effects of PVDs in two-dimensional plane strain conditions.
The accuracy of the developed method was verified using
the field results of three case histories of embankments built
on soft soils and improved by PVDs. They reported that
a very good match was found between the obtained finite
element results and the available field data. Furthermore,
Rujikiatkamjorn et al. [15] presented 3D and 2D finite ele-
ment models of a PVDs case study in the Tianjin Port in
China. In the 3D model, the actual geometry of the PVDs
and their installation pattern within the soil volume were
simulated. Whereas in the 2D model, the appropriateness
of the plane strain analysis approach using equivalent per-
meability and transformed unit cell geometry, similar to the
approach adopted in this study, was examined. An accept-
able agreement was found to exist between the predictions
of the 2D and 3D finite element models and the available
field data for the settlements, porewater pressures, and lateral
displacements. Similar findings were reported by Indraratna
et al. [8] and by Borges [16].

This study makes use of drainage line elements that are
pre-coded in PLAXIS 2D. Hence, in the numerical model-
ling, drain design parameters such as the smear effect, well
resistance, and discharge capacity are ignored. A drain line
element acts as a macro-element which examines the verti-
cal hydraulic conductivity of the drains by considering all
the pore water pressures in the drain nodes to be equal to
zero. Thus, the excess pore water pressures are dissipated
via the drain element to the top of the soil layer through the
difference in pore water pressure between the soil and the
drain element.

The numerical models described in this paper are based
on the embankment design and soil profile of a case study
of an embankment in St. Stephen, New Brunswick, Canada,
which failed in 2006 during the construction of a four-lane
highway leading to the Canada-USA border crossing in St
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Stephen. [17] In the present research, a two-dimensional
finite element model of the embankment was prepared by
estimating the soil properties via back analysis from the
failure results obtained from the case study. After a fail-
ure similar to that observed at the site was established in
the numerical model, drain line elements were added as a
ground improvement technique, to study their effect on the
stability of high embankments constructed over soft soil
deposits. A parametric study was conducted to investigate
the effect of the spacing and extent of coverage of the PVDs;
the effect of different fill layer thicknesses and extent of
PVD coverage with constant drain spacing; and the effect
of different consolidation times for thicker fill layers, with
constant drain spacing and extent of coverage of the PVDs.

Methodology

First the soil profile and embankment were modelled in
accordance with the cross-section of the embankment from
the case study (see Fig. 1). Then drainage line elements were
added to model PVDs in the parametric study. This was done
to examine the effects of drain spacing and the extent of
coverage of the PVDs on the stability of the embankment.

roposed height of Embankment=14 m

In PLAXIS 2D, when 15-node (fourth-order) soil ele-
ments are employed, each drainage line element is defined
by five nodes. However, when 6-node (quadratic) soil ele-
ments are used, each drainage line element is defined by
three nodes [18]. This study makes use of 15-node soil ele-
ments. Relationships between the axial force and displace-
ment and the axial flow rate of the PVDs and hydraulic
gradient of the soil profile are established in the element
stiffness matrix. In the consolidation analyses, the drainage
line elements are assumed to have a negligible area cross-
section [18].

The drainage line elements in PLAXIS 2D are handled
as seepage boundaries and are located inside the domain. At
atmospheric pressure, the drains cannot work perfectly and
do not permit the discharge of water leaving the domain.
Hence, a prescribed head, &*, should be considered for
drains below the water level. Thus, the conditions are as
follows:

e ¢ = ¢ *; in the case of outflow

® g.n=qn,+qyn,+qn, = 0;inthe case of suctionwhere
n,, n, and n, are the outward-pointing fast vector compo-
nents on the boundary, and ¢ is the discharge. Here the
drain itself does not generate a resistance against flow
[18].
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Fig. 1 Site soil profile cross-section with boreholes (BH), showing a the proposed height of the embankment and the height at failure; points
under consideration for numerical analysis, and b PVDs with a spacing of 1.5 m c/c
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The drawback of using drainage line elements is that
they do not simulate the exact behaviour of drains which
would be used at the site, since they do not account for the
well resistance, discharge capacity, smear zone effects, or
clogging of the drains due to the migration of soil parti-
cles during installation. However, from work done by Wong
et al. [18] in 2013, it can be concluded that the drainage
line elements, although simplistic, can be used to study the
effects of using drains on the stability of embankments on
soft soils. However, they should not be used to design or
model drains that are to be implemented in a specific project.
This is because the drains modelled as line elements make
an assumption that the pore pressures are equal to 0 through-
out its cross section, which might not be practical, does not
account for clogging and the properties of the drains. It can
also be noted that by the use of these line elements, the
design parameters are not modelled and hence line elements
could only be used to study the effectiveness of the drains
for a particular problem.

Site Conditions and Geology

The subsurface profile and geology of the site were studied
following the embankment failure. Standard penetration tests
(SPTs) were conducted after the failure, immediately prior
to reconstruction of the embankment. Based on the SPT cor-
rected values for overburden pressure (N'¢;), a generalized
soil profile, shown in Fig. 1, was developed via back analy-
sis. SPT tests were conducted at seven boreholes on the site.
The locations of boreholes 2, 5, and 7 are indicated in Fig. 1.

At borehole (BH) 2, a layer of fill 8 m thick was under-
lain by a very thin layer of topsoil (approximately 0.1 m),
resting on a very soft gray silty lean clay layer. Under this
was a layer of dense gray silty sand 0.7 m thick, underlain

Table 1 Summary of soil properties used in the numerical model

by a layer of till 4.6 m thick. Bedrock was encountered at
about 19 m below ground level. At borehole 5, a layer of
fill 3.5 m thick was underlain by 4.1 m of compact to dense
brown silty sand with gravel, which rested on a very soft
gray lean clay layer. Bedrock was encountered at approxi-
mately 18.5 m below ground level. At borehole 7, 3.7 m of
very loose to compact brown clayey sandy silt with gravel
was underlain by a thin layer (0.6 m) of soft sandy clay, rest-
ing on a layer of very soft gray clay 10.6 m thick. This was
underlain by another thin layer (0.7 m) of compacted silty
clayey sand with gravel, with bedrock located at a depth of
15.6 m beneath the ground level. The water content, W,
of the soft clay layer ranged from 30 to 35%; with a plastic
limit, Wp, of 22% and a liquid limit, W,, of 45%. The vertical
coefficient of consolidation, Cy, was estimated to be 0.010
cm?/min, and the horizontal coefficient of consolidation, Cy,
was estimated to be 0.012 cm?*/min [19].

Soil Properties

Based on the SPT values, empirical relations were used to
determine the strength parameters of the different types of
soil at the site. Empirical relations [20] were used to calcu-
late the undrained cohesion (S;)) of the soft gray clay layer.
From the water content of 30% to 35% and the plasticity index
(PI) of 22%, other parameters of the soft soil, such as C- and
C, which determine the stiffness during loading and unload-
ing, were obtained. The stiffness of the other soils was deter-
mined by using relations based on the average SPT values.
The marine clay layer was modelled by using the soft soil
(SS) model in PLAXIS 2D, and the other soils were modelled
by using the hardening soil (HS) model. A detailed descrip-
tion of the soil models considered is provided in the following
section. Table 1 summarizes the soil properties used in the
numerical model, which were determined from the average

Soil layers Soil model Unit Stiffness para-meters Poisson’s ratio Cohe-  Friction Dilation Hydraulic
weight (MPa) sion angle angle (°) conductivity
(kN/m?) (kPa) (9 (m/day)
Yay v By ESEY

Fill HS 195 22 50 40 150 02 1 38 8.65x 107!

Soft gray marine clay SS 13.8 16.1 —* 0.495 0 28 8.65% 107>

Brown HS 16 20 30 24 90 02 5 29 8.65x 1074

clayey

silty sand

Silty sand HS 16.5 20 40 32 120 0.2 0 31 8.65x 1073

Glacial till HS 17 20 40 32 120 0.2 0 34 4 8.65 x 1072

Bedrock Linear non-porous 28  — E=6200 0.15 - - - -

C,=0.035 (Stiffness parameters used to model the soft marine clay layer)

#C,=0.35
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SPT values, based on empirical relations. The hydraulic con-
ductivities were determined by using estimates of Cy, and Cy,
obtained from the site which is reported in the case study. The
three stiffness parameters used in the hardening soil model are
explained in Sects. “Soft Soil Model” and “Hardening Soil
Model”. The mechanical properties of the PVDs used as a
ground improvement measure (with 1.5 m spacing in a trian-
gular pattern) are shown in Table 2, as reported by Bernie et al.
[19] The marine clay strength parameters for the given water
content and plasticity index are estimated in accordance with
Zhongkung et al. [21] and Myint et al. [22]

The empirical relations [20] which are used to model the
stiffness parameters are as follows:

C. = 0.009(W, - 10); 1,/74(Approx.) 1

C, = 1,/370 (Approx.), Q)

where W, is the Liquid limit of the soil sample and /,, is the
Plasticity Index of the soil sample. As these parameters were
available from the case study considered, these were used to
model the stiffness parameters of the soft marine gray clay.
On knowing the SPT values from the case study, the stiffness
parameters of the remaining soil layers were calculated using
the following relations [23]:

For NC Sands : E(kPa) = 490(N,,,, + 15) 3)
For Saturated Sands : E(kPa) = 245 (N, + 15) )
For OC Sands : E(kPa) = 735 (N,,,, + 24) )
Silty Sands : E (kPa) = 300 (N, + 6) (6)

Table 2 Summary of properties of PVDs used at the site. [16]

Properties Test method* Units  Value
Weight ASTM D1777 [24] g/m 75
Width - mm 95
Thickness ASTM D5199 [25] mm 3.0
Mass of filter ASTM D1777 [24] g/m? 140
Equivalent diameter of core — mm 65
Discharge capacity: ASTM D4716 [26] m*s  100x 107
at 10 kPa 50%107®
at 300 kPa

Pore size opening ASTM D4751 [27] mm  0.075
Permeability ASTM D4491 [28] cm/s 0.02
Permittivity ASTM D4491 [28] s7' 03

*References for these standards are listed at the end of references sec-
tion

Sand + Gravel:E(kPa) = 1200 (N, + 6; for N > 15)
E (kPa) =490 (N oy + 15); Negry < 15
)

where E = Stiffness of soil, N__..=Corrected SPT Values.

corr

Numerical Modelling

Finite element analyses were carried out via PLAXIS 2D
for the assumed plain strain problem. The model geometry
was constructed from the cross-section of the soil profile
shown in Figs. 1, 2. The groundwater table is assumed to
be at the ground level and is assumed to remain constant in
the upward sloping soil profile. Since the soil profile is not
symmetric, the entire profile was modelled and analyzed.
Each model consists of a construction phase modelled as a
plastic calculation, and a consolidation phase modelled as
a consolidation type calculation before running the analysis
in PLAXIS 2D. The initial models involved modelling the
fill being placed in layers with a thickness of 0.6 m, with
PVD spacings of 1 m, 1.5 m, 2 m, and 2.5 m, and with PVDs
extending to the crest, to the toe, or beyond the toe of the
embankment. In subsequent models, fill layer thicknesses of
2 m, 3.5 m, and 4.5 m were used with a constant PVD spac-
ing, and the time allowed for consolidation after the place-
ment of each fill layer was set at 5 days, 10 days, or 15 days,
in order to study the effect of the pace of construction on
the stability of the embankment. A detailed explanation of
the numerical models is given in Sect. “Development of the
Finite Element Model”.

Geometry

Figure 3 shows the geometry adopted for the problem.
The soil profile consists of a brown clayey silty sand
layer and a silty sand layer resting on a marine clay layer
15 m thick, underlain by glacial till and bedrock. The
side slope of the profile shown on the right-hand side
of Fig. 3 is assumed to be 1 V:2.14H and the side slope
of the profile shown on the left-hand side of Fig. 3 is
assumed to be 1 V:1.43H, in accordance with the dimen-
sions observed in the case study. The width of the crest of
the embankment is 50 m, and it is assumed that the soil
profile extends an additional 70 m on the right-hand side
of Fig. 3, representing a total width of 150 m. Figure 3
also shows the various soil layers in the soil profile at the
site. The soil profile in the numerical model is assumed
to be isotropic. The marine clay is modelled in an und-
rained condition by the soft soil model, and the brown
clayey sandy silt and other soils (except for the bedrock)
are modelled in a drained condition by the hardening soil

@ Springer
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Fig.2 a Section of route 1 divided highway leading to the Canada—USA border crossing at St. Stephen, New Brunswick, and b embankment
failure at the site (west view)

Fig.3 Models with PVDs
extending a to the crest of the
embankment, b to the toe of the

embankment, and ¢ beyond the
toe of embankment - Silty Sand
Soft Marine Gray Clay
#52 PVD's @ 1m c/c
silty Sand
Soft Marine Gray Clay
#68 PVD's @ Im c/fc

(b)

A T,

“”I'"“ il Silty Sand

il ————
#78 PVD's @ Imc/fc

model. In the mesh, 15-noded triangular elements are  configurations of drain spacing and extent of coverage of
used, with 3 degrees of freedom for each node [29]. Inthe  the PVDs. Figure 3 illustrates three different extents of
numerical models, the PVDs are considered with various =~ PVD coverage that are considered in this study.
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Meshing

A very fine mesh is used for all the numerical models in
this study. A coarseness factor of 0.045 is used in the soil
region between the drains and the drain line elements. A
coarseness factor of 0.1 is used at the interface of the first
fill layer and the upper soil profile in order to avoid any
errors resulting from the meshing of small soil elements.

Figure 4 illustrates the different spacings of the PVDs,
with PVDs extending to the crest of the embankment. With
a drain spacing of 1 m center-to-center (c/c) there were
45,536 elements, with a spacing of 1.5 m c/c there were
47,846 elements, with a spacing of 2 m c/c there were
49,636 elements, and with a spacing of 2.5 m c/c there
were 51,620 elements. With PVDs extending only to the
crest of the embankment, for a drain spacing of 1 m, the
number of elements was around 45,000; while with PVDs
extending beyond the toe of the embankment, for a drain
spacing of 2.5 mm, the number of elements was approxi-
mately 67,000.

In the models, it is assumed that the groundwater can
drain freely in all directions except at the bottom, which
is fixed, since the bedrock is non-porous. For the defor-
mation boundary conditions, a normally fixed position is
assumed for the sides of the model, the bottom is assumed
to be fully fixed, and the top is assumed to be free. For the
consolidation phase, a fully fixed position is assumed for

all the boundaries except the top boundary, where defor-
mation is allowed to occur freely.

Soil Models Used in Numerical Modelling

In this study, the soil models used for numerical modelling
are the soft soil model (SSM) and the hardening soil model
(HSM), described below.

Soft Soil Model

To model soft soils such as rapidly consolidated clay, peat,
and clayey silts, the non-linearity of these soils must be
considered. It is considered via stress-dependent stiffness.
In the soft soil model, as shown in Eq. (1), the total strain
(g7) is composed of an elastic component (¢¢) and a vis-
coplastic component (&”), and is based on the Mohr—Cou-
lomb failure criterion. The modified compression index
(2%) and the modified swelling index (k*) are key model
inputs, which define the compressibility of the soil in iso-
tropic loading, and in unloading and subsequent reloading,
respectively. Alternatively, if C, and C, are defined, the
software can use these parameters to calculate A* and k*.
The yield surface of the soft soil model is similar to that
of the Mohr—Coulomb model, except that in the soft soil
model the yield function defines an ellipse, where M is the
height of the ellipse, and the isotropic pre-consolidation

(b)

Fig.4 Mesh with a PVD spacingofal m,b 1.5m, ¢2.0m,andd 2.5 m

@ Springer
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pressure, P,, defines the length of the ellipse in the g x
p' plane. Stress changes below the yield cap induce the
development of elastic strains. Once the yield stress is
exceeded, plastic strains are developed. The mean yield
stress is updated based on the amount of accumulated plas-
tic strain. [29] The height of the ellipse, M, also repre-
sents the ratio of horizontal to vertical stresses in primary
loading and is, therefore, used to determine K", where
K" represents the earth pressure at rest. The top of all
the ellipses coincides with the M line, and the M line has
a slope greater than the line defined by Mohr—Coulomb
yield line. Thus, the M line is referred to as the critical
line. The pre-consolidation pressure decreases with com-
paction. It is assumed that at the initial stage there is no
plastic volumetric strain, corresponding to P,,,, where P,
is the pre-consolidation pressure during the initial stage.

The total strain has components of elastic and plastic
strain, as shown in Eq. (8) [30]:

er =€+ €, 8)

where ¢ is the elastic component, £’ is the plastic compo-
nent, and & is the total strain.

Hardening Soil Model

The hardening soil model accounts for soil nonlinearity
via the stress-dependency of stiffness but does not account
for long-term conditions such as creep and stress relaxa-
tion. The hardening soil model employs the theory of plas-
ticity rather than the elastic perfectly plastic theory used in
the Mohr—Coulomb model, and hence accounts for stress
hardening of the soil. Unlike the soft soil model, which
can be used to model only soft soils, the hardening soil
model can be used to model different types of soil, includ-
ing soft soils and granular soils. The stress-dependency
of soil stiffness is defined by the power m, where m=1
is typical for soft soils. The model requires the input of
three stiffness parameters at a chosen reference pressure
(P,.): Es,”" (the secant modulus/triaxial modulus), E*
(the oedometric modulus), and Eflif (the unloading—reload-
ing modulus). The yield surface consists of a parabolic
curve, and soil dilatancy and a yield cap are considered.
The position of the shear hardening yield surface is deter-
mined mainly by the triaxial modulus, while the position
of the yield cap (associated with compression hardening)
is primarily determined by the oedometric modulus [30].

For soft soils (where m=1) [31], the stiffness modulus
can alternatively be entered in terms of the compression
index (C,) which is related to the stiffness moduli as shown
in Egs. (9), (10), and (11) [30], where v is Poisson’s ratio,
e, is the initial void ratio, and P, is the reference pressure.

@ Springer

Pref
E* =23(1+e,) c )

c

(1+v)(1 = 2v)P

E® =23(1+ =
ur ( 60) (1 _ V)CC (10)
Egy = 1.25E,, (1)

where Egeof Es,"" is the stiffness modulus for primary loading
in the drained triaxial shear test, Effif is the stiffness modulus
for unloading and reloading in drained triaxial shear test,
and Eff;z is the stiffness modulus for primary loading in the
oedometer test. In the present study, it is assumed that E(’fefd
=0.8 Egeof

For a more detailed explanation of the soil models, please
refer to the PLAXIS material models manual [31].

Development of the Finite Element Model
and Objectives of the Parametric Study

Development of the Finite Element Model

The construction sequence of the embankment built at St.
Stephens is modelled as a staged construction procedure,
which is analyzed in PLAXIS 2D. The construction of the
embankment was begun in 2005 and preceded until failure
of the embankment in July 2006. In 2005, the embankment
was constructed to a height of 5 m in 90 days. Construction
then stopped for the winter, which allowed the embankment
to consolidate for 270 days. Construction of the embankment
resumed on June 11, 2006, and continued until July 4, 2006,
when the embankment failed at a height of 12.3 m. In this
study, the soil parameters of the underlying marine clay layer
were varied in the model, until a deep-seated circular slip
failure was replicated at an embankment height of 12.3 m,
as was observed at the St. Stephens site.

e For the control case, first the soil profile was modelled,
and then the embankment construction sequence was
modelled using a staged construction technique with a
fill layer thickness of 0.6 m. This case was done primar-
ily to calibrate the model for further parametric studies.
A consolidation period of 15 days was allowed after
the placement of each fill layer until the embankment
reached a height of 5 m. To avoid errors due to meshing
of smaller elements, the first fill layer was assumed to
be 2.4 m for all the models. For the subsequent con-
struction, the consolidation period allowed after the
placement of each fill layer was 1 day until the embank-
ment reached a height of 12.3 m, which was when fail-
ure occurred. The failure was replicated as observed
at the site. In the control case, no drains were used,
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since the purpose of the control case was primarily to
calibrate the model in accordance with the failure that
was observed at the site.

e For the case with a normal pace of construction, the
thickness of the fill layer was set to 0.6 m. Following
the control case, this was done to study the effects of
using PVDs on the overall stability of embankments.
The soil profile was modified with PVDs modelled via
drainage line elements in PLAXIS 2D, with variations
in the drain spacing and the extent of PVD coverage.
Drain spacings of 1 m, 1.5 m, 2 m, and 2.5 m were
used, with PVDs extending to the crest, to the toe, or
14 m beyond the toe of the embankment. The distance
of 14 m beyond the toe of the embankment was chosen,
because the distance between the crest and the toe of
the embankment was also roughly equal to 14 m. The
consolidation period following the placement of each
fill layer was considered to be 1 day for the purpose of
this study.

e For the case with a fast pace of construction, fill layer
thicknesses of 2 m, 3.5 m, and 4.5 m were used, with
a constant drain spacing of 1.5 m. This was done to
study the effects of construction sequence when used
in conjunction with PVD’s on the overall stability of
the embankment. The PVDs extended to the crest, to
the toe, or to 14 m beyond the toe of the embankment.
A drain spacing of 1.5 m was selected, because find-
ings from the case with a normal pace of construc-
tion indicated that in terms of economy and safety, this
spacing was the most suitable (see Sect. “Case with
Normal Pace of Construction”). The consolidation time
following the placement of each fill layer was 1 day, for
the purpose of this study. This case was designed to
investigate the effect of different fill layer thicknesses
combined with the use of PVDs, as well as effect of
varying the extent of PVD coverage.

e For the case with construction allowing more time for
consolidation, fill layer thicknesses of 2 m, 3.5 m, and
4.5 m were used, with a constant drain spacing of 1.5 m.
This case was done to primarily study the effects of con-
solidation period followed by a faster construction pace
along with the use of PVD’s on the overall stability of
the embankment. In this case, the PVDs extended to the
toe of the embankment. This extent of PVD coverage was
selected, because findings from the case with a fast pace
of construction indicated that in terms of economy and
safety, this extent of coverage was the most suitable (see
Sect. “Case with Fast Pace of Construction”). Consoli-
dation times of 5 days, 10 days, and 15 days were used.
This case was designed to investigate the effect of differ-
ent consolidation times on the stability of embankments
constructed over soft soils, with a constant drain spacing
and constant extent of coverage by the PVDs.

Objectives of the Parametric Study

A parametric study was conducted which varied the drain
spacing, the extent of the area covered by the PVDs, the fill
layer thickness, and the consolidation time. There are few
reports in the literature showing the effects of these param-
eters, although these are some of the essential factors that
need to be prioritised to optimise safety, costs, and construc-
tion time, in the design of embankments constructed over
soft soils. The three cases considered in the parametric study
can be summarized as follows:

e Case with normal pace of construction: Fill layer thick-
ness of 0.6 m; drain spacings of 1.0 m, 1.5 m, 2.0 m,
and 2.5 m; PVDs extending to the crest, to the toe, and
beyond the toe of the embankment; and consolidation
time of 1 day.

e Case with fast pace of construction: Fill layer thick-
nesses of 2.0 m, 3.5 m, and 4.5 m; constant drain spac-
ing of 1.5 m; PVDs extending to the crest, to the toe, and
beyond the toe of the embankment; and consolidation
time of 1 day.

e Case with construction allowing more time for consoli-
dation: Fill layer thicknesses of 2.0 m, 3.5 m, and 4.5 m;
constant drain spacing of 1.5 m; PVDs extending to
the toe of the embankment; and consolidation times of
5 days, 10 days, and 15 days.

Results and Discussion

This paper focuses primarily on the embankment design
parameters of factor of safety (FS), settlement, the excess
pore water pressures generated, and the extent of lateral
and vertical deformation. A crucial aspect of embankment
design is global stability, to prevent failure and excessive
deformation. Thus, the results obtained from the models in
the parametric study are used to study the effects of using
PVDs, the drain spacing, the extent of the area covered by
the PVDs, and the pace of construction on the stability of
high embankments built on soft soils. Because it was neces-
sary to calibrate the numerical models to replicate the failure
observed in the field, the control model calibrated from the
construction sequence used in the St. Stephens case study
is considered first, as the control case. Gravity loading is
used for the initial calculation in all the numerical models,
because the layers of soil are not horizontal. Each construc-
tion phase, involving the placement of a fill layer, is assumed
to have duration of 1 day as a plastic calculation phase. The
installation of PVDs is assumed to have duration of 2 days as
a plastic calculation phase. The results are discussed for the
control case, the case with a normal pace of construction, the
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case with a fast pace of construction, and the case allowing
more time for consolidation.

Control Case

From Fig. 5a, it can be seen that with a consolidation period
of one day following the placement of each fill layer, the
factor of safety (FS) decreases as the embankment height
increases. The results are presented for embankment
heights of 7.2 m, 9.6 m, and 12.3 m above ground level.
The embankment height of 12.3 m is the height immedi-
ately before failure. The FS at an embankment height of
7.2 m is 1.681, and the FS immediately before failure is
1.034. Thus, the stability of the embankment decreased as
the height of the embankment increased, and it was not pos-
sible to complete construction of the embankment to the
full design height, due to the loss of effective strength in the
foundation soil.

Figure 5b shows the change in settlement of the embank-
ment as the embankment height increases. All settlements
were calculated beneath the embankment where maximum
settlement was estimated as shown in Fig. 1. At an embank-
ment height of 7.2 m, the settlement is 267.3 mm, and imme-
diately before failure the settlement is 427.1 mm. Settlement
is one of the most important parameters to be considered in

Fig. 5 a Factor of safety, b set-

the design of embankments. The greater the settlement dur-
ing the construction period, the more strength is gained by
the soft soil during the consolidation process, since faster
settlement in the initial period indicates a rapid dissipation
of excess pore water pressures. In the control case, there was
a 9-month break in construction during the winter. The sub-
sequent construction phase that began in the spring of 2006
was accelerated, with a consolidation period of only one day
following the placement of each fill layer. This resulted in
insufficient settlement and a reduced gain in soil strength,
with little dissipation of excess pore water pressures. This
eventually led to failure of the embankment at a height of
12.3 m, due to shear strength failure. Thus, the consolidation
time plays a key role in determining the overall stability of
embankments constructed over soft soils.

Figure 5c¢ shows that there is a decrease in the percent-
age of excess pore water pressure during consolidation.
This parameter represents the increase in excess pore water
pressure in comparison to the hydrostatic pore water pres-
sure at a reference point which was 6.675 m beneath the
centre of the embankment. This point is considered to be
around the mid-point of the marine clay layer where there
was the maximum concentration of excess pore pressures.
The hydrostatic pressure at this point was 65.48 kPa,
and the increase in excess pore water pressure at the

Control Case (one day consolidation for each layer)
7

tlement values, ¢ % Increase in 1.8 - -
EPWP and d lateral displace- 1.6 o [amiem] 60
ment, in the control case, at 2 1.4 ::::::::t- %
embankment heights of 7.2 m, B 1.2 1 '.:'.:::::t: E 50 A
9.6 m, and 12.3 m (immediately S 1o [ 40 -
before failure) “ 0.8 1 |l v 30 -
w 0.6 1 [ @
8 e S 20 -
g 04 | :
o 0.2 o feieie g 10 A
0 o i av\o 0
72m 9.6m Before 7.2m 9.6m Before
. Failur i
Embankment Height (m) arture Embankment Height (m)Fallure
(a) (c)
500 - _ 150
g
_ 400 - E 125 4
g b=
= 5 100 -
E 300 A &
= g 75 1
& 200 A S
3 & 50
Z 100 - 2,
73] — 25 4 |0
5 Eﬁ?':: g
0 2 4 RERiiTte
7.2m 9.6m Before = 7.2m 9.6m Before
. Failure Failure
Embankment Height (m) Embankment Height (m)

(b)

@ Springer

(d)



International Journal of Geosynthetics and Ground Engineering (2021) 7:68

Page 11 0f27 68

embankment height under consideration is expressed as a
percentage. For the control case model, when the embank-
ment was around 7.2 m, the increase in excess pore pres-
sure is 62.6%, and just before failure it is 59.3%. Since
the consolidation period between construction stages was
modelled for only one day, there is little dissipation of the
excess pore pressure. Hence, there is minimal variation in
the excess pore pressure during the consolidation period.
Since there is an accumulation of excess pore pressure,
stability is reduced significantly, as the effective strength
decreases. Hence, the time allowed for consolidation must
be increased to prevent the development of excess pore
water pressure.

Figure 5d shows that lateral displacement increases as
the height of the embankment increases. All the lateral dis-
placements were calculated at the toe of the embankment
as shown in Fig. 1. It was estimated that one of the causes
of failure at the study site was the lateral deformation of the
toe of the embankment. Hence, this is also an important
parameter to be considered in the design of embankments.
During the construction and consolidation phases, deforma-
tion of the toe of the embankment occurs due to the high
deformability of the soft soils, which means that this factor
must always be taken into consideration in the design of
such embankments. Because the effects of lateral deforma-
tion have not been extensively investigated in the literature,

Fig.6 Factor of safety results
for normal pace of construction,

with 0.6 m fill layer thickness g 129
and PVDs extending to a the g 12 4
crest, b to the toe, and ¢ beyond ;
the toe of the embankment g 10 1
g s
=
5 61

Extent till Crest of Embankment

this paper attempts to relate the lateral deformation to the
stability of the embankment.

Case with Normal Pace of Construction

This case studies the effect of PVD spacing and the extent of
the area covered by the PVDs on the stability of the embank-
ment, for the particular problem considered in this paper.
Since the focus is primarily on the spacing and extent of
coverage of the PVDs, this case does not include the situa-
tion with no drains. The situation with no drains is consid-
ered in the following case. This case examines the effect of
drain spacing on the stability of the embankment when the
PVD coverage extends to the crest, to the toe, or beyond the
toe of the embankment. The consolidation time following
the placement of each fill layer is assumed to have duration
of 1 day.

Factor of Safety

Figure 6 shows that the factor of safety increases as the
area covered by the drains increases, and decreases as the
spacing between the drains increases. When the area cov-
ered by the drains extends to the crest of the embankment,
with a drain spacing of 1 m there is a maximum FS of
1.897, and with a drain spacing of 2.5 m the embankment
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is found to fail at a height of 11.9 m. When the area cov-
ered by the drains extends to or beyond the toe of the
embankment, with a drain spacing of 2.5 m the embank-
ment is found to fail at a height of 12.8 m. When the area
covered by the drains extends to the toe of the embank-
ment, a maximum FS of 1.953 is found for a drain spacing
of 1 m. Thus, extending the area covered by the drains
beyond the toe of the embankment with a drain spacing
of 1 m yields the highest factor of safety, but may not
be the most economical solution. Because failure occurs
with a drain spacing of 2.5 m, it can be seen that a drain

Fig.7 Settlement results for

Extent till Crest of Embankment

spacing of 1.5 m is the most suitable for the problem under
consideration.

Settlement

Figure 7 shows that as the extent of the area covered by the
drains increases, settlement within a given time increases,
but not by a significant amount. When the area covered by
the drains extends only to the crest of the embankment, set-
tlement is less than when the drains extend beyond the toe of
the embankment. This essentially means that final settlement
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occurs more quickly when the drains extend to or beyond the
toe of the embankment than when the drains extend only to
the crest. This is due to the fact that when the drains extend
beyond the toe of the embankment, there is a faster rate of
consolidation and hence greater settlement.

Figure 7 also shows that for a 40-day period, the set-
tlement ranges from 800 mm for a drain spacing of 1 m,
to 600 mm for a drain spacing of 2.5 m. It can also be
seen that as the spacing of the drains increases, the rate of
initial settlement decreases. This means that as the drain
spacing increases from 1 m to 2.5 m, the dissipation of
excess pore water pressure decreases and hence the settle-
ment is reduced, causing the soil to lack effective strength,
which eventually leads to failure. The models are also ana-
lysed for 95%, 98%, and 100% consolidation, as shown in
the graphs on Fig. 7d—f. It can be seen that when the area
covered by the drains is expanded from the crest to the toe
of the embankment, it takes less time to reach 95% con-
solidation, since many more drains are available to help
dissipate the excess power water pressures and consolidate
the soil. With a drain spacing of 2.5 m, failure occurs after
37 days, at a settlement value of 540 mm, when the PVDs

(b)

extend only to the crest of the embankment. For the same
drain spacing, with PVDs extending beyond the toe of the
embankment, failure occurs after 45 days, at a settlement
value of 640 mm.

Excess Pore Water Pressure

Since this case primarily focuses on studying the effect of
PVD spacing on the stability of the embankment, Figs. 8,
9 compare the effect of different drain spacings. Figure 8
shows excess pore water pressure distributions at an
embankment height of 7 m (mid-height) and Fig. 9 shows
excess pore water pressure distributions immediately prior
to failure. It can be clearly seen from the two figures that
as the drain spacing increases, the dissipation of excess
pore water pressure decreases. The slower dissipation of
excess pore water pressures significantly reduces the effec-
tive strength of the soil, which increases effective stresses
and eventually leads to failure. The maximum excess pore
water pressure at mid-height is around 140 kPa and the
maximum excess pore water pressure immediately prior
to failure is around 260 kPa.

(d)

Fig.8 For an embankment height of 7 m, distribution of excess pore water pressures with drain spacing ofa 1 m,b 1.5m, ¢c2m, andd 2.5 m
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(b)

(d)

Fig.9 For embankment height immediately prior to failure, distribution of excess pore water pressures with drain spacingof a 1 m, b 1.5 m, ¢

2m,andd 2.5 m

Lateral and Vertical Deformation

Figure 10a—c shows that as the extent of the area covered
by the PVDs expands from the crest to beyond the toe of
the embankment, the lateral displacement decreases. With
a larger area covered by the PVDs, the dissipation of excess
pore water pressure increases, resulting in greater vertical
deformation due to increased settlement, rather than lateral
deformation. It can also be seen that as the drain spacing
increases, the lateral deformation increases. This is due to
a reduced dissipation of excess pore water pressures as the
drain spacing is increased, leading to less settlement and
more lateral deformation.

Figure 10d—f shows that the vertical deformation
increases as the extent of the area covered by the drains
increases. However, there is no significant difference in the
result when the PVD coverage is expanded from the toe to
beyond the toe of the embankment. It can also be seen that
when the PVDs extend only to the crest of the embank-
ment, the vertical deformation is above ground level (GL),
where the x-axis represents ground level. Vertical defor-
mation above the ground level is due to heaving of the soil,

@ Springer

resulting from loss of effective strength of the foundation
soil. Thus, to strengthen the foundation soil, it is recom-
mended that the drains should extend to the toe of the
embankment, at least for the problem under consideration.

Case with Fast Pace of Construction

For the particular problem considered in this paper, this
case studies the effect of the extent of the area covered by
PVDs and the effect of thicker fill layers on the stability
of the embankment. Since the focus is primarily on the
extent of PVD coverage, this case includes a model with
no drains, for the purpose of comparison. The extent of
the area covered by PVDs is considered with a constant
drain spacing of 1.5 m. This drain spacing was selected
based on the results presented in Sect. “Case with Normal
Pace of Construction”. In this case, fill layer thicknesses
of 2m, 3.5 m, and 4.5 m are considered. The consolidation
time following the placement of each fill layer is assumed
to be 1 day.
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Factor of Safety

Figure 11 shows that as the extent of the area covered by
drains increases, the factor of safety increases. However,
there is no significant difference in the result when the PVD
coverage is expanded from the toe to beyond the toe of the
embankment. The FS decreases as the fill layer thickness
increases, due to greater effective stresses acting on the soil
over a shorter time when thicker fill layers are used. When
drains extend beyond the toe of the embankment, there is a
maximum factor of safety of 1.794 for a fill layer thickness
of 2 m; however, with fill layer thicknesses of 3.5 m and
4.5, the embankment fails at heights of 10.5 m and 9 m,

respectively. Thus, for the problem under consideration, a
fill layer thickness of 2 m, with PVDs extending to the toe of
the embankment is considered the most suitable in terms of
the safety and cost of the project. It can also be seen the use
of drains results in significant improvement in the factor of
safety. In the model with no PVDs, failure occurs at embank-
ment heights of 10.5 m and 9 m, for fill layer thicknesses of
2 m and 4.5 m, respectively.

Settlement

Figure 12 shows that as the extent of the area covered by
the PVDs increases, the rate of initial settlement increases.
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Fig. 11 Factor of safety results
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However, the settlement curves are similar when PVDs
extend to the toe of the embankment, and when they
extend beyond the toe. A greater number of drains cause
the settlement to increase, due to more rapid dissipation
of excess pore water pressures. It can also be seen that as
the fill layer thickness increases, the settlement increases,
because of a more rapid rate of application of effective
stresses. However, this sudden increase in settlement
over a short period of time gives rise to excess pore water
pressures, thus reducing the effective strength of the soil,
which leads to failure of the foundation soil.

For a fill layer thickness of 3.5 m (Fig. 12b), in days
8-9, the settlement ranges from 440 mm with PVDs
extending to the crest, to 580 mm with PVDs extend-
ing to the toe of the embankment. With a fill layer thick-
ness of 4.5 m (Fig. 12 (¢)); in days 6 to 7, the settlement
ranges from 350 mm with PVDs extending to the crest, to
470 mm with PVDs extending to the toe of the embank-
ment. For the model where no drains were used, the final
settlement ranges from 230 mm with a fill layer thickness
of 2 m, to 166 mm with a fill layer thickness of 4.5 m. The
PVDs thus help to dissipate excess pore water pressures,
resulting in gradual settlement over time. The settlement
results for 95%, 98%, and 100% consolidation are shown in
Fig. 12d. It can be clearly seen that with a fill layer thick-
ness of 2 m, 95% consolidation is achieved in the shortest
time with PVDs extending to the toe or beyond the toe of
the embankment.

@ Springer

Excess Pore Water Pressure

Figures 13, 14 show excess pore water pressure distribu-
tions for an embankment height of 7 m (mid-height) and
the final height, respectively. A fill layer thickness of 2 m
is used. The excess pore water pressures range from about
130 kPa at mid-height to 250 kPa at the final embankment
height. It can be seen that the dissipation of excess pore
water pressure increases as the extent of the area covered by
PVDs increases. For the model with no PVDs, there is an
accumulation of excess pore water pressures directly beneath
the embankment, which significantly reduces the effective
strength of the soil in that zone.

Figure 15 shows excess pore water pressure distribu-
tions for a fill layer thickness of 3.5 m. It can be seen
that with thicker fill layers, the dissipation of excess pore
water pressure is reduced, because thicker fill layers mean
a shorter construction time, with less time for consolida-
tion of the soil. Thus, with PVDs extending only to the
crest of the embankment, failure occurs before the pro-
posed embankment height is reached, with an effective
vertical stress of around 260 kPa. However, increasing the
area covered by the PVDs results in greater dissipation
of excess pore water pressures. Figure 16 shows excess
pore water pressure distributions for a fill layer thickness
of 4.5 m. The results follow the same pattern as seen in
Fig. 15. However, the dissipation of excess pore water
pressure is further reduced, and with PVDs extending
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Fig. 12 Settlement results for Thickness of fill=2 m Thickness of fill=2 m
fast pace of construction, with - Mo of days
1.5 m drain spacing and fill No of days 1 10 lU_ﬂ 1000
layer thicknesses of a,d 2 m, b 0 4 8 12 16 20 0
35m,andc4.5m 0 ﬁ'*.
e
- 200 4 g 300 4 tﬁ'
g g =
2 400 | TR B i
g LYt g 600 4 .
= Y g &
2 600 4 = A
E & " o £
o “ 000 b
800 - \ S S S |
& T -ee—e
1000 - 1200 -
(a) (d)
Thickness of fill=3.5m
No of days
0 4 ] 12 16 20
0
100 4
g 200 4
g
g 300 A
£ 400 -
5 .
500 - —e— Extent till crest
600 4 2 === Extent 1l toe
) a Extent bevond toe
Thickness of fill=4.5m )
—&—  NoPVD
No of davs
0 4 8 12 16 20
0
100 4 k
g
g 200 1,
g 300 N
:‘;: 400 -
500 -
600 -

(c)

only to the crest of the embankment, the embankment Lateral and Vertical Deformation

fails at a height even lower than is the case with a fill

layer thickness of 3.5 m. As shown in Figs. 15, 16, with  Figure 17 shows that the lateral deformation increases as the
no PVDs, excess pore water pressures are concentrated  fill layer thickness increases. This is because there is less dis-
beneath the embankment in the marine clay layer, thus  sipation of excess pore water pressures when there is a sig-
significantly reducing the effective strength of this layer.  nificantly faster rate of application of effective stresses. This
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(d)

Fig. 13 For an embankment height of 7 m and fill layers 2.0 m thick, distribution of excess pore water pressures with PVDs extending a to the
crest, b to the toe, and ¢ beyond the toe of the embankment; and d with no PVDs

Fig. 14 For embankment at final height and fill layers 2.0 m thick, distribution of excess pore water pressures with PVDs extending a to the
crest, b to the toe, and ¢ beyond the toe of the embankment; and d with no PVDs

results in a slower rate of consolidation, leading to increased 2 m. It should be noted that with fill layers 3.5 m and 4.5 m
lateral deformation. It can be seen that for a given embank-  thick, the embankment fails at heights of 10.5 m and 9 m,
ment height, the lateral deformation is greater for fill layer  respectively. It can also be seen that as the area covered by
thicknesses of 3.5 m and 4.5 than for a fill layer thickness of =~ PVDs increases, the lateral deformation decreases. This is
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Fig. 15 For fill layers 3.5 m thick, distribution of excess pore water pressures with PVDs extending a to the crest, b to the toe, and ¢ beyond the
toe of the embankment; and d with no PVDs

(b) S @

Fig. 16 For fill layers 4.5 m thick, distribution of excess pore water pressure with PVDs extending a to the crest, b to the toe, and ¢ beyond the
toe of the embankment; and d with no PVDs
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Fig. 17 Lateral deformation
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due to more rapid dissipation of excess pore water pressures,
leading to a higher rate of consolidation, which results in
less lateral deformation and greater vertical deformation.

Figure 18 shows that as the fill layer thickness increases,
the vertical deformation also increases. Here the x-axis
represents the ground level. From Fig. 18a—c, when PVDs
extend only to the crest of the embankment, or when there
are no PVDs, there is heaving of the soil, with vertical defor-
mations above the ground level. This is because the slow rate
of consolidation results in a rapid loss of effective strength,
causing the soil to heave above the ground level.

From Fig. 18d—f it is observed that when PVDs extend to
or beyond the toe of the embankment, there is an increased
rate of consolidation, with the result that vertical deforma-
tions remain below the ground level. It can be seen that when
a larger area is covered by PVDs, greater vertical deforma-
tion results, due to increased consolidation.

Case with Construction Allowing More Time
for Consolidation

For the particular problem considered in this paper, this

case studies the effect of increasing the consolidation time
and the effect of thicker fill layers on the stability of the

@ Springer

embankment. Since the focus is primarily on the pace of
construction, in this case the use of PVDs is kept constant,
with PVDs extending to the toe of the embankment (based
on the findings in Sect. “Case with Fast Pace of Construc-
tion”) and with a drain spacing of 1.5 m (based on the find-
ings in Sect. “Case with Normal Pace of Construction”). In
this case, fill layer thicknesses of 2 m, 3.5 m, and 4.5 m are
considered, and consolidation times of 5 days, 10 days, and
15 days are used following the placement of each fill layer.

Factor of Safety

Figure 19 shows that as the consolidation time increases,
the factor of safety increases. This is because excess pore
water pressures can dissipate rapidly due to the pres-
ence of drains, and the longer consolidation times permit
increased consolidation. With greater consolidation, the
soft soils gain strength due to the increase in effective
stresses and decrease in pore pressures, and the stabil-
ity of the embankment therefore increases. As shown in
Fig. 19a, at an embankment height of 14 m, the highest
factor of safety obtained is 1.769, for fill layers 2 m thick,
consolidated for 15 days after the placement of each layer;
and the lowest factor of safety obtained is 1.442, for fill
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Fig. 18 Vertical deformation
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the placement of each layer. Thus, the embankment stabil-
ity increases significantly with an increase in consolida-
tion time. However, when the costs and total duration of
the construction are also taken into consideration, it may
be concluded that consolidation periods of 5-10 days,
with fill layer thicknesses of 2—-3 m, may provide the most
suitable design solution for this particular problem.

Figure 20 shows that as the consolidation time following
the placement of each fill layer increases, the settlement
becomes more gradual. Figure 20a shows that after 40 days,
for fill layers with a thickness of 2 m, settlement is around
380 mm for consolidation times of 15 days, and is approx-
imately 780 mm for consolidation times of 5 days. From
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Fig. 19 Factor of safety results
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Fig. 20, it can be seen that the rate of settlement increases
sharply with an increase in fill layer thickness, resulting in
a dramatic loss of effective strength in the foundation soil.
From Fig. 20a—c, it can be seen that after 40 days, for consol-
idation times of 15 days, the settlement is around 380 mm for
fill layers 2 m thick around 610 mm for fill layers 3.5 m thick
and around 760 mm for fill layers 4.5 m thick With longer
consolidation times, the settlement becomes more gradual,
and greater strength is gained by saturated soft soils such as
marine clays. For the particular problem under considera-
tion, consolidation times of 10—15 days are recommended.

From Fig. 20d-f, it can be seen that with consolidation
times of 15 days and a fill layer thickness of 2 m, 95% con-
solidation is achieved in around 1019 days, with a settlement
of about 846 mm. In contrast, with consolidation times of
5 days and a fill layer thickness of 4.5 m, 95% consolidation
is achieved in around 869 days, with a settlement of about
952 mm.

Excess Pore Water Pressure

Figure 21 shows excess pore water pressure distributions for
a fill layer thickness of 2 m. It can be seen that as the consol-
idation time increases, the dissipation of excess pore water
pressures increases, due to greater consolidation. The excess
pore water pressure ranges from 260 kPa for a consolidation
period of 5 days to 110 kPa for a consolidation period of
15 days. Figure 22 shows excess pore water pressure distri-
butions for a fill layer thickness of 3.5 m, where the excess

@ Springer

pore water pressure ranges from 260 kPa for a consolidation
period of 5 days to 170 kPa for a consolidation period of
15 days. Figure 23 shows excess pore water pressure distri-
butions for a fill layer thickness of 4.5 m, where the excess
pore water pressure ranges from 260 kPa for a consolidation
period of 5 days to 190 kPa for a consolidation period of
15 days. Thus, for a consolidation period of 15 days, upon
completion of construction of the embankment, the excess
pore water pressure ranges from around 110 kPa for fill lay-
ers 2 m thick to 190 kPa for fill layers 4.5 m thick, due to the
more rapid increase in effective stresses with the addition of
thicker fill layers.

Lateral and Vertical Deformation

Figure 24a—c shows that as the fill layer thickness increases,
the lateral deformation increases. However, as the time
allowed for consolidation increases, the lateral deforma-
tion increases considerably over long periods of time. For a
fill layer thickness of 2 m, the lateral deformation increases
in a linear elastic manner up to an embankment height of
6 m, and then increases in a linear plastic manner up to
an embankment height of 14 m. For a fill layer thickness
of 3.5 m, the lateral deformation increases in a linear elas-
tic manner almost throughout, and for a fill layer thickness
of 4.5 m the increase is completely linear elastic. This is
because the embankment height of 14 m is reached in only
3 or 4 construction phases, for fill layers with a thickness of
4.5 m and 3.5 m, respectively. Thus, with thicker fill layers,
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Fig. 20 Settlement results with
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there are fewer points on the graph to interpolate, which
results in a more linear curve in the graphical representation.

Figure 24d—f shows that vertical deformation increases as
the consolidation time and the fill layer thickness increases.
Here the x-axis represents the ground level. As the time
allowed for consolidation increases, there is greater consoli-
dation, resulting in more settlement, with the dissipation of
excess pore water pressures. Thus, increased consolidation
times result in increased settlement and vertical deformation.
As the fill layer thickness increases, there is a sharp increase
in the settlement, which reduces the effective strength of
the soil. However, increased consolidation times allow the
resulting excess pore water pressures to dissipate, and hence
failure of the embankment does not occur even with greater

«  Consolidation 15 days

fill layer thicknesses. Thus, it is evident that increasing the
consolidation time significantly improves the stability of the
embankment.

Conclusions

From the parametric study presented in this paper, the fol-
lowing conclusions can be arrived at:

e The use of ground improvement techniques such as pre-
fabricated vertical drains improves embankment stability
significantly, while reducing the duration of construction
and project costs.
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(a) (c)

.(b) :

Fig.21 For a fill layer thickness of 2 m, distribution of excess pore water pressures with consolidation times of a 5 days, b 10 days, and ¢
15 days

(b)

Fig.22 For a fill layer thickness of 3.5 m, distribution of excess pore water pressures with consolidation times of a 5 days, b 10 days, and ¢
15 days
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(b)

Fig. 23 For a fill layer thickness of 4.5 m, distribution of excess pore water pressures with consolidation times of a 5 days, b 10 days, and ¢
15 days

e Drain spacing is one of the key parameters that influ- concluded that the embankment can be constructed by

ence the embankment stability. It could be concluded
that a drain spacing of 1.5 m c/c provides a safe, eco-
nomical solution that is the most suitable for the prob-
lem under consideration. A rough estimate of 1.5 m
spacing could also be considered for various projects
aiming to implement the use of drains for embankments
founded on soft saturated soil deposits.

Another important parameter apparent from this study
is the extent of the area covered by the drains. The soil
profile region where excess pore water pressures are
concentrated must first be estimated or modelled with-
out the use of drains. Based on this, the drains must be
constructed so that they extend to the toe or beyond the
toe of the embankment, depending on the stability and
cost requirements of the project. For the problem under
consideration, the extent of coverage found to be most
suitable was for the drains to extend to the toe of the
embankment.

The pace of construction was studied by using thicker
fill layers to reduce the construction time. It can be

placing compact fill in layers 2-2.5 m thick. This ena-
bles the construction to proceed at a faster pace but
reduces the stability of the embankment. Thus, there is
a trade-off between stability and reducing the construc-
tion time and cost of the project.

The pace of construction was also studied by combin-
ing the use of drains with varying consolidation times. It
was found that even with a fill layer thickness of 4.5 m,
a consolidation time of 5 days following the placement
of each fill layer resulted in a relatively stable embank-
ment, in comparison to the situation with a consolidation
time of only 1 day, which caused the embankment to fail.
Hence, allowing sufficient time for consolidation is one
of the most important parameters influencing the pace of
construction, in order to stabilise embankments founded
on soft soil deposits. However, to minimise construction
costs, using fill layers 2—2.5 m thick and allowing a con-
solidation time of 10-15 days following the placement
of each fill layer would be the optimal design solution for
the problem under consideration.
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