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ABSTRACT

In this study, work on PLAXIS 2D software was carried out to study the
performance of geocell supported embankment. Properties of uniaxial geogrids
(UG), biaxial geogrids (BG) and two types of non-oriented high-density
polyethylene geogrids- NG1 and NG2, used to form geocell mattress were
considered for the study. The geocell reinforced layer of soil was simulated as
equivalent soil layer by empirical equations. The heights of the geocell mattress
made from BG geogrid was varied as 100mm, 125mm and 150mm to study the
effect of height of the geocell in embankment stability. Apart from the height of
the geocell mattress, in the case of the BGO1 geocell layer, the infill material of
geocell pockets was varied. Geocell openings filled with sandy soil gave better
performance than when filled with clayey soil. The surcharge load on the
embankment of 400mm height to obtain a factor of safety of 1.15 was calculated
for different geometry and types of geocells. The depth and material of the geocell
mattress affect the strength and deformation of the soil considerably. A design

problem is discussed in detail to describe the analysis presented in this study.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

In geotechnical engineering, soil stabilization has most commonly be done by
adding chemicals that have resulted in many environmental issues, like large
CO, emission, natural resource depletion and dust generation (Van Deventer et
al., 2010). On the other hand, geosynthetics like geotextiles, geonets,
geocomposites, geomembranes, geogrids, reduce the harmful impact on the
environment since there is no requirement of natural resources for its
manufacturing. The geosynthetics are manufactured in factories; therefore, the
quality control is easy. Among the different types of geosynthetics, geocells are
comparatively a new material and offer greater advantages over the other

conventional geosynthetics.

Geocell provides 3-dimensional confinement to the soil. It is an interconnected
network of cells prepared from polymeric materials. The geocells mattresses
are manufactured at factories, delivered at the field, laid by expanding the
mattress on the ground, and then the cells are filled with soil or aggregates.
During the vertical application of load on geocells, the active earth pressure,
which depends on frictional resistance generated between the soil-filled in
geocell and the geocell walls, gets mobilized. This provides higher engineering
strength and durability to the structure reinforced with geocells. Geocells are

economical as it does not require any maintenance.



OBJECTIVE OF THE STUDY

The objective of the study is to understand the performance of geocell
reinforced embankment in PLAXIS 2D by varying:

1. Depth of geocell mattress

2. Material of the geocell mattress, and

3. Infill material of geocell pockets.

The surcharge load has been calculated for different types of geocells- UG,
BGO1, BGO15, BG02, BGO1 (clay), NG1 and NG2- to obtain a factor of safety
of 1.15. The characteristics of geocells- height and secant modulus of geocell,
and type of soil for filling the geocell openings, are sensitive criteria for
determining the performance of geocell reinforced embankment and have been

analyzed in detail.



CHAPTER 2

LITERATURE REVIEW

2.1. GENERAL

Use of geosynthetics in geotechnical engineering for encountering problems
related to slope stability, retaining walls, road bases, embankment construction,
channel linings have been in practice for some time now. Geosynthetics like
geogrids, geonets, geomembranes, etc are planar reinforcement and provide
confinement in two directions only. While geocells provide confinement in three

dimensions.

2.2 LITERATURE REVIEW

Different authors have carried out researches on the geocell application in the
construction field. Geocells provide confinement to the soil and enhance the
bearing capacity of the soil reducing the risk of failure due to large settlement.
The dispersion of load mechanism and confinement effect has been analyzed in a
study (Avesani et al. 2013). A new method was proposed taking into
consideration the geometry of geocells, geocell in-fill soil, foundation soil and
type of loading. The experimental results showed similarity with other methods in
practice such as Presto’s method and Koerner’s method. The results were

analyzed for both sandy and clayey soil.

A. M. Hegde and Sitharam (2015) conducted experimental tests to study the
impact of infill material on geocell behavior. The increase in strength of the
geocell bed increased by 12 folds, 10 folds and 9 folds for aggregate infill, sand
infill and red soil infill, respectively. All three infill decreased the settlement
marginally. The settlement for the case of aggregate was least. The study also
showed that the composite reinforcement of basal geogrid and geocell prevented

the surface heaving of the soil for all the infill material used.

Dash et al. (2007) researched the provision of geocell reinforcement in sand beds.

The model was prepared in the laboratory. The load was applied in the form of



strip footing. Characteristics of geocells- height and width of the geocell mattress,
geocell formation pattern- triangular, chevron, diamond, pocket-size of geocell,
stiffness of the material used for geocell fabrication and infill material in geocell
pockets, influence on bearing capacity and settlement of sand was determined.
Another study showed improvement when a planar reinforcement was done in
addition to the geocell reinforcement at appropriate depths (Dash et. al 2001). In a
similar study, the load was applied in the form of circular footing Application of
geocells in the sand layer increased the bearing capacity and reduced the surface

heaving of the foundation bed significantly (Dash et al., 2003).

Han et al. (2008) studied the behavior of soil reinforced with geocell by
experimental and numerical studies. The confinement provided by the 3-D
structure of geocells increased the bearing capacity along with the elastic modulus
of the foundation soil. The joints in the geocell should have sufficient strength.
For the deformation of 1.25mm, the load-carrying capacity increased by
approximately 64% with the application of geocell. In the numerical analysis,
more displacement was observed at the bottom of the geocell wall than at the top.
The position and type of load applied also affected the pressure distribution

mechanism.

Biabani et al. (2016a) carried out experimental and numerical analysis of sub
ballast reinforced with geocells. The loading applied was cyclic. ABAQUS was
used to model the 3-D confinement provided by the cells to the soil. Sine function
wave was used for load application to replicate the condition of the railway track.
Experimental results were obtained by conducting tests on large-scale prismoidal
triaxial apparatus. The axial and lateral deformation of the sub ballast decreased
substantially after the application of geocells. More the stiffness of the geocell,
lesser was the lateral deformation and more were the number of load cycles
greater was the confining pressure. It was observed that with the increase in
overburden pressure, the passive resistance increased with mobilization of tensile
strength. Also, the confinement by cellular geocells leads to compression of the

infill material. (Biabani et al., 2016)



Dash and Bora (2013) studied the provision of geocell and stone columns in weak
soil. The results showed the bearing capacity of the soil increased by 3.6 when
reinforced with a stone column and by 7.7 times when reinforced with geocell
mattress. In the composite reinforcement- stone column and geocell, the bearing
capacity enhanced by 10.1 times to the unreinforced soil. Apart from the increase
in bearing capacity, a significant reduction in settlement of foundation soil was
recorded. The effect of size and spacing of the stone columns in the presence of
geocell reinforcement was also studied. The height of the geocell when increased
more than the diameter of the footing showed a reduction in strength. This was
due to the yielding and buckling of the geocell walls due to concentrated stresses
on geocell boundaries which prevents mobilization of strength and stiffness due to
geocell. The optimum height of the geocell and size of the stone column can

increase the performance of the soil substantially.

Kumawat and Tiwari, (2017) conducted laboratory tests to study the effect of the
geocell layer on the fly ash beds. The tests were conducted in a steel tank under
the effect of square footing. The results were obtained by varying the dimensions
and material properties of geocell. Strain in the geocell walls was recorded until
failure occurred. The bearing capacity of the geocell reinforced fly ash beds

increased by about 3.5 times than the unreinforced fly ash beds.

A study was conducted in the lab for determining the performance of
geosynthetics-randomly distributed mesh, planar and geocell reinforcement in
sand beds (Dash et al., 2004). Strip loading was applied in every test. Geocell
reinforcement was found to be most beneficial among the three types of
reinforcements. Compared with unreinforced soil, geocell reinforced soil took
load eight times the ultimate bearing capacity of the soil and even at a settlement
of 44% of the footing width, failure did not occur. While, in the case of planar
reinforcement, failure was recorded when the settlement value reached 15% of
footing width. In randomly distributed reinforced mesh case, at 1.7 times the
ultimate bearing capacity of soil and settlement of 10% of the footing width,

failure was recorded.



Lal et al. (2017) studied the effect of geocell and planar reinforcement, consisting
of coir geotextile. The coir geotextiles are economical and have decent
engineering properties, therefore, is suitable for developing countries. Plate load
tests were conducted and square loading was applied. The geocell and planar
reinforcement were made with the same amount of coir geotextile. The coir
geocell enhanced the bearing capacity by 7.91 folds compared to 5.82 in the case

of coir planar forms.

A. Hegde and Sitharam (2015) modeled the geocells in 3D finite-difference
program to have a realistic approach in studying the performance of geocell. In
comparison to geogrid reinforced and unreinforced soil, the geocell reinforced soil
distributed load to a shallower depth. The load was distributed to a wider area in
the lateral direction and reduced the vertical stress on the subgrade. Textured
surface geocells showed better performance than with smooth-surfaced geocells.
The strength of the foundation soil is influenced by the tensile strength and
stiffness of the geocell. It was observed that the application of geogrid at the
bottom of the geocell improved the performance of the soil by enabling the

membrane mechanism.

A series of tests were carried out in the laboratory to understand the performance
and load transfer mechanism of geocell reinforced sand beds. The deformation in
the walls of geocells, subgrade deformation and load transmission and pressure
distribution were observed during the experiments to study the geocell
reinforcement mechanism (Dash, 2012). Geocell parameters, such as- geometry
and material of the geocell and depth of placement of geocell mattress were kept
variable. The strain variation pattern of the geocell walls indicated that the geocell
mattress behaves as a composite beam supported by the subgrade soil. To make
the geocells, geogrids of different types were used. Strength and stiffness studies
were carried out by varying the aperture opening size and orientation of the rib of
the geocell material. Geocells made of higher strength geogrids and with less

aperture opening size showed better performance.

The behaviour of strip footing on the sandy layer was studied by carrying out

finite-element simulations (Latha et al., 2009). The effect of the height of the
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geocell and infill material in geocell on the strength and stiffness of the sand layer
was analyzed. By performing triaxial tests on geocell reinforced soil, a composite
model with similar characteristics was obtained in terms of empirical equations.
The results of the experiments-load settlement curve, matched with the numerical
simulation result. The shear contours were observed to be shifted downwards and

enlarged horizontally, indicating the transfer of load to a larger area.

Hegde (2017) provided a summary of the past, present and future scope of geocell
application. The study represented the evolvement of the geocell on ground
improvement and provided a future scope of its application in foundations,

pavements, railways, retaining walls and protection of the underground utilities.

Leshchinsky and Ling, (2013a) performed a series of laboratory tests to study the
most appropriate configuration of the geocell to obtain the best results. The
geocell mattress was reinforced in embankment and stiffness, strength and
deformation behavior were compared. The confinement due to geocell reduced
the settlement and horizontal spreading of the granular soil. In the case of cyclic
loading, the continuous vertical settlement was observed. The stress and strain
were found maximum at the bottom corners of the geocells, lying below the load.
High tensile stress resulted in more vertical displacement below the loading plate.
Enough seam strength should be there to prevent the geocell failure. Though it
was pointed in the study that field testing would validate the results and also help
in understanding the phenomenon like the effect of cyclic loading, creep and
foundation to some extent. Leshchinsky and Ling, (2013b) studied the application
of geocell in railway sub-ballast by finite element simulations. Ballast strength
was varied to simulate the track material and foundation stiffness to replicate the
subgrades. The effect of stiffness of the geocell was also analyzed. The geocell
mattress was found to be more effective when the ballast material was weak. The
vertical deformations reduced to some extent due to the confinement provided by
the geocell to the ballast. The distribution of the stresses was more uniform in the

case of softer subgrades resulting in a decrease in the shear deformation.

The study of embankment construction on soft soil was carried out in another

study (Latha et al, 2006). The geocells were made by using geogrids. A setup was
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prepared in the laboratory. The load was applied in the form of a strip. The
maximum load capacity without failure was obtained and strain values on the
geocell surface were monitored. The study regarding the geometry of the geocell-
height, internal diameter and material, and infill soil of geocell was made. The
laboratory results were validated by the slope stability program. (Madhavi et al,
2007). The geocell application improved the bearing capacity and decreased

settlement substantially.

In another study, different geosynthetics — geocell, planar reinforcement and
randomly distributed mesh were used as reinforcement under a square footing in
the sandy foundation (Madhavi Latha and Somwanshi, 2009). Biaxial geogrids
and geonets were used to form the required geosynthetics. The quantity of the
reinforcement for each case was kept the same. Through experiment and
numerical analysis, it was found that the geocell reinforcement gave the best
result among the three types of reinforcements. Geogrid formed by randomly

distributed elements of mesh was found inferior to the other two forms.

Mamatha and Dinesh, (2017) carried out an analysis to check the ruts formation
on pavements constructed on weak subgrades. The loading of 761 kPa was
applied in the form of a haversine function to simulate vehicle loading. The test
was done for 500 cycles of loading. The ruts formation was mainly due to the
plastic-settlement of the subgrade. The application of geocells reduced the rutting
up to 12-70% and therefore increased the life of the pavement by 1.5-3.4 times
with varying thickness of the pavement and aspect ratio. The heaving on the soil
also reduced marginally. Moreover, the provision of geocell in the subgrade and

sub-base results in better durability with no environmental impacts.

Another study was done in PLAXIS 2D to find the stability of embankment slopes
by varying the height and side slope of the embankments (George and Marathe,
2016). The factor of safety for each case was determined. The test was carried out
in the Kannad region, India on laterite soil. The soil was found to be stable and

appropriate for embankment construction.



Sri and Tjandra, (2015) investigated the performance of the road embankment
when reinforced with geotextile by varying the length of the geotextile. The safety
factor was determined which mainly depended upon the tensile strength of the

geotextile.

Mehdipour et al., (2013) studied the load transfer mechanism of slope reinforced
with geocell. The geocell behavior was simulated by the beam model. The geocell
mattress behaved like a flexible slab which transferred the bending and
concentrated stresses on the geocell walls to the foundation soil. The study
concluded that with geocell provision at the mid of the slope failure surface
without reinforcement and slope surface reduced lateral and shear strain

considerably.

Mehdipour et al., (2017) analytically determined the safety factor of slope
reinforced with geocell. A horizontal slice method was used in the study. It was
observed that the height of the geocell mattress significantly affects the
performance of the geocell. The greater the height of the geocell more was the
mobilization of frictional resistance and flexure strength. For achieving the same
safety factor, a lesser quantity of geocell reinforcement was required in

comparison with planar reinforcement.

Series of laboratory tests to understand the potential advantages of reinforcement
of geocells over the clayey layer with a void were carried out (Sireesh et al.,
2009). Effect of size of geocells, the relative density of the soil in geocell pockets,
the effect of applying planar geogrid at the base of the geocell layer was studied.
The void did not show any effect in bearing capacity when the geocell spread by
twice the size of the void on both sides of the void. When the thickness of the
geocell layer was greater than 1.7 times the width of the footing, the influence of
the void was not much. More the denseness of the infill soil of geocell opening

more was the improvement in strength.

A study was conducted to know the effect of geocell reinforced in expansive
strata (Kumar et al. 2019). Polypropylene geotextiles were used to make chevron

type geocells. It was concluded that by using geocells of optimum dimensions and

9



at the appropriate depth, the load-bearing capacity of the soil increased by 210%
and settlement reduced by 80%.

Tafreshi et al., (2014) conducted tests to study the behavior of geocells reinforced
with granulated rubber over weak foundation soil. The loading was cyclic. The
use of granulated rubber decreased the plastic settlement by 65 % and increased
resilient deformation compared to the unreinforced case. It also resulted in even

distribution of stress to the foundation bed.

On a soft soil foundation, geosynthetics were placed to study the improvement in
the performance of the soil (Zhou and Wen, 2008). Sandy soil was used as infill
for geocell openings. For geocell reinforced soil, the coefficient of subgrade
reaction increased by 300% and settlement decreased by 42% of the unreinforced
soil. Less heaving on the earth's surface was observed in the presence of geocell

reinforced sandy soil overlaying on soft soil bed.
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CHAPTER 3

NUMERICAL MODELLING

A total of 8 tests have been performed in PLAXIS 2D Version 8. In the first case,
a model without geocell reinforcement has been prepared for comparison with the

performance of geocell reinforced embankment.

3.1. MATERIALS

The properties of foundation soil and embankment soil used in the study are listed
in Table.3.1 and Table.3.2.

Table.3.1. Properties of foundation soil

PROPERTY VALUE
Cohesion 10 kPa
Unit weight 17 kN/m3

Table.3.2. Properties of embankment soil

PROPERTY VALUE
Cohesion 10 kPa
Internal angle of friction 30 kPa
Unit weight 19 kN/m3

The properties of the geocell used in the study is given in table.3.3. The geocell
openings are triangular in shape and the pocket size of geocells is 0.4m for all
cases. The equivalent diameter (d, ) has been obtained by equating the triangular
area of geocell opening with the area of the circle. The diameter of the circle is the
equivalent diameter of cells. This gives the value of the equivalent diameter of the
geocells as 0.2256m.

Three types of geocells have been used in the study. The height of BG geocell
mattress (h) has been varied- 100mm, 150mm and 200 mm to understand the
effect of the height of geocell on load-bearing capacity of the soil. A comparison

of the effect of infill material of geocell pockets-clay and sand has also been done.
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Table 3.3 Properties of geocell (Madhavi Latha et al. 2006)

Type of geogrid | Height | Secant |Additional | Additional | Cohesive | ® of
used for making of modulus | confining cohesion | strength | geocell
geocells geocell of stress due due to of layer
layer | geogrid |to geocells geocell geocell |(degrees)
h(m) M Acs (kPa) layer layer
(KN/m) C, (kPa) | C, (kPa)
Unreinforced - - - - - -
UG 0.10 200 47.8 41 51 30
BGO1 0.10 160 37.1 32 42 30
BGO15 0.15 160 37.1 32 42 30
BGO02 0.20 160 37.1 32 42 30
BGO1 (clay) 0.10 160 25.5 13 23 0
NG-1 0.10 70 16.4 14 24 30
NG-2 0.10 70 22.5 19 29 30

3.2 COMPOSITE MODEL OF GEOCELL ENCASED SOIL
Bathurst and Karpurapu ( 1993) and Rajagopal et al., (1999) conducted tests on

geocell reinforced sand and found out that an apparent cohesion is induced due to
confinement by geocells. The angle of internal friction remained the same as that
of the infill soil. This was concluded by results of direct shear tests on geocell
encased soil.

The value of induced cohesion(Cy) is given by the equation:

_ Ao3 I
In eq. Aoz is increase in the confinement due to the geocell and K, is the

coefficient of passive earth pressure. Henkel and Gilbert (1952) suggested that the
behaviour of soil encased in geocells is similar to a thin cylinder subjected to
internal pressure and gave the following equation based on the theory of hoop

tension:
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Ag. = M 1oVl _ 2Mec 11 ”

Where ¢,=axial strain at failure
dy=initial diameter of the individual cell
d,. = equivalent diameter of the cell
M = modulus of the geocell material corresponding at an axial strain of &,

(calculated by the load-strain test) (kN/m)

e ®)

Ec 12,
Madhavi and Rajagopal (2001) gave the value of modulus of geocell reinforced
soil by correlating the elastic modulus of infill soil and secant modulus of geocell
material. The empirical equation was obtained by conducting triaxial compression
tests on geocell encased soil. The equivalent modulus of geocell encased soil (Ej)
is given by:

E, = E; + 200M01° “4)
Where E; is a dimensionless modulus parameter of unreinforced soil which is a

modulus number in the hyperbolic model given by Duncan and Chang (1970).

3.3 GEOMETRY OF THE MODEL
Madhavi Latha et al (2006) conducted laboratory tests to study the performance of
geocell reinforced embankment. Fig.3.1 shows the laboratory setup of the model

used for the study. The same model has been made in the PLAXIS software.

I:-"' g = proving ring
Voo o r
S ——_ stccichamnes
- expanded polystyrene sheet
i 143 1
¥ 1 H1 1
<) H2 I 1 v
clayecy sand embankment H3 ﬁ’
l *
T 4+ 1 & 1 7 r 1 71 T 0T 7T 7T T 7T 7T 7 1T 7.7
LS I —— T S S R I S S i N S . . L
T geoccell layer 100
-
z{, s0ft clay bed

Fig.3.1. Sectional view of model setup of design embankment (Madhavi et al.
2006)
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3.4. FEM MESHING AND BOUNDARY CONDITIONS

A laboratory model of the embankment is 1000 mm high and 1800 mm long
having a slope gradient of 1:1. The embankment was constructed in two 200 mm
thick layers. The foundation layer consists of clayey soil of 600mm. The
embankment top width is 700mm. The embankment was assumed symmetric and
therefore only half of the embankment is considered in the finite-element

analyses. The plane strain condition and fifteen- node triangular elements were

used.
Mohr-Coulomb - clay Mohr-Coulomb - sand
General | parameters | Interfaces | General | parameters | ntefaces |
Material set General properties Material set General properties
[dentification:  [day Tunsat |15.000 Wim Identification: ‘sand funsat |16.DUD Wi
Material model:  |Mohr-Coulomb - Teat  |17.000 Kjm Material model: ‘Mohr-Coqumb j Teat |19.DUD i
Material type: UnDrained v Material type: Drained v
Comments Permezbility Comments Permesbiity
ky LODOE-03  mjda [ 1,000 mfday
koo [LODEDS  mjda kyi Lo miay
Advancee Advanced...
l:] SoiTest | Next | ok | [:J SoilTest MNext ‘ oK | Cancel ‘
(a)
General settings =
Project ||
Units Geometry dimensions

Length |m - Left : 0.000 =l m
Force |kN - Right : 1.800 = m

Time day - Bottom : 0.000 | m

Top : 1.000 = m

Grid
Stress ki fm 2 Spadng : 0.100 =l m
Weights kM fm E MNumber of snap intervals: 1 —

[ setas default

| oK | Cancel |

(b)

Fig.3.2. Input-soil properties and dimensions of the model (Unreinforced)
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Plaxis 8.6 Input - <NoName> - X
Flle Edit View Geometry Loads Materisls Mesh Initial  Help

BER oer & q B xD
\ | % %EHHO D%}-mm@j&fﬁ gga)ég B E§ = intalconditons

0.50 0.00 0.50 100 150 200 2.50

Fig.3.3. Geometrical construction of the model (unreinforced)

The upper boundary formed by the embankment and the existing ground surface
is left free to displace. Jaky’s formula (K, = 1 — sin®) is used to calculate the

coefficient of lateral earth pressure.

Input the foundation and embankment soil characteristics, assign the properties to

the soil layers and define the geometry of the model as shown in Fig. 3.2. (a) and

(b).

3.6 BOUNDARY CONDITIONS

-0.20 a.00 020 0.40 0.60 06D 100 120 140 160 180 200 220
Lo Dol b te e b b b bbbl d oo b by o bl
E A
Y\V_: * \I‘ \|/ &
a.a0_
0.0 4 \ ol
- G
= Y
= E S ++ =+
E % = E=S
4205

Fig.3.4. Geometry of the model after application of surcharge load

(Unreinforced)
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The displacement boundary conditions, on the y=0 axis, were defined as taking
horizontal displacement (Uy) and vertical displacement (U,) as 0, simulating the
boundary of the steel tank as hard strata. The nodes of the vertical boundaries, x=0
and x=1800mm, were fixed against horizontal movement but allowed to move

freely in the vertical direction.

Generate the mesh by choosing the mesh coarseness (Fig.3.5).

is 8.6

Fig.3.5. Generated mesh (Unreinforced)
Assign the water level and generate pore water pressure. In this case, there is no

water table. (Fig.3.6)

is 8.6

Extreme active pore pressure 0.00 kN/m®
(pressure = negative)

Fig.3.6. Active pore water pressure (Unreinforced)

Select the model geometry while generating the initial stresses. The stresses are

generated before the embankment construction (Fig.3.7).
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Il e qﬁ —_q-i_—‘i_rj_ﬁ__ﬁ jﬂ_+++ #—‘ﬁ;f A |
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T = T s e

piLiE! i = TNIE:
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= jmn iy

a8t HHr—He—t T
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Effective stresses
Extreme effective principel stress -8.96 kym?

(b)

Fig.3.7. Initial stress generation (Unreinforced)

The calculation phase is divided into three stages for the construction and
application of load on the embankment. All the three stages have been modelled
as plastic staged construction. All stages are modelled as Consolidation — Staged
Construction phases. The three stages are:

1. The construction of a 200mm embankment above the foundation soil.

ii. The construction of 200mm embankment followed by step 1, which make the
total height of embankment 400mm

1. Application of surcharge
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[E2 Plaxis 2.5 Calculations - unreinforced.PLX — >
File Edit View Calculate Help

BEE = a &

General | Parameters  Multipliers ]Prewew]

T
e = Output...
T

Show Incremental multipliers Total multipliers

* Input values Mdisp: I Mdisp:
¢ Reached values Mioada: T -MioadA:
MioadB: I -MloadB:
Muveight: E -Mweight:
Maceel: T -Maceel:
Msf: T Msf:
3 &} Insert | ER: Delete...
Identification Phase no. Start from [ calculation | Loading input [ Time [ water [ First ]
Initial phase o o M A 0.00 ... o o
2 1 o Plastic analysis Staged construction 0.00 ... 1 1
4 2 1 Plastic analysis Staged construction 0.00 ... z 3
+ loading 3 2 Plastic analysis Staged construction 0.00 ... 3 5
" phic 4 3 Phijc reduction Incremental multipliers 0.00-... 3 15

Fig.3.8. Calculation stage (Unreinforced)

The phi-c reduction is an additional step done to obtain the Msf value. Msf is the
factor of safety of slope.

The same steps, as in the case of the unreinforced embankment, are followed for
all the other cases of geocells-UG, BG and NG. The only additional step is the
application of the geocell mattress at the base of the embankment. The geocell
layer is transformed into an equivalent soil layer by the empirical equations given
in section 3.2 of the report.

The steps for constructing embankment reinforced with geocell (UGO1) have been

given in detail below. Similar steps have been followed for other types of geocell

reinforcement.
ill\Ilc.izl(\II\III[:-l]:III\IIIT.‘ETIII\IllclLl“I)III\IIIT-‘E:IIIIHIII?‘E[I-IH\II\:‘ﬁl\Illll:.l:(l-l\l|II\’I.;I]III|II\‘I.FTI\I|\IITf?IIIlIIIiTTIH|III;1.|]?III|\

= I

-

.

- ]

0.60
0.4D || ||
0.20 || ||
e E. % = = = 8

(a) Geometry of the model (UGO1)
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Mohr-Coulomb - geoccell

General Parameters | Interfaces |

—Stiffness —Strength

E,of: [1-000E+04 knajim 2 Craf & [51.000 ka2

W mu) |0-300 @ {phi) : |30.000 =

w (psi) = IU.UOU =

Altermatives Veloctes

G, [3846. 154 K fm 2 Vs |4a540 =] mps

Epeu |1.34sz4 kgm 2 Vi |90.su0 =] mss

B o s S T

(b) Assigning geocell reinforced layer as an equivalent soil layer, from table 1

(UGO1)

(¢) Generated mesh (UGO1)

-0.20 o00 020 040 0.60 0.0 100 120 140

£

160 180 200 22,0

Activate \A

(d) No pore water pressure (UGO1)
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(e) Initial effective stress generated (UGO1)
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.
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- r

(f) Generated mesh (UGO1)

Fig. 3.9. Steps for construction of geocell (UG01) reinforced embankment

The mesh as shown above has been generated in a similar way for all

embankment reinforced with other types of geocell.

20



CHAPTER 4

RESULTS AND DISCUSSION

The deformed mesh and factor of safety achieved in each case, unreinforced and

geocell reinforced embankment, have been presented as the output.

UNREINFORCED EMBANKMENT

is 8.6

. A
N N
LXK ‘E_L_!AAW- i
NSRS IS NN

R
EREKK

i : |
% ST LR A
Y "’lf"l‘r‘ .. "4’4%54‘

________

.....
S

f‘b%‘ﬁs
- _

(a) Deformed mesh

112

83 o012 0.016
U} [m]

(b) Factor of safety

Fig.4.1. Deformed mesh and FOS for unreinforced embankment
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UGO01 GEOCELL-

[ Plaxis 8.5 Calculations - UX01.PLX — b3
File Edit View Calculate Help

@ ) = | EEE% == Output...
General ] parameters  Multipliers 1Preview I
Show 1 Incremental multipliers— 1 Total multipliers
* Input values; Mdisp: oo =] = -Mdisp: [toooo =]
™ Reached values Mioada: [ooooo F = Mioada: [foooo 2
MioadE: ]m = -MloadE: m
Mweight: W T -Mweight: W
Maccel: W I -Maccel: W
Msf: IETDEE—_E = -Msf: m

- Next J EF nsert | & Delete...

Identification ] Phase no. ] Start from ] Calculation ] Loading input ] Time ] Water ] First |
Initial phase 0 [s] A MNfA 0.00 ... [s] o

{ 200 2 o Plastic analysis Staged construction 0.00 ... 2 1

" 400 3 2 Plastic analysis Staged construction 0.00 ... 3 3

{ loading 4 3 Plastic analysis Staged construction 0.00 ... £ S

( phi-c 5 ) Phiyfc reduction Incremental multipliers 0,00 ... 4 35

(a) Calculation phase

Deformred st

Extreme total displocement 627510 m
(Sisplacemnents scalen up 2.00 times)

(b) Deformed mesh

Sum-Msf
1.16
. ,./
y
108
104
o Se-3 001 0015 [.X.-3 0.02%
| [(m)

(c)Factor of safety (UGO1)
Fig.4.2.Calculation stage, deformed mesh and FOS for UG01 geocell reinforced
embankment
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BGO1 GEOCELL-

- BXO1.PLX

B2 Plaxis 8.5 Calculations
File  Edit  View

Calculate

Help
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General | | Parameters Multipliers IP eeeee w |
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¥ Input values
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fooe =]
|

B Mext E} Insert | B Delete.... |
Identification | Pha: | Start from | Calculation | Loading input I Time I Water I First ]
Initial phase o o MfA MfA 000 ... o o
( 200 2 o Plastic analysis Staged construction 1.00 ... 2 1
( 400 3 2 Plastic analysis Staged construction 0.00 ... 3 3
" loading 4 3 Plastic analysis Staged construction 0,00 ... E 5
(phl—c 5 4 Phijc reduction Incremen tal multipliers 0,00 ... E 26
A
(a) Calculation phase
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A
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Surm-Mst
1.16 — -
Curve 1
r"
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108

1.04

Se3 .01 oo1s o0z o.ozs LY
i [m]
'

Fig.4.3.Calculation stage, deformed mesh and FOS for BG01 geocell
reinforced embankment

(c) Factor of safety
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BGO15 GEOCELL-

B2 Plaxis 8.5 Calculations - BX015.PLX —

File Edit Viewr Calculate Help

— N Tion
E B 2D = & ey = output...
General | | Parameters  Multipliers IP eeeee w |
—Show Incremental multipliers————————— Total multipliers
& Input values Mdisp: 0.0000 = T -Mdisp: 1.0000 [=
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(c) Factor of safety

Fig.4.4.Calculation stage, deformed mesh and FOS for BG015 geocell
reinforced embankment
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BG02 GEOCELL-

B2 Plaxis 8.5 Calculations - BX02.PLX

— >
File Edit View Calculate Help
e
@ = - SRR = Output...
S
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Fig.4.5.Calculation stage, deformed mesh and FOS for BG02 geocell
reinforced embankment
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Fig.4.6.Calculation stage, deformed mesh and FOS for BG01(clay) geocell

reinforced embankment
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Fig.4.7.Calculation stage, deformed mesh and FOS for NG1 geocell
reinforced embankment
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Fig.4.8.Calculation stage, deformed mesh and FOS for NG2 geocell
reinforced embankment
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The geocells provide cellular confinement to the soil which prevents the
horizontal dispersion of soil-filled in geocell openings. The granular soil poses
higher shear strength than the cohesive soil. In the case of the unreinforced
embankment, the heaving of soil at the base of the embankment is seen in Fig.
4.1(b). While in the case of other types of geocells, no surface heaving occurred.
Although at the boundary of the model, an upward displacement is seen, this may
be due to the conversion of the geocell mattress into an equivalent soil layer
without providing proper anchorage of the geocells to stay intact. During the
application of geocells in field, proper anchorage, to keep the geocells intact at its
place, is provided, which could not be simulated in the model. The surcharge load
to achieve the FOS of 1.15 for all the types of geocells has been shown in
Table.4.1.

Table.4.1. Surcharge load to achieve FOS of 1.15

Type of geocell Surcharge load (kPa)

Unreinforced 46
UGo1 75
BGO1 69
BGO15 78
BG02 86
BGO1 (clay) 50
NG1 58
NG2 63

When the load is applied in a geocell reinforced soil, the soil underneath the
loading area begins to get pushed downwards after full mobilization of the friction
force generated at the interface of infill soil-geocell walls. From the deformation
meshes of BG geogrids of height 100mm (Fig.4.3 (b), 150 mm(Fig.4.4(b)) and
200mm(Fig.4.5.(c))-it can be seen that more the height of the geocells, lesser is
the deformation of the soil. The contact area of the infill material of the geocell
pockets with the walls of the geocells increases leading to greater mobilization of
restraining forces or membrane stresses. This increases the friction resistance of
soil and decreases the vertical settlement of the soil. When the height of the

geocell layer is increased, this downward movement of soil gets completely
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arrested at a certain stage and the soil-geocell layer starts acting as a single
composite unit. In addition to this, the moment of inertia increases when the
height of the geocell is increased. Therefore, the bending and shear rigidity of the
soil-geocell layer increases because of which even after the shear failure of soil
inside the geocell pockets, the geocell layer continues to support the load of the
embankment. The provision of geocell decreases the settlement of the soil and
distributes the pressure to deeper layers and over a wider area by intercepting the
planes of potential failure. When the thickness of the geocell is not enough, the
soil does not get enough interlocking and interfacial frictional resistance from the
periphery of the geocells and may slip out from the base of the geocell layer. This

leads to the lateral spreading of the soil and increased surface heaving.

90
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Types of geocell

Fig.4.9. Surcharge load value on embankment reinforced with different types of
geocells to achieve FOS 1.15

Although, the surcharge load in the case of clay filled geocells showed
considerably higher value in comparison with the unreinforced embankment. This
means that during the unavailability of good infill material near the sites, easily
available soil may be used to fill geocell pockets. The density of the granular soil
being more than the fine grained soil, higher frictional force is generated at the
interface of soil-geocell walls which prevents downward penetration of the

granular soil and provides rigidity to the geocell walls. Also, denser the soil in the
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geocell pockets, more will be the dilation. This contributes to higher mobilisation

of strains in the geocell surface and therefore its enhanced performance.
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Fig.4.10. Surcharge load value on embankment reinforced with BG geocell of
varying depth to achieve FOS 1.15
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Fig.4.11. Surcharge load value on embankment reinforced with BG01 geocell
with sand and clay as infill to achieve FOS 1.15

In the case of BG geocell filled with clayey soil, there is an abrupt deformation at

the base of the embankment. This may be due to the lesser shear strength of

clayey soil. In addition to this, it is difficult to compact geocells encapsulated with

clayey soil. The load, for the sand-filled geocell, to achieve a factor of safety of

1.15 is 1.4 times that of the clayey filled geocells.
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For designing problems of embankment, if the field data is available- properties of
embankment fill soil and foundation soil, one can determine the type of geocell
that would be suitable for the embankment construction by trials run on the
software as explained below.

Consider embankment soil- sand- to fill the geocell mattress.

The first step should be to assume certain height of the geocell mattress and then
replicating it with that of soil in terms of its strength. Let the height of the geocell
mattress be Im.

Assume a layer of soil, in place of geocell mattress, of 1m and assign certain
cohesion value to it, say x and then find the factor of safety by PLAXIS. The
angle of friction will be same as that of the infill soil in geocells.

If the obtained factor of safety is not as desired, change the cohesive value of the
geocell layer.

If the factor of safety comes out to be the required value, following steps are
followed.

The cohesion value due to geocells alone (Cy) can be obtained as follows:
Cyg = Csg — Cs (5)

Where Cs, is the cohesive strength of the geocell when filled with soil

C,  is the strength of the soil with which geocell mattress is filled

The angle of internal friction of the soil is @. the coefficient of passive earth
pressure (K3,) is given by:

__ 1+sin@
Kp "~ 1-sin® ©

From eq (1), obtain the value of A o3 by substituting the value of C; andK,.

Consider the following assumptions:
Axial strain in geocell wall (¢,) = 5%
Initial diameter of cells of geocll mattress (dy)= 1m

Substitute the values in eq (2) and obtain the value of M.
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Ag. = 2M 1oVl .

The geocells having secant modulus (M) greater than the calculated value of M
can be provided at the base of the embankment to obtain the desired factor of

safety.
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DESIGN EXAMPLE

To construct an embankment, having safety factor 1.2, determine the type and
geometry of the geocell suitable for the construction. The height of the

embankment is 4m.

Table.4.2. Data for the design of embankment

Description Properties Value
Foundation soil-Clay Undrained shear strength 20KPa
Density 15KPa

Embankment soil- Angle of internal friction 35°
Sand Cohesion 12KPa
Density 20KPa
Surcharge load 50KPa

Obtain the geometry of the problem in PLAXIS. Assume the depth of the geocell
layer is 1m. The angle of friction of the geocell infill soil will be the same as of

infill soil, 35°.
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Fig. 4.12. Embankment model
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B Plaxis 8.5 Calculations - embd,PLX

File  Edit View Calculate Help
- - + 4+
& (& = H by == Output...
++ +
General lEarameters ] Multipliers ] Preview ]
Phase Calculation type
Number /ID.: 3 |phi-c |Phifc reduction ﬂ
Start from phase: |4 - consolidate Ed| Advanced
Log info Comments
Ok
Parameters
E. Mext | E' Insert | 5( Delete... |
Identification Phase no. Start from | Calculation | Loading input | Time | Water | First |
Initial phase 1] 1] N/A MNfA 0,00 ... 1] 1]
+ emb2m 1 a Plastic analysis Staged construction 5.00... 1 1
+ consolidate 2 1 Consolidation analysis Staged construction 10.0;.... 1 ]
+f emb4am 3 2 Plastic analysis Staged construction 5.00... 3 14
+f consolidate 4 3 Consolidation analysis Staged construction 10.0... 3 20
+f load 7 4 Plastic analysis Staged construction 0.00... 7 25
":;/phi—c [ 4 Phifc reduction Incremental multipliers 0.00... 3 38

Fig. 4.13.Calculation phase in embankment design

The factor of safety of the embankment is obtained as 1.2 as shown in the figure

below which is the aim of the problem.

Plaxiz B&

12

115

11

15
Uy o)

Fig. 4.14. Factor of safety for embankment

Using Eq (5), the cohesion value due to geocells alone (Cy):
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Cy = Csq — Cs
C,=22—12

C, = 10KPa

The coefficient of passive earth pressure (K}) is obtained by Eq. (6):

_ 1+ sin®
P 1 —sin®

K = 1 + sin35
P 1 —sin35
K, = 3.69

From eq (1), obtain the value of A g3 by substituting the value of C; and K,, as:

A 03
Cy = > NE:
A 0y
10 = > v3.690

A 03 = 10.411 KPa

Now, make the following assumptions:
Axial strain in geocell wall (¢,) = 5%
Initial diameter of cells of geocell mattress (dy) = 1m

Substitute the values in eq (8) and obtain the value of M.

_2M 1—,/1—€a_ 2M e, 1 —/1—¢,

A = =
BT, T 1-e d, 1-g,
M 1-J1—s,
93 = dO 1_€a
2M 1-+1—=0.05
10411 = —— ———

M =195.304 kN/m
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From Table 3.1, the UG geocell has a secant modulus of 200 kN/m. Therefore, it
is suitable for embankment construction to obtain the factor of safety of 1.2 for

the given example.

Table.4.3. Parameters for design of the embankment

DESCRIPTION PROPERTIES VALUE
Geocell Height Im
Internal diameter Im

Secant modulus calculated 195 kN/m

UG geocell Secant modulus 200 kN/m
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATION FOR FUTURE
WORK

The experimental results of the geocell reinforced embankment have been carried
out in PLAXIS 2D. The geocell reinforced layer of soil was simulated as
equivalent soil layer by empirical equations. The characteristics of geocells,
height and secant modulus of geocell, and type of soil used for filling the geocell
pockets are sensitive criteria for determining the performance of geocell
reinforced embankment. The geocell encased with sand can carry a surcharge load
of up to 1.72 times that of surcharge load by geocell encased with clay. Geocell
pockets filled with sand showed greater load-bearing capacity and lesser
settlement than the geocell pockets filled with clay due to higher interlocking and
frictional resistance in the sand. The geocell mattress of greater thickness showed
better performance. The load-bearing capacity increased from 69 kPa to 86 kPa as
the height of BG geocell was increased from 100 mm to 200mm. This is due to
the greater surface area available for interfacial frictional resistance between infill
material in cells and the wall of the cells.

Geocells, in comparison to other geosynthetics, provide a 3-D structure for soil
confinement. Many model studies on small scales have been carried out to study
geocells effects in geotechnical engineering. Though, full-scale tests for
appropriate scaling have to be done to ascertain the model results in the field.
There can be more realistic numerical simulations to study the stress and strain

variation of geocell reinforced soils.
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