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Abstract In this paper, unreinforced and cellular rein-
forced fly ash slopes were analyzed using numerical model-
ling to simulate the laboratory model studies by applying
similar geometry and reinforcement parameters to under-
stand its deformation behavior on rigid foundation. Small
scale laboratory experimental models were performed on
fly ash slopes by applying strip loading at a 60° inclination.
In the current study an approach was made to use cellu-
lar reinforcement (CR) material which is made up of from
post-consumer waste plastic water bottles along with steel
grid-jute geotextile composite reinforcement at slope facia.
A numerical analyses using finite-element analysis (FEA)
PLAXIS 3D was conducted to validate the experimental
laboratory model test results. In FEA, fly ash as backfill
material and reinforcing materials like steel grid-jute geo-
textile and cellular/geocell reinforcement were modeled
systematically. Here, fly ash modeled with Mohr—Coulomb
failure criteria as linear elastic plastic material and, for cel-
lular/geocell reinforcement it was modeled as elastoplastic
material. The numerical model analyses were consistently
substantiated with experimental results. Parametric analy-
sis were conducted by using validated numerical model to
evaluate the influence of various cellular properties along
with steel grid-jute geotextile composite reinforcement on
the performance of reinforced fly ash slopes. The numerical
finite element simulation (FES) results are in good agree-
ment with the model test results.
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Introduction

Fly ash is produced by burning coal from thermal power
plants (TPPs) and it has become major source to generate
power in India. According to Kumar et al. [1] fly ash pro-
duction is expected to reach 225 Mt by 2017 due to rising
demand for power whereas; use of fly ash is only 45 Mt
per year. In India, huge quantity of natural materials like
soils, sand and aggregates are being utilized as structural
filling material as well as constructional material. It has
created severe scarcity of these conventional materials in
their specific uses, cultivation and ecology ecosystems. In
India, with enhancing demand of power, generation of fly
ash from TPPs is anticipated to reach 225 million tonne by
the year 2017 [2], and 90 10° tonnes per year demanding
an area of 265 km? pond ash [3], and few years back, only
<5% of this fly ash was usefully utilized. The disposal of
fly ash and other Pozzolanic materials like wastes coming
out of TPPs and other industrial units has been the major
concern worldwide over the decades due to scarcity of the
land available for their disposal. Civil engineers are forced to
make use of unsuitable sites mainly low lying regions after
filling them by means of fly ash which is waste byproduct
material due to decreasing availability of good construction
sites and increasing constructional activities. Moreover, in
the developing country like India this problem is more acute.
Utilization of fly ash as a filling material is one of the prom-
ising areas in structural fills or embankments, whereby the
construction cost of the projects can be reduced. In addition
to this, it will encourage the sustainable development and
reduce the environmental problems.
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Structural fly ash embankments are not uncommon but
often are perceived as demonstration projects [4]. Dur-
ing last two decades, researchers extensively reported
on the use of geosynthetic (polymeric) reinforcement as
horizontal sheets in fly ash as a backfill material provides
viable solution in enhancement of load bearing capacity
of foundation soils like embankments, slopes, retaining
walls etc., and if this is found effective, fly ash can be used
in bulk quantity mainly for rail and road embankments in
geotechnical applications. Preceding to prototype use, it is
essential to conduct experimental and numerical methods
in order to know the role of reinforcement materials in
enhancing footing behaviour located near to the crest of
fly ash slope. Several studies have been reported on sta-
bilised sand slopes to know behaviour of footings [5-9].
However, only limited studies are available in the literature
[10-12] on load-carrying capacity of footing behaviour
resting on reinforced fly ash. Recently, Nadaf and Mandal
[13] reported experimental studies conducted on fly ash
slope reinforced with planar steel grid material in the form
of continuous mattress and strips to know load bearing
capacity of slope. Numerical design practices like FEA
and finite-difference (FD) become prominent in recent
years, but despite of many studies [14—19], much studies
on footing resting on reinforced fly ash slopes remains to
be carried out for safe and economical design. Extensive
investigations were carried by several researchers on fly
ash as a fill material [20-29]. Few researchers, Indraratna
et al. [30] and Lim and Chu [31] worked on other Poz-
zolanic materials with reference to the bearing capacity
behavior of footings.

Although much work has been done on the retaining
walls and bearing capacity of the reinforced earth sub-grades
throughout the world, work on bearing capacity of footings
located on the apex of reinforced earth slopes or on the face
of a slopes are still quite meager and only few works are
available [32-43]. Most of the works used geogrid as the
reinforcement; few used geocells [44, 45] and grid-anchors
as the reinforcements. Relatively very less work is carried
out in contest of reinforced fly ash slopes or embankments
of other Pozzolanic materials. In recent past experimental,
theoretical and numerical analysis on the bearing capacity
of strip footing on reinforced fly ash slopes are reported [46,
47]. While majority of works entailed experimental work,
some of them also attempted numerical analysis using FEA
to compare the experimental results with those obtained
numerically. The geocell mattresses are generally filled
with granular geomaterial. The growing industrial activities
create a huge amount of unwanted materials or byproducts
that cannot be assimilated in the environment and end up
being dumped as waste material. Even if the waste material
is nonhazardous, it contributes to land scarcity. The best way
to deal with this sort of challenge is to reuse those waste
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materials in an effective sustainable fashion in a real-life
application. Even the disposal of fly ash waste and waste
plastic bottles also poses the environmental problem.

On the backdrop, relatively less work reported in thelit-
erature pertaining to strength evaluation and performance
studies of the embankments made up of Pozzolanic materi-
als either unreinforced or reinforced with respect to loaded
footing. The present investigation was undertaken to study
the bearing capacity behavior of unreinforced and cellular
reinforced fly ash embankments with respect to numerical
analysis was carried out by finite element based software
‘PLAXIS 3D’ in the contest by varying edge distance from
slope crest to the top of footing plate. Cellular reinforce-
ments were made up of post-consumer plastic water bottles
along with steel grid-jute geotextile composite reinforce-
ment was considered in this analysis. A 50 mm diameter of
cellular reinforcement with variable geocell heights of 10, 20
and, 30 mm and edge distance (D,) was varied as 1.0B, 1.5B,
and 2.0B (B =Footing width) from slope crest was used in
model tank tests. The three-dimensional reinforcement lay-
ers were positioned keeping an even vertical spacing (S,) of
0.2H (H=Height of slope), while reinforcements were in
strip forms with coverage ratios of 0.5 and 0.6 and in con-
tinuous form, i.e., coverage ratio (C,) of 1. Coverage ratio is
defined as the ratio of gross width of the reinforcement (b,)
to the center-to-center horizontal spacing between the strips
(S, i.e. (C.=b,/S,) [48]. Length of cellular reinforcement
(L,) was varied from 0.7 to 0.3 times the height of slope for
both continuous form (mattress) and coverage ratios in the
form of strips. The results of footing pressure (P)—footing
settlement (S) responses of the slopes emerging out of the
numerical analysis is in good agreement with those observed
in the experimental studies, and are quite encouraging and
can be used in the prototype constructions after taking cer-
tain precautions. The results of the numerical studies though
agree well with those observed in the experimental studies
[49], and are on lower side as compared to that obtained
experimentally. It is obvious because the field conditions
cannot be simulated that exactly in the numerical analysis.

Validation of Numerical Simulation Program

In the laboratory, small-scale model tests were performed on
fly ash slopes with unreinforced and reinforced cellular mat-
tress and strips under strip loading in a model tank with the
dimensions of 1000 mm length X 500 mm width X 750 mm
height [49]. Figure la, b show the schematic and labora-
tory model test setup. The strained controlled test was per-
formed by placing a rigid steel plate of 10 mm thick, length
500 mm and width 100 mm at varying edge distances on top
of slope being pushed vertically downward by means of a
hydraulic jack at constant rate of 2 mm/min. The numerical
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Fig. 1 a Schematic of the test setup; b small-scale model test setup

Table 1 Numerical finite-
element simulation (FES)
program for fly ash slopes on

rigid foundation

Models Cellular reinforcement (CR)
Dimensions Parameters
Model-1: unreinforced (UR) test - Constant: B=100 mm; a=60°
Variable: D, = 1.0B; 1.5B; 2.0B
Model-2: cellular reinforcement mattress for ~ CR50,, Constant: B=100 mm; a=60°
coverage ratio (C,)=1.0 CR50y, S/H=0.2
CR50 Variable: D, = 1.0B; 1.5B; 2.0B
30 L,=0.7Hto 0.3H
Model-3: cellular reinforcement strips for CR50,, Constant: B=100 mm; a=60°
coverage ratio (C,)=0.5, 0.6 CR50y, S/H=0.2
CRS0s, Variable: D, = 1.0B; 1.5B; 2.0B

L,=0.7H 0 0.3H

H height of slope, 500 mm, B footing width, D, edge distance, S, vertical spacing, L, length of reinforce-

ment, a slope angle

analysis were carried out for model conditions in the finite-
element software (PLAXIS 3D) for fly ash slopes on rigid
foundation as mentioned in Table 1. In the current study,
cellular reinforcement was assigned as CRdh, where ‘d’ and
‘h’ are diameter and height of the unit geocell in mm (i.e.,
CR50,,=cellular reinforcement of 50 mm diameter and
10 mm height).

The physical analysis of fly ash is tabulated in Table 2 as
per the relevant ASTM standards. The maximum dry unit
weight and optimum moisture content (OMC) of fly ash is
obtained from standard Proctor tests. Fly ash has no cohe-
sion value in the dry state, however in the presence of water
while compacted it develops apparent cohesion.

As per the relevant ASTM standards the properties of
reinforcement materials are tabulated in Table 3. Figure 2a
represents the tensile force per unit width—strain response
of a steel grid test specimen. A woven jute geotextile was
placed at slope facia throughout the width along with cellu-
lar reinforcement in order to prevent escaping of fly ash from
slope. Under 2-kPa normal pressure the thickness of the jute
geotextile was 1.3 mm as per the relevant ASTM standards.

Table 2 Physical analysis of fly ash

Properties Values

Dry unit weight 14.4 KN/m®
Optimum moisture content (OMC) 18.0%
Specific gravity 2.15
Cohesion (¢) 25 kPa
Angle of internal friction (¢) 28°

Fine sand size 16%

Silt size 78%

Clay size 6%

Liquid limit 29.54%
Plasticity NP (non-plastic)

Figure 2b represents the tensile force per unit width—strain
response of a jute geotextile specimen. The geocell used
in the experimental study for validation purposes consisted
of cells of 50 mm diameter (d) with varying heights (%)
of 10, 20, and 30 mm made of polyethylene terephthalate
(PET) plastic. Cells were interconnected by a particular type
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Table 3 Properties of reinforcement materials

Reinforcement properties Values
Steel grid reinforcement
Tensile strength 29 kN/m
Tensile modulus 806 kN/m
Mass per unit area 264 g/m?
Jute geotextile
Tensile strength 10 kN/m
Tensile modulus 138 kN/m
Mass per unit area 700 g/m?
Apparent opening size 135 pm
Plastic water bottle cell (50 mm diameter)
Tensile strength 10 kN/m
Tensile modulus 50 kN/m

Steel grid reinforcement

“n

of plastic tie wires having loop tensile strength of 133 N.
Fig. 2c represents the tensile force per unit width—strain
response of a plastic strip specimen.

Numerical Modelling

To verify the laboratory model test results with numerical
modelling, a series of three dimensional FES was carried out
using PLAXIS 3D on a varying edge distance of the footing-
slope system. Plaxis was chosen to validate the experimental
results because, it can handle a wide range of geotechnical
engineering problems mainly deep excavations, tunnels and
earth structures like retaining walls, slopes, embankments, etc
[50]. The intent was to create the same geometry and mate-
rial conditions as in the laboratory in the 3D finite-element

12

(b) Jute geotextile

Tensile strength (kN/m)

Strain (%)

20 1

15 1

Tensile strength (kN/m)

D = diameter of the plastic bottle cell

© D=350mm

10

15 20 25 30
Strain (%)

Fig. 2 Tensile force per unit width—strain responses of a steel grid test specimen, b jute geotextile specimen, ¢ plastic strip specimen
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modelling. Preparation of the geocell-reinforced fly ash slope
in the laboratory is shown in Fig. 1b and 3D modelling of the
same in the finite-element program PLAXIS 3D is shown in
Fig. 3a. First, the same model geometry was created in the
finite-element program over a surface area of bottom width
649 mm and top width 360 mm of the embankment, and
width of slope was 500 mm to create a bottom volume of
500 mm height to represent the fly ash slope, a slope facia
surface to represent steel grid-jute geotextile, interconnected
circular vertical cells array to represent the cellular mattress,
and a volume to represent infill fly ash.

Then the entire geometry was assigned with suitable
material models and properties available in the PLAXIS 3D
program so as to represent the laboratory model as perfectly
as possible. The next step was mesh generation, that is, rep-
resenting the entire model as an integration of many small
mesh elements (connectivity plot), as shown in Fig. 3b for a
mattress and strips-reinforced fly ash slope, and finally the
calculation stage (plastic analysis). After conducting analy-
ses using different types of element distributions of mesh
available in PLAXIS 3D—very coarse, coarse, medium,
fine, and very fine; out of all, the medium mesh distribution
was optimized in the present study.

Fig. 3 a 3D modeling of fly
ash slope and geocell in finite-
element program; b mesh dis-
tribution (connectivity plot) in
3D FEM for a mattress-cellular
reinforced rigid bed

Rigid foundation

Table 4 Material properties of fly ash used in the FES

Material properties Modeling properties

Material model Mohr-Coulomb

Drainage type Drained
Bulk unit weight (kKN/m>) 154
Cohesion (kPa) =14
Friction angle (°) @' =38
Modulus of elasticity (kPa) Es) = 4500

Poisson’s ratio 9" =0.36 (UR) and

0.31 (reinforced)

E', ¢, 9, @' drained parameters, UR unreinforced

The material model, drainage type, and properties of
the fly ash for the finite-element modelling are reported
in Table 4. To represent the basic soil elements of the 3D
finite-element mesh, ten-node tetrahedral elements hav-
ing three nodes at each edge of the tetrahedral were used.
Numerical studies were carried out using finite element
method (FEM) in order to simulate the results obtained
from model studies [49].

Jute
geotextile

Cellular/geocell
reinforcement Steel grid
(a) reinforcement

-

Deforméd\ m(es'h‘lu’l (sc’al'e('l up 5.00 times)

(b)
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Material Modelling

The FEA was carried out using PLAXIS 3D software
[50]. In this numerical study, the fly ash was modeled
using Mohr—Coulomb model and involves five parameters;
Young’s modulus (E), Poisson’s ratio (u), cohesion(c), fric-
tion angle (@), and the dilatancy angle (¥). In addition to
this, for each analysis it was necessary to specify the coef-
ficient of earth pressure (K) at rest condition and bulk unit
weight (yb) of soil. The shear stress parameters are used to
describe the failure behavior of fly ash and to define these
parameters series of consolidated drained (CD) triaxial tests
were conducted in the laboratory. For the unreinforced case,
the soil parameters adopted remain same in all the FEA. For
a reinforced case, with appropriate strength reduction factors
between the contact surfaces were given, and reinforcement
layer was introduced at the required depth and the stiffness
of reinforcement is entered as additional parameters. In this
study, FEA were performed by applying zero horizontal
displacements and vertical prescribed displacements to the
nodes at the base of footing. The specified footing displace-
ments were imposed in equal increments of 250 steps. The
footing pressure was analyzed and calculated by dividing
the ratio of resulting vertical nodal loads at the base of the
footing to the width of the footing [35].

As per the relevant ASTM standards, CD triaxial tests
were performed on fly ash samples prepared at OMC with
dry unit weight as 87% of the maximum dry unit weight (i.e.,
0.87 x 14.4=12.52 kN/m?) achieved during preparation of
the unreinforced fly ash slopes and the reinforced fly ash
slope achieved 85% of its maximum dry unit weight (i.e.,
0.85x 14.4=12.24 kN/m?). To simulate the laboratory test
conditions the confining pressures (o3) 5, 10, and 15 kPa
were kept low. The cohesion (c) was 25 kPa and angle of

125 1

100

75

Deviator stress, ca (kPa)

50
G3
—o— S kPa
25 —a—10KkPa
—a— 15 kPa

o 2 4 6 8 10 12
Strain, & (%)

(a)

internal friction (¢) of the fly ash at OMC was found to
be 28°. The deviatoric stress (o,)—axial strain (¢) curves is
shown in Fig. 4a. Elastic modulus of fly ash was adopted as
the secant tangent modulus, Es," from the deviator stress-
axial strain curve at low confining pressure of 5 kPa. Es,"is
defined as the secant modulus corresponding to 50% of the
ultimate deviator stress.

The cohesion and angle of internal friction were deter-
mined from the Mohr—Coulomb failure envelope as shown
in Fig. 4b and the same reported in Table 4. The same cohe-
sion, angle of internal friction and elastic modulus were
chosen for infill fly ash also for FEA because the difference
was small in the achieved degree of compaction for the rein-
forced and unreinforced fly ash slopes. The Poisson’s ratio
of the fly ash was varied in the range of 0.28-0.38 during
modelling. For unreinforced fly ash, the Poisson’s ratio of
0.36 provided optimum validation with the experimental
results, whereas for mattress-strips reinforced infill fly ash,
it was 0.31 [46, 51].

The jute geotextile was modeled as an isotropic elastic
geogrid material (available in PLAXIS 3D) having a ten-
sile modulus of 138kN/m. The cell material was modeled as
an isotropic elastic geogrid with a peak tensile modulus of
50 kN/m the same as that of the laboratory cells. Geogrids
are slender structures that can only sustain tensile force and
no compression, and thus they acquire only axial stiffness
but no bending stiffness. After meshing, geogrids are com-
posed of six-node triangular surface elements having three
translational degrees of freedom per node with the ability
to change length under tension. The interconnections of the
cells were modeled using elastic anchor material (node-to-
node anchor) with a tensile strength of 133 N to represent the
tie wires and the anchor was a spring element. In general, the
interface is weaker and more flexible than the surrounding

=

@

- G3
?lfl" -+ SkPa
gc. 10 kPa

" -
[
4o
ot
=
b
g
23
=)

0 10 20 30 40 S0 60 70 80 90 100 110 120
Normal stress, ¢ (kPa)

(b)

Fig. 4 a Deviatoric stress—axial strain curves at low confining pressures of 5, 10, and 15 kPa for fly ash from CD triaxial test; b Mohr—-Coulomb

failure envelope for fly ash

@ Springer



Int. J. of Geosynth. and Ground Eng. (2017) 3:26

Page 70f 16 26

soil for real soil-structure interaction. The soil-structure
interaction was simulated by adding 12-node interface ele-
ments (joint elements) to the structure. A strength reduc-
tion factor at interfaces (R,,,,) was introduced in the mod-
elling as available in PLAXIS 3D. The roughness of the
interaction was modeled by choosing suitable values for the
strength reduction factors. This factor relates the interface
strength [adhesion (c;)] and wall friction (¢,) to the adjacent
soil strength [cohesion (c,,;)] and friction angle (¢,,;) as
¢; = Rjper X €y and tang; X R, X tang,,;,. At the infill fly
ash—cell wall interface, R;,,,, was assumed as 0.95, whereas
at the fly ash—jute geotextile and steel grid it was assumed
as 0.8. Waterman [52] suggested R;,,,, value as R;,,,, = 1
(soil/geogrid interaction) and R, = 0.9-0.5 (soil/geotextile
interaction). By using the formula y = ¢ — 30°; where the
angle of dilatancy (y) was obtained from the friction angle
(¢); w was taken as zero if the value of ¢ was <30° [53].
Other parameters are well defined in the PLAXIS 3D manual
to perform numerical analysis.

At apex of the fly ash slope for unreinforced and cellular
reinforced cases, a surface area of 100X 500 mm rectangle
rigid footing being pushed vertically downwards at a con-
stant rate 2 mm/min up to 40 mm settlement. The FEA were
carried out using finite element software PLAXIS 3D which
enables the user to provide desirable boundary conditions.
In the FEM model, the side boundaries of the embankment
and fly ash bed in contact with the tank were modeled as the
fly ash volume with horizontal movement restricted in the
outward direction. The vertical movement was allowed along
with the inward horizontal movement.

Validation of FEM Results and Discussion
General

In the FEM simulation analysis at the footing base, the aver-
age footing pressure was procured by the vertical stresses at
the Gauss points in the soil elements, and the average footing
settlement at the peak was procured by the vertical displace-
ments of the nodal points. In all the cases of FEM simula-
tions, the measured bearing capacity values were reasonably
good, whereas the settlement was generally undervalue.

FEM Simulation of Unreinforced and Reinforced Fly
Ash Slopes

Comparisons between the pressure—settlement responses
were calculated using the FEA and the results obtained from
experimental model tests for with and without reinforce-
ments are shown in Figs. 5, 6, 7 and 8.

Pressure, P (kPa)
0 10 20 30 40 50 60

-
wn
'

I ->EXP-UR-De/B=1.0

-~-EXP-UR-De/B=1.5

Settlement, S (mm)
~
3

~
23
L

=-EXP-UR-De/B=2.0

[
=3

1 -«FEM-UR-De/B=1.0
-o-FEM-UR-De/B=1.5

w
Py

~+-FEM-UR-De/B=2.0

40

Fig. 5 Validation of the finite-element program with experimental
results of pressure-settlement response of unreinforced slope

Model 1: Unreinforced Fly Ash Slope

Validation of the finite-element program with experimental
results of pressure-settlement response of unreinforced slope
is shown in Fig. 5. For all the unreinforced cases when the
load was applied on the footing over the backfill, the slope
face moved laterally causing failure and the same we can see
in the FEA. Experimental results are having good agreement
with FEA results. However, the impulsive trend of the foot-
ing movements towards the slope face is clearly noted for the
reinforced case, while the footing tends to fail by punching
on the unreinforced slope.

Model 2: Effect of Cellular Reinforced Mattress of Fly Ash
Slope

Validation of the finite-element program with experimental
results of footing pressure-settlement response of cellular
reinforcement mattress of D,=1.5B for CR50,, is shown
in Fig. 6. For all the (L,/H) ratios the response of footing
pressure and footing settlements was nonlinear and failure
obtained from experimental studies can be quite accurately
simulated with available finite element modelling analysis.
The observed trend is almost found similar between footing
pressure and footing settlements for both model testing and
FES method. It can be seen that a reasonable agreement was
found between model testing values and the FES.

Table 5 gives the comparison of improvement factor ()
between model testing and FES with footing settlement for
different L /H ratios with cellular reinforcement mattress.
Comparison of experimental studies and FES results reveals
the maximum variations observed is about 2.70%, may be
due to the dimensional assumptions in FES and the limita-
tion of interface modelling of reinforcement. At 5 mm set-
tlement with CR50,, for D,=1.5B of L,=0.6H, improved
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Fig. 6 Validation of the finite-element program with experimental results of pressure-settlement response of cellular reinforcement mattress of

D,=1.5B for CR50,,
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Fig. 7 Validation of the finite-element program with experimental results of pressure-settlement response of cellular reinforcement strips of

D,=1.5B (C,=0.5) for CR50,,

the pressure carrying capacity 1.89 times and 1.88 times
greater the capacity of unreinforced slope for experimental
and FES tests respectively, as mentioned in Table 5. With
the significant increase in magnitude of (L,/H) ratios, the
backfill settlement values at failure condition got increased,
however the footing pressure got increased with increase in
the (L,/H) ratios. From Fig. 6a, b we can observe that the
results obtained from experimental and FES suggests that, for
CR50,, of a particular pressure were found to be nearly equal
when (L,/H) ratio was in between 0.6 and 0.7, this may be due
to the slope resting on a rigid base foundation and the load is
spontaneously transmitted to slopes in layers. While transfer-
ring this load, slopes with higher L /H ratios initially carries
greater load carrying capacity because of its improved stiff-
ness and carried higher load at failure. Significant increased

@ Springer

settlement values were observed when reinforcement length
reduced below 0.5H. A similar pattern was also noticed in
experimental model test results. However, in average it can be
seen that the results of FES are found in a reasonable agree-
ment with the experimental study.

Model 3: Effect of Coverage Ratios of 0.5 and 0.6

The numerical simulation analysis of cellular reinforced
fly ash slopes when back fill was reinforced with geocell
reinforcement strips (C, = 0.5 and 0.6) with varying geo-
cell heights and (L,/H) ratios are presented. Figures 7a, b
and 8a, b show the validation of the finite-element program
with experimental results of footing pressure-settlement
response of cellular reinforcement strips (C,=0.5 and 0.6)
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Fig. 8 Validation of the finite-element program with experimental results of pressure-settlement response of cellular reinforcement strips of

D,=1.5B (C,=0.6) for CR50,,

Table 5 Comparison of improvement factor between model testing and finite element simulation with footing settlement for different L /H ratios

with CR mattress

Edge dis- (CR) Dimen-  Improvement factor
tance (D,) sions mm 5 mm vertical settlement
L.=0.7H L,=0.6H L,=0.5H
EXP FEM % Variations EXP FEM % Variations EXP FEM % Variations
1.0B CR50,, 1.34 1.31 2.24 1.32 1.30 1.52 1.11 1.08 2.70
CR50,, 1.52 1.50 1.32 1.50 1.49 0.67 1.36 1.35 0.74
CR50;, 1.55 1.54 0.65 1.53 1.52 0.65 1.32 1.30 1.52
1.5B CR50,, 1.57 1.55 1.27 1.54 1.53 0.65 1.32 1.31 0.76
CR50,, 1.90 1.89 0.53 1.89 1.88 0.53 1.70 1.72 1.16
CR50;, 1.91 1.90 0.52 1.90 1.91 0.52 1.70 1.71 0.58
2.0B CR50,, 1.55 1.56 0.64 1.53 1.52 0.65 1.28 1.26 1.56
CR50,, 1.86 1.85 0.54 1.83 1.85 1.08 1.65 1.63 1.21
CR50;, 1.89 1.90 0.53 1.87 1.86 0.53 1.72 1.71 0.58

at D,=1.5B for CR50,,, respectively. The footing pressure
versus footing settlement responses until failure obtained
from experimental studies can be quite accurately simu-
lated with available finite element modelling analysis. The
observed trend is almost found similar between footing
pressure and footing settlements for both model testing and
FES method. It can be seen that a reasonable agreement was
found between model testing values and the finite element
simulations.

Coverage Ratio, C, = 0.5

Table 6 gives the comparison of improvement factor
between model testing and FES with footing settlement for
different L /H ratios with cellular reinforcement strips of
C,.=0.5. From Fig. 7a, b for CR50,, when D, = 1.5B with

L, = 0.7 and 0.6 gives maximum loading before failure,
this is because initially load transfers to adjacent layers
of embankment and gradually increases at top layers of
embankment resulting in greater load-carrying capacity
because of their improved stiffness. However, a maximum
variation observed is about 3.33% only from experimental
studies and FES results. At 5 mm settlement with CR50,,
for D, = 1.5B of L, = 0.6H, improved the pressure carrying
capacity 1.39 times and 1.38 times greater the capacity of
unreinforced slope for experimental and FES tests respec-
tively, as reported in Table 6.

Coverage Ratio, C,. = 0.6

Table 7 gives the comparison of improvement factor between
model testing and FES with footing settlement for different
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Table 6 Comparison of experimental studies with numerical simulation of improvement factor with footing settlement for different L /H ratios

with strip for C, = 0.5

Edge dis- (CR) Dimen-  Improvement factor
tance (D,) sions mm 5 mm vertical settlement
L.=07H L.=0.6H L.=05H
EXP FEM % Variations EXP FEM % Variations EXP FEM % Variations
1.0B CR50,, 1.13 1.11 1.77 1.11 1.09 1.80 0.90 0.87 3.33
CR50,, 1.31 1.28 2.29 1.30 1.28 1.54 1.15 1.13 1.74
CR50;, 1.33 1.32 0.75 1.31 1.30 0.76 1.12 1.10 1.79
1.5B CR50,, 1.29 1.28 0.78 1.27 1.26 0.79 1.04 1.01 2.88
CR50,, 1.41 1.40 0.71 1.39 1.38 0.72 1.20 1.21 0.83
CR50;, 1.43 1.41 1.40 1.41 1.40 0.71 1.25 1.26 0.79
2.0B CR50,, 1.28 1.27 0.78 1.26 1.24 1.59 1.10 1.11 0.90
CR50,, 1.38 1.37 0.72 1.37 1.36 0.73 1.17 1.16 0.85
CR50;, 1.41 1.42 0.70 1.39 1.38 0.72 1.24 1.23 0.81

L,/H ratios with cellular reinforcement strips of C, = 0.6.
Maximum variation observed is about 2.78% only from
experimental studies and FES results which is less then C,
= 0.5. At 5 mm settlement with CR50,, for D, = 1.5B of
L, = 0.6H, improved the pressure carrying capacity 1.54
times and 1.53 times greater the capacity of unreinforced
slope for experimental and FES tests respectively, as men-
tioned in Table 7. The experimental and FES results from
Fig. 8a, b suggests that, CR50,, and CR50;, for C, = 0.6,
the footing settlement values for a particular footing pressure
were quite similar when (L,/H) ratio was in between 0.7 and
0.6. Reducing the (L,/H) ratio below 0.6 showed significant
increasing in the values of settlements this is because slopes
with higher (L,/H) ratios initially have greater load-carrying
capacity because of the improved stiffness and more con-
finement effect. A similar pattern was observed in model
experimental test results.

In general for cellular reinforced mattress and strips, it is
also observed that with increase in length of reinforcement
and cell height, the improvement in load-carrying capacity
is accompanied by an increase in settlement. To form a mat-
tress width with geocells, more numbers of cells with more
connections were required, resulting in a mattress with more
rigidity. Hence, the mattress had better interaction with the
infill fly ash at a certain volume providing better confine-
ment effect. Below the reinforced zone at D,/B ratio of 1.5
for L,/H=0.6 at CR50,,, the reinforcement enables much
better load distribution over a larger area, and under higher
overburden pressure more adequate anchorage resistant can
be mobilized and due to this enhanced load-transfer mecha-
nism, the tensile strength of the cellular reinforcement results
in optimum utilization. Experimental and numerical find-
ings suggested that, for all varying D /B ratios and geocell
heights, L,/H=0.6 has very close agreement with L /H=0.7

Table 7 Comparison of experimental studies with numerical simulation of improvement factor with footing settlement for different L /H ratios

with strip for C, = 0.6

Edge dis- (CR) Dimen-  Improvement factor
tance (D,) sions mm 5 mm vertical settlement
L.=07H L.=0.6H L,=0.5H
EXP FEM % Variations EXP FEM % Variations EXP FEM % Variations
1.0B CR50,, 1.28 1.25 2.34 1.26 1.24 1.59 1.05 1.08 2.78
CR50,, 1.46 1.44 1.37 1.44 1.43 0.69 1.31 1.32 0.76
CR50;, 1.48 1.47 0.68 1.46 1.47 0.68 1.17 1.19 1.68
1.5B CR50,, 1.43 1.40 2.10 1.41 1.39 1.42 1.18 1.15 2.54
CR50,, 1.55 1.54 0.65 1.54 1.53 0.65 1.34 1.32 1.49
CR50;, 1.57 1.56 0.64 1.54 1.53 0.65 1.39 1.37 1.44
2.0B CR50,, 1.41 1.40 0.71 1.39 1.37 1.44 1.24 1.22 1.61
CR50,, 1.52 1.50 1.32 1.50 1.48 1.33 1.31 1.30 0.76
CR50;, 1.53 1.54 0.65 1.52 1.51 0.66 1.38 1.37 0.72
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for all model parameters because of increased stiffness and
more confinement effect. Therefore, the improvement factor
of D,/B=1.5 and 2.0 is almost same for all reinforcement
lengths. Hence, from present investigation, D,/B ratio of
1.5 at CR50,, for L,/H=0.6 is considered as an optimized
value for cellular reinforced fly ash slopes in terms of load-
carrying capacity for both mattress (C, =1.0) and strips (C,
= 0.6) for particular fly ash and the investigated parameters.

Effect of Edge Distance of the Footing from Slope Crest
in FEA

The computed results of ultimate bearing capacity (UBC)
obtained from FEA is literally precise and the UBC of FEA
is defined in the same way as that of experimental model
tests. Figure 9 show the variations of UBC verses edge dis-
tance ratio for CR50,, at L, = 0.6H. In Fig. 9, both experi-
mental and analytical results have been plotted for com-
parison. The trends shown by analytical and experimental
results are having almost similar patterns. Table 8§ gives the
comparison of experimental studies with numerical simu-
lation of improvement factor of UBC with edge distance

Fig. 9 Variation of ultimate

ratio for CR50,, at L, = 0.6H. Comparison of experimen-
tal studies and FES results reveals that when edge distance
increases from 1B to 2B, maximum to minimum percentage
variation of bearing capacity was found to 6.96-0.54. In
general, with increase in edge distance from slope crest the
ultimate bearing capacity of the footing increases, but in
this present investigation at edge distance of 2B, improve-
ment factor of UBC decreases and percentage variations for
both D,/B=1.5 and 2.0 for CR50,, are almost similar. This
is because from our observation during experiments and
numerical modelling, the change in footing location from
slope crest has dominant effect on bearing capacity criteria
and also because of the passive resistance offered by fly ash
slope on the reinforcements from the slope side portion and
also lateral movements were decreased by inclusion of geo-
cell reinforcement, resulting in a broader and deeper failure
zone this may be one of the reason that UBC of cellular
reinforcement decreases at edge distance of 2B. The FEA
results shows consistency with the experimental results and
gives some assurance in the reliability of the results obtained
from the model tests.

Edge distance ratio (De/B)

bearing capacity (UBC) with 0.5 1 1.5 2 2.5
edge distance ratio for CR50,, 0 ' ’
atL, = 0.6H ~—~EXP-Cr=1.0
=¢=FEM-Cr=1.0
=~EXP-Cr=0.6
20 4
~0-FEM-Cr=0.6
==EXP-Cr=0.5
~4=FEM-Cr=0.5
40
=
a9
<
2
A
= 0 | : & »
N \ .,
100
Table{ 8 Comp ari.son O,f Edge Improvement factor (UBC)
experimental studies with distance
numerical simulation of (D) Mattress (C, = 1.0) C.=06 C,=05
improvement factor of UBC ¢
Wig’l edge distance ratio for EXP FEM % Variations EXP FEM % Variations EXP FEM % Variations
CR3Oy at L, = 0.6H 1.0B 185 186 0.54 147 158 696 140 150 667
1.5B 1.87 190 1.58 149 155 387 147 150  2.00
2.0B 1.86 182 215 145 147 136 1.44 142 139
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FEM Displacement Vectors and Plastic Points

For with and without reinforcement of a fly ash slope, the
load-transfer mechanism can also be substantiated by the
FEA results. Figures 10 and 11 presents the typical displace-
ment vectors and plastic points obtained from the analysis
for different parameters like mattress and strips for a footing
on both unreinforced and reinforced slopes having L,/H=0.6
and D,/B=1.5 for CR50,,. Same trend can be observed for
remaining modelling parameters. From the load submenu
index standard fixities were selected, where a set of general
boundary conditions automatically imposed to the geometry
model. The boundary conditions of the finite element model
were assumed such that bottom horizontal boundary was
fully fixed and the vertical boundaries were free vertically

SIS
i
A

and constrained horizontally. Typical finite-element model
geometry for vertical displacement is shown in Fig. 10.
For all the finite-element analyses the parameters allocated
for top and bottom fly ash layers were assumed to remain
identical for unreinforced case. The interaction between the
geocell along with steel grid-jute geotextile composite and
the fly ash was modeled at both sides by means of interface
elements. Suitable strength reduction factors were assigned
for the reinforced system at the required depth which was
introduced in the interface section. The Finite element mod-
els have the same dimensions as the experimental models.
Vertical prescribed displacements were applied to carry out
finite element analyses. The slopes are subjected to same
amount of prescribed displacement as 50 mm. In Fig. 10
the total displacement contours shows the zone of influence
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Fig. 10 Total vertical displacement (uz) of 50-mm footing settlement for CR50,, at D, = 1.5B and L, = 0.6H; a unreinforced; b cellular rein-
forcement mattress (C, = 1.0); ¢ cellular reinforcement strip (C, = 0.5); d cellular reinforcement strip (C, = 0.6)
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Fig. 11 Plastic points and tension cut-off points for CR50,, at D, = 1.5B and L, = 0.6H; a unreinforced case; b cellular reinforcement mattress
(C, = 1.0); c cellular reinforcement strip (C, = 0.5); d cellular reinforcement strip (C, = 0.6)

during settlement and in reinforced cases, the amount of
volume influenced is more compared to that of unreinforced
cases.

Figure 11 shows the plastic points and tension cut-off
points generated at the edge of collapse for the footing on
a rigid base. The plastic failure zone at D,/B ratio of 1.5
when L /H=0.6 for CR50,, of the fly ash slope is inter-
cepted by the cellular/geocell layers and the stress distribu-
tion is extended much below reinforced zone resulting in
spreading of the footing load into a wider area of a relatively
rigid region of backfill material and reinforcement directly

underneath the loaded area. The overburden pressure on the
geocell layer becomes inadequate when the reinforcement
layer (L,/H=0.5-0.3) is placed at shallow depth, resulting
in anchorage resistance to the geocell against pullout force.
The tension cut-off option may be used to reduce the tensile
strength of a given material. In some practical problems,
an area with tensile stress may develop. This indicates that
filling material may fail in tension instead of in shear [50].
Tension cut-off points are concentrated at the edges of foot-
ing as well as at the slope crest as expected. The plastic zone
mobilised for the footings with reinforcement in soil beneath
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the footing is intercepted by geocell reinforcement layers and
the zone is extended much deeper than unreinforced condi-
tion. In case of edge distance B, still the wedge is formed but
it extended well below the reinforcement. Whereas for edge
distance of 2B wedge formation below the footing is not
distinct but the slope failure is conspicuously seen. Further
the quantum of soil involved in failure mechanism is higher
for the conditions of footing reinforcement and longer the
length of reinforcement deeper is failure wedge. However,
in the case of footing reinforced with longer length of rein-
forcement, tension cut-off points are developed at the edges
of reinforcement and are dominantly in upper layers. This
indicates clearly that the tension is higher in the top layers of
reinforcement and they also subjected to bending.

Limitations of the Study

The Mohr—Coulomb model is a first-order model showing
soil/fly ash behavior which includes only a limited number
of features. This model neither includes stress path depend-
ency or stress dependency of anisotropic stiffness or stiff-
ness. For a fly ash slope or embankment, fly ash has a ten-
dency to wick water into itself and it is quite possible that the
lower extremities will become saturated resulting in failure
of shear strength hence it is very important that the base
of a fly ash embankment or slope should not be exposed
to free moisture. One of the most effective ways to prevent
the seepage in fly ash embankment or backfill is to place a
drainage layer at the base of the embankment. No separate
tests were conducted to determine the Poisson’s ratio of fly
ash and cellular reinforcement. However, the finite element
analysis results are in reasonable agreement with experi-
mental results.

Conclusions

The response of strip footing on unreinforced and cellular
reinforced mattress-strips fly ash slopes was studied in labo-
ratory [49]. FEA was carried out using Plaxis 3D to validate
the experimental results. The important findings from the
results of this investigation are presented below.

1. In FEA, the geocell material was modeled as an iso-
tropic elastic geogrid with a peak tensile modulus of 50
kN/m the same as that of the laboratory cells. Therefore,
geogrids are slender structures that can only sustain ten-
sile force and no compression, and thus they acquire
only axial stiffness but no bending stiffness.

2. In the FEA for the cellular reinforcement (CR50,,,
CR50;,) of mattress and strips, the footing settlement
values for a particular footing pressure were quite
similar when (L,/H) ratio was in between 0.7 and 0.6.

@ Springer

Reducing the (L,/H) ratio below 0.6 showed significant
increasing in the values of settlements; this is because
slopes with higher (L,/H) ratios initially have greater
load-carrying capacity because of the improved stiff-
ness. A similar pattern was observed in model experi-
mental test results.

When edge distance increases from 1B to 2B, maximum
to minimum percentage variation of bearing capacity
was found to be 6.96-0.54. The UBC of the footing
increases with an increase in edge distance from the
slope crest, but in present investigation at edge distance
of 2B, UBC decreases and percentage variations for both
D_/B=1.5 and 2.0 for CR50,, are almost similar. This is
because of change in footing location from slope crest
has dominant effect on bearing capacity criteria and also
because of the passive resistance offered by fly ash slope
on the reinforcements resulting in a broader and deeper
failure zone.

The FEM simulations with model testing findings
suggested that, for all varying D /B ratios and geo-
cell heights, L,/H=0.6 has very close agreement with
L,/H=0.7 for all model parameters because of increased
stiffness and more confinement effect. Therefore, the
improvement factor of D /B=1.5 and 2.0 is almost same
for all reinforcement lengths. Hence, from present inves-
tigation, D,/B ratio of 1.5 at CR50,,, for L/H=0.6 is
considered as an optimized value for cellular reinforced
fly ash slopes in terms of load-carrying capacity for both
mattress (C, =1.0) and strips (C, = 0.6) for particular fly
ash and the investigated parameters. However, further
analyzes must be carried out before this can be used in
actual practice.

Below the reinforced zone at D,/B ratio of 1.5 for
L,/H=0.6 at CR50,,, the reinforcement enables much
better load distribution over a larger area, and under
higher overburden pressure more adequate anchorage
resistant can be mobilized and due to this enhanced
load-transfer mechanism, the tensile strength of the cel-
lular reinforcement results in optimum utilization.

For a footing reinforced with longer length of reinforce-
ment, tension cut-off points are developed at the edges
of reinforcement and are dominantly in upper layers.
This indicates clearly that the tension is higher in the
top layers of reinforcement and they also subjected to
bending.

The values obtained for all models (mattress and strips)
from the numerical analysis were less when compared
with experimental results. It is obvious because the
field conditions cannot be simulated that exactly in the
numerical analysis. The trend of the obtained curves
from the numerical analysis is same as that of experi-
mental tests.
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8.

Large scale model tests with large scale FEM analysis
should be carried out further considering more variables
are recommended in future.
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