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ABSTRACT: Effective utilization of fly ash and scientific disposal of unutilized fly ash have always been a
challenge to geo-environmental engineers. In the present study, bulk utilization of the abundantly available fly
ash as a structural fill for embankments has been studied. The effects of hydraulic properties of fly ash on
seepage induced slope failure are investigated through experimental and numerical studies. Small-scale instrumented fly ash embankment of 400 slope inclination with horizontal was prepared at 95% of maximum
dry density and corresponding moisture content from standard Proctor compaction test. The response of model
fly ash embankment under initial steady state flow condition followed by transient state flow condition were
monitored continuously using various sensors like volumetric soil moisture content sensors, pore pressure
transducer, suction sensors. The results of model tests show that instability of the fly ash embankment was
governed by change in the suction experienced by fly ash under varied flow conditions. Numerical results corroborate well with the experimental findings.
1 INTRODUCTION
A large amount of fly ash is produced during the
coal combustion process in thermal power stations.
Effective utilization of fly ash and scientific disposal
of unutilized fly ash have always been a challenge to
geo-environmental engineers. Bulk utilization of the
abundantly available fly ash as a structural fill in
place of conventional soil for rail or road embankments has been studied by few researchers. It has
been recorded from few case studies that the performance of fly ash embankment was found to be satisfactory under normal loading conditions (Faber &
DiGioia 1976; Toth et al. 1988; Viswanadham et al.
2012). It is generally accepted that many slope or
embankment failures were caused by infiltration of
water that induced increase in pore-water pressure
and seepage force in soil (Ng & Shi 1998; Lane &
Griffiths 2000; Berilgen 2007; Lee et al. 2008).
Seepage through the embankment has the ability to
change the stability of the embankment and it depends on the hydrology and soil properties such as
unit weight, cohesion, angle of internal friction, percentage of fine fraction and redistribution of fine
fraction inside the slope. When large amount of fine
fractions are eroded, the embankment can be destabilised (Horikoshi et al. 2012). This could possibly
be a greater issue in using fly ash as a structural fill
in the embankment. The flow through the fly ash

embankment under steady and transient seepage
conditions has not been understood completely.
Hence, in the present study, an attempt has been
made to understand the behaviour of fly ash embankment under steady state and transient state conditions through adequate instrumentation. Numerical
study was carried out to validate the experimental
findings.
2 MATERIALS AND METHODS
2.1 Fly ash properties
In this study, fly ash is collected from Panki power
plant, India. Results from the sieve and hydrometer
reveal that the mean grain size, D10 and D60 of fly
ash are 0.08 mm, 0.006 mm and 0.11 mm, respectively. The compaction characteristics of the fly ash
were studied using standard Proctor compaction test.
Falling head permeability test was performed to determine the hydraulic conductivity of the fly ash
sample. The shear strength of fly ash was determined
using consolidated undrained test. Soil water characteristic of fly ash was determined using Hyprop and
WP4C apparatus. The procedure for combining the
test data from these apparatuses can be obtained
from Rajesh et al. (2017). The results of the engineering properties and SWCC parameters of the fly
ash are given in Table 1.

Table 1. Summary of measured engineering properties and
SWCC parameters of fly ash
Engineering properties
Saturated VWC, θS (m3/m3)
Hydraulic conductivity (ksat), m/s
Maximum dry density, Ɣd,max (kN/m3)
Optimum moisture content (%)
Cohesion, c (kN/m2)
Angle of internal friction, Ø (°)
Specific gravity, Gs
SWCC parameters
a ( kPa)
n
m
hr (kPa)
Fredlund fitting parameter, k
Residual saturation (%)

0.5
5.48 x 10-7
11.28
27
0
36
2.16
17.74
2.45
0.76
92.73
1
9.7

2.2 Test setup
Small-scale experimental test setup available at IIT
Kanpur is used to understand the behaviour of unsaturated fly ash embankment under steady state and
transient state seepage conditions. The test setup
comprises of testing tank, water reservoir, supporting structure and loading frame. The testing tank has
a dimension of 1.5 m long, 0.72 m wide and 0.9 m
deep. The variation in the pore water pressure, water
content, and suction during the test was determined
using pore pressure transducer (PPT), volumetric
water content sensor (WC) and water potential sensor (WP). The schematic view of the test setup along
with the layout of the instrumentation is shown in
Figure 1.

Figure 1. Schematic view of the test setup along with details of
the instrumentation.

2.3 Sample preparation and test protocol
The small-scale fly ash embankment used in the present study has a height of 500 mm, 400 slope angle
and 200 mm crest width. As most of the fly ash embankments are constructed devoid of toe drain; in the

present study, drain was provided away from the toe
of the fly ash embankment. The fly ash was compacted at 95% of the maximum dry density and corresponding water content. The embankment was
made of 10 layers of 50 mm thick and uniformly
compacted. After compaction of each layer, the calibrated sensors were placed at the predefined locations. A strip footing of 100 mm wide was placed on
the top of the crest. LVDTs were placed at the appropriate location to determine the movement of the
slope mass.
After making the model embankment, the water
level was fixed at 0.1 m from the base of the embankment. Slope was monitored till the steady state
is reached. Once the steady state is reached, water
level was increased from 0.1 m to 0.4 m and status
of the embankment during transient state seepage is
monitored. If the slope is stable in the transient state
seepage, then the bearing capacity of the slope is determined by applying incremental load on the strip
footing. The constant water head was maintained
with the help of storage reservoir at the upstream
side of the embankment. The phreatic surfaces at
time interval can be obtained with the help of the
pore pressure sensors placed at different locations.
2.4 Numerical study
The seepage and stability analyses were carried out
using SVslope module coupled with SVflow module
of SV Office (2017). The model dimension was chosen as per the small-scale experiment study. Initially
the flow analyses were carried out using SVflow
module, and then the results were coupled to the
SVSlope module to conduct the slope stability analysis. The flow analysis was carried out using finite
element method. The module automatically finds the
optimum size of the meshes by means of method of
iteration. The slope stability analyses were carried
out using various limit equilibrium methods such as
Bishop, Spenser, Morgenstern price and General
Limit Equilibrium Method. The slope search method
was used to find the critical slip surface with 1000
iteration.
A non-linear shear strength model for unsaturated
soil, proposed by Fredlund et al. (1996) was taken as
governing equation in slope stability analysis and the
Equation is given in (1):

  c'  u a  tan  'u a  u w  kd tan  b

(1)

where, c’ = effective cohesion; ’ = effective friction
angle associated with net stress ( – ua); b = friction
angle associated with a change in suction (ua – uw);
kd is dimensionless water content defined as the ratio of volumetric water content to the saturated water
content. Input parameters for numerical analysis are
given in Table 1.

3 EXPERIMENTAL RESULTS
The steady state seepage of water was allowed to
reach at a head of 0.1 m (hw1) in fly ash embankment. The variation in the pore water pressure, water
content, suction and displacement in vertical and
horizontal directions were monitored continuously
throughout the experimentation. The steady state
condition was set to be achieved when all the PPT
attains constant value and also when a constant discharge between inlet and outlet valve was obtained
at different time period (S1). Once steady state condition is reached, the water level in the reservoir was
increased from 0.1 to 0.4 m (hw2) in 10 minutes (S2).
Significant horizontal and vertical displacements
were noticed as soon as water level is increased. A
sudden collapse near the bottom half of the slope
was noticed just about few minutes from the rise in
the water level.
Figure 2 shows the status of the fly ash embankment just before the failure of the embankment. A
significant mass movement of the fly ash embankment can be noticed from the figure. The embankment has failed due to rise in the water level under a
transient state seepage flow condition prior to the
application of the load.

Figure 5 shows the pore water pressure with time.
The water level at the reservoir during the steady
state seepage condition was maintained at 0.1 m;
hence, the pore pressure value equal to 1 kPa can be
noticed for PPT1. It can also be noticed that when
the water seeps through the embankment during the
process of attaining the steady state condition, the
pore pressure present in the fly ash embankment
tends to attain a positive value. As soon as the water
level has increased in the reservoir, the pore pressure
has increased significantly.

Figure 3. Phreatic head at different times after achieving steady
state condition.
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Figure 2. Status of the fly ash embankment during the transient
state seepage flow condition.

The variation of phreatic head at different times
after achieving a steady state condition is shown in
Figure 3. The phreatic head is determined from the
pore water pressure transducers placed at different
points in the embankment.
Figure 4 shows the variation of the horizontal and
vertical displacement of the embankment. During the
steady state seepage, a considerable lateral movement near the toe portion, but insignificant movement in the vertical direction can be noticed. However, a sharp increase in the displacement both in
horizontal and vertical direction is seen as soon as
water level is increased.
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Figure 4. Variation of displacement in horizontal and vertical
direction with time.
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Figure 5. Variation of pore water pressure with time.
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Figure 6 shows the variation of the matric suction
experienced by the fly ash with time at various zone
of the embankment. A drop in the matric suction can
be noticed during the process of attaining the steady
state equilibrium. The increase in the water level in
the reservoir does have significant effect on the matric suction experienced by the fly ash.
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results from the numerical study indicate that rate of
increase in the pore pressure from the start of the
transient flow to 0.5 hour was found to be steep but
attains almost negligible beyond this period. The
volumetric water content of the fly ash at various
zone of the embankment was found to be greater
than 0.5 indicating the fly as embankment is close to
saturated during the steady state period. The numerical results collaborate well with the experimental results.
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Figure 6. Variation of matric suction with time at different
zones of fly ash embankment.
Figure 7. Pore pressure distribution generated at a specific time
period when sudden failure happened in the experiment
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The failure of the unsaturated fly ash embankment
due to sudden rise can be attributed to two things,
namely, the rise in phreatic surface leading to breakage in capillary meniscuses and the change in phreatic surface induced by shifting of toe drain. The sudden rise of water table led to the reduction in matric
suction and flooding in the capillary zone causing
collapse of the soil mass as indicated by very high
horizontal and vertical displacement in Figure 4. Also, placement of the toe-drain at the end of toe resulted in rise in phreatic surface causing partial destruction of the soil skeleton and seepage failure.
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The numerical analyses were carried out using SV
Slope module coupled with SV flow module of SV
Office software. The model was first analysed for
seepage analysis, in which, the pore pressure generated during the process of the steady state and transient state seepage conditions were obtained. The pore
pressure generated at pre-defined time period was
used to perform stability of the fly ash embankment.
Figure 7 shows a profile of the pore pressure (can be
related to phreatic head) at a specific time period
when sudden failure happened in the experiment.
Figure 8 shows a comparison of experimental and
numerical results obtained for pore water pressure
and volumetric water content with time after reaching the steady state condition. The location of the
sensors employed in the experiment has been used as
a monitoring point in the numerical study. From experimental study, it can be noticed that increase in
the water level leads to a gradual increase in the pore
water pressure with time at all the PPT locations and
the rate of increase is found to be constant. However,
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Figure 8. Comparison of experimental results with numerical
study (a) pore water pressure with time, (b) volumetric water
content with time (after reaching steady state condition)

The stability of the embankment is assessed numerically at different time period using the phreatic
surface generated at the corresponding time periods.
The factor of safety was computed using three most
commonly used limit equilibrium methods like
Spencer, Bishop and Morgenstern – Price (MP)
methods. The global factor of safety was found to be
3.8 without inducing seepage condition. When the
water level was fixed at a constant height of 0.1 m,
there was no change in the factor of safety till the
water reaches the toe of the embankment. But beyond this period, even with 0.1 m water level, factor
of safety of the embankment was found to decrease
considerably but well within the permissible limit.
Similar observation was noticed in the experimental study, in which, displacement in horizontal
and vertical was found to be increased during the
process of attaining steady state condition.

embankment and was subsequently collected
in the drain, which was provided far from the
toe of the embankment. During this process,
volumetric water content of the fly ash attains a value close to the saturation; in parallel, a considerable drop in matric suction was
noticed, irrespective of its location in the
embankment. The saturation could be due to
the capillary effect during the steady state period. Under this seepage condition, numerical
results corroborate well with the experimental results.
• When the water level was raised, a considerable increase in the pore water pressure was
noticed. A sudden collapse near the bottom
half of the slope was noticed just about few
minutes from the rise in the water level from
0.1 m to 0.4 m. A significant mass movement
of the fly ash embankment was noticed in the
experimental study. The critical slip surface
generated numerical was in agreement with
the physically observed failure zone.
The results of experimental and numerical studies
show that stability of the fly ash embankment was
governed by change in the suction experienced by fly
ash under varied flow conditions.
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