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ABSTRACT: Internal erosion is one of the major causes of the failure of hydraulic structures, road pavement,
and the naturally deposited ground as well. Except suffusion and piping, contact erosion is also a type of
internal erosion that can mostly occur at the foundation of embankment dams and dikes, in the road pavement
and the alluvial fan deposited valley. This phenomenon occurs when the seepage flow exists at the interface of
fine and coarse soil layers where fine particles are detached and transported through the voids of the coarse
soil layer. Between 2013-2017 numerous sinkholes have been observed in Armala area of Pokhara valley in
central Nepal. The locations of the sinkholes mainly observed at paddy fields in the alluvial fan deposit. The
sinkhole affected area was investigated twice in the year 2015, 2016, and 2017. Based on the subsurface ground
condition and the location of the hidden cavity, it assumed that an internal contact erosion occurred, and this
phenomenon leads to the formation of subsurface hidden cavity and collapse sinkholes in the Armala area.
Mechanics of contact erosion was studied in the laboratory by performing a series of small-scale parallel flow
contact erosion test. The physical model of the experiment was prepared with the soil having a similar grain
size and physical properties to the onsite granulometry. A cavity was observed at the interface when the fine
soil (DL clay) is overlying the coarse sand. Also, the amount of discharged soil decreases with the increase of
overburden pressure.
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1. INTRODUCTION the voids of coarse soil should be large enough than
the grain size of the fine soil. So that all the fine
Most of the hydraulic structures are failed particles can pass through the voids of coarse soil.
caused by internal erosion due to seepage flow. In The second is the hydraulic condition, where the
recent years, subsurface cavities or collapsed seepage velocity is high enough to scour and
sinkholes in the road pavement and naturally transport the fine particles through the void of the
deposited ground are widely observed worldwide. coarse soil. In the past, the research [1,2,3,4] mainly
Various types of internal erosion can take place in focuses on the artificial hydraulic structure, and
the subsurface of the ground. Like suffusion and they used the gravel and the mixture of sand and
piping, contact erosion is also a type of internal gravel as coarse material considering the suitable
erosion that can mostly occur at the foundation of material for the filter layer of hydraulic structures.
embankment dams and dikes, in the road pavement This study focuses on the internal contact
and the alluvial fan deposition valley. Contact erosion to understand the phenomenon that leads to
erosion occurs when the seepage flow exists at the sinkhole formation using the soil material having
interface of fine and coarse soil layers where fine similar physical and geometrical properties of the
particles are detached and transported through the onsite soil. The maximum grain size of the coarse
voids of the coarse soil layer. Various research has soil used in this study is significantly smaller than
been conducted on contact erosion in the context of the coarse soil used in previous research. The effect
dikes [1], embankment dams [2,3,4], and road of overburden pressure on the erosion rate was
pavement [5]. Previous authors [1,2,3,4] conducted studied.
a parallel flow contact erosion test simulating the
internal contact erosion that most frequently 1.1 Background of the Research
encountered in the hydraulic structures. A
perpendicular flow contact erosion test was From November 2013 to 2017, numerous (more
performed to simulate the internal contact erosion than 200) sinkholes have been observed in the
below the pavement layers due to the fluctuation of Armala area of Pokhara valley in central Nepal. The
the water table [5]. For the significant occurrence of locations of the sinkholes were observed mostly at
parallel flow internal contact erosion, two paddy fields in the alluvial fan deposit. An example
conditions should be fulfilled [1,2,3,4]. The first of a sinkhole in the Armala area is shown in Fig.1.
one is the geometrical condition where the size of The subsurface materials deposited in the sinkhole
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affected area are silty clay, sand, and gravel. The
sinkhole affected area was investigated twice in the
year 2015, 2016, and 2017. The results obtained
from the investigation were reported in [6,7,8,9].
During the investigation, a borehole logging with a
standard penetration test (SPT) was conducted at
one point near the observed sinkhole. A thick white
silty clay layer was found at a depth of 4 m to 20 m
from the ground level [7, 8, 9]. In addition, a hidden
cavity 2.5 m thick was discovered at a depth of 7.5
m to 10 m from the ground level.

Fig.1 A sinkhole in the Armala area, Nepal.

In order to study the soil strata parallel to the
sinkhole cavity discovered from the borehole
survey, some scarp located on the right bank of the
nearby river (Kali Khola) was also observed. It
identified from these scarps that a 0.05 m thick sand
seam layer lies in between the silty clay layers at a
depth of 9 m from the ground surface, which is the
same level as the sinkhole cavity discovered from
the borehole investigation. Fig.2 shows the outcrop
just after the shaping (left), groundwater discharged
after 5 minutes (center), and eroded silty clay in the
form of slurry after 11 minutes (right). The
orientation of the soil strata at the outcrops is
illustrated in a schematic diagram in Fig.3. At the
outcrop, discharged groundwater was observed at
the interface of sand and silty clay layers after 5
minutes of shaping. It is possibly due to the

5 minutes later

Just after shaping

Fig.2 Groundwater 0ozing from the sand layer.

11 minutes later

presence of a high permeable sand layer between
the silty clay layers. The discharge of groundwater
took place at both the upper and lower interface of
a sand layer, which is attached to the silty clay
layers. In addition, more amount of discharged
water was observed at the upper interface of a sand
layer, i.e., silty clay layer overlying a sand layer at
the outcrop. However, internal erosion was
observed at both the side of a sand layer, and
therefore, the presence of a sand layer could be one
of the factors to trigger internal contact erosion on
the site. Internal erosion was not taking place at that
location if there was only the presence of silty clay
in the subsurface of Armala.

The primary source of groundwater flow in the
sinkhole affected area is seepage from the hillside
to the mainstream. The path of seepage flow from
the source to the exit shows that the groundwater
flows parallel to the interface of soil layers. All this
evidence shows that the presence of a sand seam
within silty clay layers could be one of the factors
to trigger parallel flow internal contact erosion and
hidden cavity formation in the Armala area.
Therefore, a series of small scale parallel flow
contact erosion tests were conducted in the
laboratory to observe the contact erosion and its
phenomenon to lead the cavity formation. The
physical model of the experiment was prepared with
the soil having a similar grain size and physical
properties to the onsite granulometry. The
maximum grain size of the coarse sand used in this
study is 2.3 mm, which is significantly smaller than
the coarse soil used in previous research [1,2,3,4].

2. EXPERIMENTAL SETUP

The schematic diagram of the parallel flow
contact erosion test apparatus is shown in Fig.4. It
consists of two water tanks, inlet, and outlet
connected to a U-shape acrylic box containing a fine
and coarse soil combination. The overall inner
dimension of the U-shape acrylic box is 30 cm long,
12 cm wide and 15 cm high. Base plate, porous plate,
DL clay layer, sand layer, porous plate, and the
loading plate is placed in sequence from the bottom
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Fig.3 Illustration of soil strata at the outcrops.
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to the top. In each test, a 10 cm thick DL clay layer
and 1 cm thick sand layer were used for both
configurations, i.e., fine soil overlying the coarse
soil and coarse soil overlying the fine soil. An
acrylic plate of 1 cm x 12 cm opening was placed
between the soil chamber and inlet-outlet boxes so
that the openings of the soil specimen box coincide
with the cross-section of the coarse sand layer. Steel
mesh of sieve No. 150 was placed at the opening of
the plate. So that only DL clay can pass through the
mesh. When the valve is open, water flows through
the coarse sand layer and parallel to the fine soil
surface. A bellofram cylinder is connected to the
loading rod through a load cell to apply the
overburden pressure to the soil sample to simulate
the overburden pressure on the site.

Bellofram cylinder

Upper water tank
PP [—

i

QOverburde
HPressure

To air pressure

To air pressure
| Load cell

Infloy
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Fig.4 Schematic diagram of parallel flow contact
erosion test apparatus.

A series of experiments were performed with
the stepwise increase in water head difference at the
time interval of 30 minutes under constant
overburden pressure. With the increase of water
head difference, the flow velocity increases as well.
Flow velocity, V (cm/s) is calculated by using the
formula Vv = Q/A. where Q (cm3/s) is the
discharged water measured, which depends on
coarse sand permeability, and A, (cm?) is the
cross-section area of the coarse sand which is same
as the cross-section of the opening.

The turbidity of the discharged water was
measured in every 5 minutes of each interval to find

the concentration of DL clay in the discharged water.

3. TESTED SOILS

The white silty clay located in the hidden cavity
is a non-plastic silty clay composed of 79% silt,
16% clay, and 5% sand. The grain size distribution
of this white silty clay was analyzed by conducting
a hydrometer test and sieve analysis method. The
D, o, D3 and Dy, grain size of this silty clay soil are
0.0014 mm, 0.005 mm, and 0.023 mm, respectively.
Test material used in this study comprised of DL
clay, which is the commercial name of the soil and
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silica sand No.3 and silica sand No.5. DL clay is
non-plastic silt composed of 90% silt and 10% clay,
which shows the similar properties and grain size of
silty clay found in the Armala area. In this study,
DL clay was considered as fine soil, whereas silica
sand No. 3 and silica sand No. 5 were considered as
coarse material. Figure 5 shows the gradation curve
of the tested soils. The median grain size of silica
sand No. 3, silica sand No. 5, and DL clay is 1.6 mm,
0.6 mm, and 0.028 mm, respectively. The
maximum grain size of the coarse sand is 2.3 mm,
which is significantly finer than the coarse soils
used by the previous researchers for the contact
erosion test. The geometrical and physical
properties of the tested soils are given in Table 1.
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Fig.5 Particle size distribution of tested soils.

Table 1 Geometrical and physical properties of

sails.
Properties  Unit DL Silica  Silica
clay sand#3 sand#5
Ps g/lcm®  2.654 2.56 2.56
Pdmax g/lcm® 1538 1462  1.543
Pa g/lcm® 1384 1388  1.383
D;s mm - 13 0.45
D mm  0.0280 1.6 0.6
Dgg mm  0.0395 - -
Cy - 1935 1417  1.553
C. - 1.168 0961 0.927
K m/s 6x107 5x10% 1x10*

Where, p, - density of the particle, pgmar -
maximum dry density, p, - dry density, D;s —15 %
percentile of soil grain size, Ds, — median grain size
of soil, Dgs — 85 % percentile of soil grain size, C,
— coefficient of uniformity, C, — coefficient of
curvature, K — coefficient of permeability

In 1984, Sherard [10, 11] proposed the D;s/dgs
ratio as a filtering criterion, where D;s(mm) is the
15% percentile of the coarse soil grain size, and dgs
(mm) is the 85% percentile of the fine soil grain size.
Based on the experiments, they found that filtering
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criteria are Dis/dgs <4 and Di5/dgs <9 ,
depending on the fine soil. The tested soils, in this
study, do not validate this criterion. It means the
void size of the sand used in the test has large
enough to pass the totally or partially the grain of
DL clay.

The fine soil was prepared at optimum water
content and compacted five successive layers of 2
cm thick in the soil chamber to achieve the 90% of
the maximum density by static compaction method.
The corresponding dry density of fine soil at 90%
degree of compaction is 1.384 g/cm?3. Coarse sand
was placed manually at the relative density of 50%
and its corresponding dry density of silica sand No.
3 and silica sand No. 5 are 1.388 g/cm?® and 1.383
g/cm?3, respectively. The permeability of the fine
soil 6.68x10°" m/s is significantly smaller than the
permeability of coarse soil 1.26x10 m/s. So that
water will flow only through the coarse soil layer.

4. EXPERIMENTAL PROGRAM

In this study, six parallel flow contact erosion
tests were performed, considering the configuration
of fine and coarse soil combination, types of coarse
material, and the applied overburden pressures.
Two configurations, coarse sand overlaying the DL
clay and DL clay overlaying the coarse sand, were
used in the tests. The collapsed sinkholes found in
the Armala area were usually shallow in the depth
of about 1 to 5.5 m. Considering the depth of the
cavity and sinkhole discovered at the site, 40 kPa
and 70 kPa overburden pressure were applied in the
tests. Test conditions are summarized in Table 2.

Table 2 Test conditions

Test  Soil configuration Overburden
No. pressure (kPa)

1 “SS #3 / DL clay 40

2 SS #3 /DL clay 70

3 DL clay / SS #3 40

4 DL clay / SS #3 70

5 DL clay / SS #5 40

6 DL clay / SS #5 70

*SS-Silica sand

5. EXPERIMENTAL RESULTS
5.1 Observation of Erosion at the interface

When the valve is open, water flows through the
coarse sand at the interface of DL clay and sand
layers. All the experiments were started with the
small flow velocity. At low flow velocity, no
erosion at the interface was observed. Also, the
measured turbidity value of the discharged water
corresponding to the small flow velocity was small.
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It means the shear force generated by the water flow
was smaller than the stress to cause erosion of the
fine particles at the interface. With the increase of
flow velocity, continuous erosion was observed at
the interface.

In the case of coarse sand overlying the DL clay,
the coarse sand grain collapse was observed even in
low erosion rates. Probably, it was due to the non-
cohesive behavior of coarse sand. At the time of
continuous erosion, both the fine and coarse soil
particles at the interface were in an unstable state.
Fine particles at the interface were detached and
transported through the voids of coarse material due
to flow. Simultaneously, the rate of erosion tended
to increase, but the unstable coarse particles were
not able to transmit the overburden stress. Indeed,
the unstable coarse particles collapsed due to
gravity, and clogging was observed. So, the amount
of eroded soil may have been affected by this
clogging effect. Pokhrel [12,13,14] also observed a
similar phenomenon when the coarse sand over-
lying the fine sand. The observation result shows
that the contact erosion phenomenon in this
configuration leads to the surface settlement if the
coarse material is a non-cohesive and uniformly
graded soil. The propagation of erosion with time is
shown in Fig.6.

In the case of DL clay overlying the coarse sand,
a cavity was observed at the interface. The arch of
the cavity formed by the erosion seemed stable due
to the cohesion of DL clay [15]. During the
continuous erosion, the fine soil at the interface
flowed out with water, where a piping phenomenon
was observed. The density of the DL clay decreases
at the interface with continuous erosion and
resulting in the concentration of flow at the location.
With the passage of time, the flow concentrated at
the unstable part, and the cavity propagates in the
horizontal and vertical directions. The observation
result shows that the contact erosion phenomenon
in this configuration leads to the formation of a
subsurface cavity and finally collapses to form a
sinkhole. The propagation of erosion with time
when DL clay overlying the silica sand is shown in
Fig.7.

5.2 Concentration of DL Clay in the Discharged
Water and Critical Flow Velocity

The concentration of the soil particles in the
discharged water is the key factor in analyzing the
behavior of erosion with time. The flow velocity
having non-zero turbidity is considered as threshold
velocity to initiate the contact erosion of fine soil
[2,3,4]. The turbidity of the discharged water was
measured in every 5 minutes of each interval of 30
minutes. The relationship between the water
turbidity and the concentration of DL clay
contained in water was obtained from the several
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Fig.6 The propagation of erosion with time (Coarse sand overlying the DL clay).
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Fig.7 The propagation of erosion with time (DL clay overlying the coarse sand).
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measurements of turbidity by sampling from 1 liter
of clean water containing various predetermined
quantities of soil particles. Figure 8 presents the test
result of the relationship of water turbidity with DL
clay concentration.
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Fig.8 The relationship between water turbidity and
DL clay concentration.

The correlation between water turbidity and the
concentration of DL clay particles is presented as
follows.

C (g/l) =0.0082 x T (NTU) 1)
where, C (g /1) — concentration (gram per liter)
T (NTU) — Turbidity

The eroded fine particles may settle in the
discharge pipe, which may affect the turbidity
measurement and the erosion rate. To cross-check
the validity of turbidity measurement, discharged
water containing DL clay particles was also
measured through sampling. In this method, the
discharged water was collected for 5 seconds every
5 minutes. The weight of all the samples was
measured. Then they were placed in an electric oven
to measure the dry weight of soil. The result of flow
velocity, eroded mass measured through sampling,
and turbidity with time at different overburden
pressure are shown in Figs.9 and 10.
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Fig.9 Changes of flow velocity, turbidity, and
eroded mass with time (DL clay / silica sand #3).
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Fig.10 Changes of flow velocity, turbidity, and
eroded mass with time (DL clay/silica sand #5).

The concentration of the DL clay in the
discharged soil was zero at low flow velocity. The
concentration increases significantly with the
increase of flow velocity from a certain threshold
value. This threshold flow velocity is called the
critical flow velocity to initiate the internal contact
erosion of DL clay. The turbidity value and the
sampling eroded mass show that continuous erosion
began after 120 minutes, which corresponds to the
flow velocity of 1.3 cm/s in the case of coarse silica
sand No. 3 and 0.91 cm/s in the case of the silica
sand No.5. The critical flow velocity of specific fine
soil depends on the grain size and porosity of the
corresponding coarse soil and its porosity [1]. The
fluctuation pattern of measured eroded mass and the
turbidity of the discharged water are similar. The
measured data using a turbidity meter is consistent
with the measured mass.

The critical flow velocity obtained from
experimental results was compared with the critical
flow velocity proposed by Guidoux [2] as Eq. (2).

ey = 07y |29 (14 1)

@)
Where, u., (m/s) - critical flow velocity, ng -
porosity of coarse soil, p; (kg/m®) - density of fine
soil grains, p,, (kg/m®) - density of water, g (m/s?)
- gravity acceleration, d; (m) - effective diameter
of fine soil, B (m? - adhesive properties of
particles.

The critical flow velocity calculated from Eq.
(2) using np =4 and B =53x10""m? is 1.8
cm/s. The critical flow velocity obtained from the
experimental results of this study is smaller than the
critical flow velocity calculated by Eq. (2) proposed
by Guidoux [2]. The critical flow velocity obtained
from experimental results using silica sand No. 3 as
a coarse soil is 1.3 cm/s, whereas using silica sand
No. 5 as a coarse soil is 0.91 cm/s. The experimental
result shows that the fine soil's (DL clay) critical
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flow velocity depends not only on the grain size of
fine soil but also on the grain size of coarse soil. The
value of the specific fine soil's critical flow velocity
decreases with the decrease in the grain size of the
coarse soil. The value of the critical flow velocity of
fine soil (DL clay), compared to the calculated
value of Guidoux [2], decreases by 27.7 % in the
case of silica sand No. 3 whereas 49.4% in the case
of silica sand No. 5. The coarse soil grain size used
in this study is significantly smaller than that of the
material used by previous researchers.

5.3 Effect of Overburden Pressure on the
Amount of Eroded Mass

The discharged water containing eroded soil
mass in each interval of the experiments was
collected in a container, and the amount of
discharged soil was measured using the turbidity
meter. The turbidity of the soil water solution in
each container was measured six times, and the
average turbidity value was used to calculate the
discharged amount of soil in the container. Then the
discharged amount of soil in each interval was
calculated using the correlation between
concentration and water turbidity refer to “Eq. (1)”.
The cumulative eroded soil mass with flow velocity
and time in each experiment is plotted and shown in
Fig.11 and 12.
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Fig.11 Cumulative eroded mass and flow velocity
changes with time (Test cases 1, 2, 3, and 4).

The effect of overburden pressure on the amount
of eroded mass or erosion rate was seen in the graph
of cumulative eroded mass. In each configuration of
soil, the amount of eroded mass of DL clay at 40
kPa overburden pressure is high compared to the 70
kPa overburden pressure, especially in the case sand
overlies DL clay.

The coarse soil layer is compressed with the
increase in overburden pressure, and this effect is
more likely on the small grain size of the soil. The
contact surface between fine soil and coarse soil
increases with compression. The total volume of

157

voids in the coarse soil layer decreases. It results in
the less amount of the fine particles transported
through the voids. The permeability of the coarse
soil also decreases with the compression. Therefore,
overburden pressure has an inverse effect on the
erosion rate.
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Fig.12 Cumulative eroded mass and flow velocity
changes with time (Test cases 5 and 6).

5.4 Possible Mechanism of Internal Erosion in
Armala

Internal erosion is the detachment and
transportation of fine particles through the voids of
coarse material in the subsurface due to seepage
forces. The shear force generated by the seepage
water should be high enough to scour and erode the
subsurface material to initiate internal erosion. The
research was initiated after facing the sinkhole
problems in the Armala area, Pokhara, Nepal. The
groundwater flow from the hillside is a triggering
factor to cause internal erosion and sinkhole
formation in the Armala area. Pokhrel [6] assumed
that the internal erosion occurs between the gravel
and surface layer to trigger the sinkhole formation.
After the follow-up survey in 2016 and 2017,
[7,8,16] confirmed that the erosion occurred within
the white silty clay layers.

As mentioned in the background of the research,
contact erosion was initiated at the interface of silty
clay and sand seam in the Armala area. When the
groundwater flowed through the sand seam, the
sand and the surficial part of the white silty clay at
the interface got saturated. The saturated part of the
silty clay lost its stability and was detached and
transported through the sand seam. According to the
local residents, excavation of aggregates from the
riverbed of the mainstream was started from the
1990s for commercial purposes. Due to the
excavation of aggregate, the riverbed of the
mainstream was lowered with time. As it was the
main difference between before and after sinkholes,
it was thought to be a possible cause of sinkholes. It
increased the hydraulic gradient in the ground and
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the subsurface water velocity. Therefore, the
hydraulic condition for the internal contact erosion
was fulfilled, and then contact erosion causing
cavities was accelerated. Experimental results show
that the contact erosion is highly accelerated with
piping formation when the fine soil overlies the
coarse sand. A similar phenomenon was expected
in the Armala area. A large amount of subsurface
fine materials was eroded, and subsurface cavities
were formed. With time, the subsurface cavities
increase width and height and finally collapse as a
sinkhole. When the riverbed was filled, no more
sinkhole was formed, probably because the
hydraulic gradient decreased, and the flow velocity
in the ground became lower than the critical value.

6. CONCLUSIONS

A series of contact erosion tests were conducted,
and the possible mechanism of internal erosion in
the Armala area was studied. The following
conclusions were drawn from the study.

1) Contact erosion is insignificant at low flow
velocity but significant when the flow velocity is
greater than a certain threshold velocity called a
critical flow velocity.

A cavity was observed at the interface when the
DL clay overlays the sand layer. The piping
phenomenon was observed in this configuration,
which leads to a large amount of erosion rate.
The observation result shows that the contact
erosion phenomenon leads to the surface
settlement if the coarse material is non-cohesive
and uniformly graded under the soil configuration
of coarse material overlying the fine soil
condition. But erosion phenomenon leads to the
formation of a subsurface cavity under the soil
configuration of fine soil overlying the coarse
material condition.

The measured amount of eroded mass under
different pressures of 40 kPa and 70 kPa shows
that overburden pressure has an inverse effect on
erosion rate. Also, the amount of eroded mass of
fine soil is high when the fine soil is overlying the
coarse soil.

The test results indicated that the fine soil
overlying coarse soil scenario clearly shows the
internal erosion that ultimately leads to piping.
This situation reflects the Armala site condition
that undergoes sinkholes.

2)

3)

4)

5)
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