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Abstract

Seepage-induced engineering geology disasters such as sinkholes, foundation pits, and road collapses have resulted in massive
economic losses and serious casualties in recent decades, with a major mechanism involved being sand internal erosion. In
this research, a novel flexible-wall triaxial test apparatus is developed based on the conventional triaxial device to simulate
concentrated leak erosion in sand using artificial quartz sand soil samples. Erosion tests are performed under different hydrau-
lic gradients to study the variations of eroded soil mass and permeability. The results indicate that by increasing the applied
hydraulic gradient, the position of the sunken portion (where large quantities of quartz sand particles are missing) elevates
in the sample. Furthermore, particle loss rate and permeability coefficient show major variations under different hydraulic
gradients. As the hydraulic gradient increases, the erosion rate of quartz sand content increases significantly accompanied
by an increase in permeability. However, the start-up time and the duration of soil mass erosion as well as the variation in
the permeability coefficient decrease. This study provides valuable insight into the mechanisms coupling the stress state,
hydraulic gradient, and concentrated leak erosion phenomenon in sand.
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Introduction

Seepage-induced accidents such as foundation pit collapse,
road collapse, and gushing of water and sand into tunnels
have resulted in massive economic loss and the endanger-
ment of human life (Guo et al. 2019; Koltuk et al. 2019;
Kwak et al. 2019; Qiu et al. 2020; Zhang et al. 2019). Inter-
nal erosion occurs when soil particles are separated from
the soil matrix by water seepage, which is a major cause of
the failure of hydraulic earthen structures (e.g., dams and
embankments) (Skempton and Brogan 1994; Wan and Fell
2004; Liu et al. 2020; Zhang et al. 2020). Long-term internal
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erosion in soils around defective sewer pipes can also induce
sinkholes and initiate a series of catastrophic events includ-
ing interruption to buried service lines, disruption to traffic,
contamination of nearby natural water bodies, damage to
highway profiles, and sometimes human fatalities (Indiketiya
et al. 2019). Seepage erosion happens once groundwater
flow reaches a critical velocity, as it moves soil particles and
creates caves within the soil. On May 10, 2012, 41 sinkholes
opened, damaging 143 houses, 8 factories, and 3 commer-
cial buildings, in the southern suburbs of Liuzhou, Guangxi
province, China (Jiang 2018). Due to the poor sealing per-
formance of the tail of the shield machine, a sudden water
and sand gushing accident occurred in the shield tunnel of
Foshan Metro Line 2 in 2018, resulting in a catastrophic
collapse of the tunnel and surrounding road. In 2019, due to
heavy rainfall and leakage of sewage pipelines, the support
between piles was severely ruptured and water seeped into
the foundation pit of a building in Beijing, eventually caus-
ing a severe collapse incident. Another incident occurred the
same year; approximately 375 m? of ground area collapsed
due to water and sand gushing from the construction face
of tunneling for the Guangzhou Metro line 1. Overall, such
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seepage-induced accidents are often difficult to detect, and
the consequences are extremely severe.

The disastrous consequences of seepage-induced acci-
dents cannot be underestimated. Scientific studies on these
incidents have offered important guidelines for engineer-
ing applications and high research standards (Reddi et al.
2000; Liu et al. 2018; Bai et al. 2016; Bai et al. 2019). The
mechanisms of internal erosion are deeply complex entailing
many parameters and two types of internal erosion can be
distinguished: suffusion and interface erosion. The suffusion
process occurs when the fine particles of an internally unsta-
ble soil move within the constrictions between the coarse
particles, without any reduction in the total specimen vol-
ume (Zhou et al. 2020; Zhang et al. 2020). Interface erosion
can appear within cracks or be caused by concentrated leaks
and is also called concentrated leak erosion (Hicher et al.
2017). Concentrated leak erosion tends to generate cavities
in a soil body and results in substantial sinkholes or ground
settlement. Rapid development and large soil loss are two
characteristics of concentrated leak erosion, which often
lead to massive economic losses and can result in casualties
(Ermolin and Melnikov 2019; Gao et al. 2018; Wu et al.
2018). Various model tests have been performed in previous
research studies to investigate the mechanisms involved in
concentrated leak erosion-induced soil failures. Mukunoki
et al. (2012) applied air pressure on top of a cylindrical soil
sample, supplied water into the sample through a defected
pipe, and observed the size and shape of cavity developed
in the soil during the sand erosion process using X-ray CT.
Guo et al. (2013) set the sand in a transparent square test
chamber, and set the leakage hole on the side wall of the
chamber, where the development of the soil erosion could
be observed from the transparent side wall of the chamber.
Sato and Kuwano (2015) adopted an apparatus similar to the
one employed by Guo et al. (2013), and buried a cylinder in
the sand in order to simulate a pipe and analyze the influence
of underground structures on the development of erosion.
Based on the two apparatuses mentioned above, Indiketiya
et al. (2019) performed model tests whereby they applied
a load on the surface of the sample, and simulated erosion
and sinkhole development due to cyclic leakage through
pipe cracks. Tian et al. (2020) investigated the critical fine
contents of natural soil deposits beyond which the internal
stability of the soil mix was markedly changed, leading to
internal erosion. They developed a fixed-wall permeameter
capable of detecting the critical hydraulic gradient of erosion
initiation and collecting the cumulative eroded soil mass at a
constant inflow rate. Generally, majority of previous studies
on concentrated leak erosion use rectangular or cylindrical
apparatuses with rigid walls to hold soil samples. Although
the initial stress state of soil can be simulated by applying
air pressure and/or mechanical force on top of the sample,
the three-dimensional stress state in the actual situation of
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the original formation (i.e., the in situ condition) cannot
be simulated using the rigid walls when cavity formation
occurs in the soil sample. Therefore, the development of
a flexible wall apparatus capable of taking into considera-
tion the actual stress state of soil is necessary for simulating
the concentrated leak erosion mechanism. Previous studies
on suffusion failure present numerous experiences employ-
ing flexible wall devices, from which some key features are
worth mentioning. They mainly use the confining pressure
control system of the triaxial apparatus, where the sample
is placed in a rubber membrane, to allow for the simulation
of the actual three-dimensional stress state of soil (Chang
and Zhang 2013). In addition, some aspects of the sample
cap, base of triaxial pressure chamber, and collection sys-
tem have been improved. For example, to evenly inject the
erosion water into the soil sample, the filter close to the
sample cap is made of a glass ball or geo-textile combined
with a porous sieve plate (Bendahmane et al. 2008; Marot
et al. 2016). In order to reduce the resistance of soil and
water mixture in the pipeline, the channel at the base of the
triaxial pressure chamber is expanded by being hollowed
out to form a funnel-shaped cavity (Ke and Takahashi 2014;
Xiao and Shwiyhat 2012). To accurately measure the qual-
ity of soil erosion, some studies applied optical sensors to
improve the sensitivity of measuring device to the number
of fine particles in the instrument (Ke and Takahashi 2014).
However, above mentioned test apparatuses used for suffu-
sion tests are only suitable for situations with a slight loss of
fine particles and with a low seepage rate. Thus, they cannot
be applied to study the concentrated leak erosion in sand
where a leakage with high-quantity eroded particles occurs.
Therefore, the existing flexible wall erosion test apparatus
needs more improvements to become applicable for studying
concentrated leak erosion processes.

In this study, a novel triaxial apparatus is proposed and
fabricated based on the conventional triaxial device, in
order to simulate the three-dimensional stress state of soil
which allows the examination of the concentrated leak ero-
sion mechanism in sand. The novel triaxial apparatus is
comprised of a water supply system, a confining pressure
control system, a triaxial pressure chamber system, and a
collection system. The confining pressure control system
simulates the stress state of the soil, the water supply sys-
tem maintains the long-term stability of the erosion head,
the triaxial pressure chamber system simulates the failure
mechanism of sand erosion, and the collection system (with
the characteristics of automatic separation of solid-liquid)
implements the precise measurement of the erosion amount
and the permeability coefficient. The apparatus is employed
to perform tests under four different hydraulic gradients. The
results of these sand erosion tests demonstrate enhanced par-
ticle loss rate and permeability coefficient in the sandy soil
sample, caused by applying different hydraulic gradients.
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These results provide valuable insight into the mechanisms
that couple the stress state, hydraulic gradient, and internal
erosion phenomenon.

Experimental methods and materials used
Description of the test apparatus

This apparatus is developed based on the conventional tri-
axial test device and is capable of simulating sand internal
erosion with high precision. The test apparatus is comprised
of four parts: water supply system (I), confining pressure
control system (II), triaxial pressure chamber system (III),
and collection system (IV), as shown in Figs. 1 and 2. High-
precision pressure regulating valves are used in the testing
system to guarantee a high-precision measurement. Before
the test, a calibration on the pressure measurement was con-
ducted to make sure the relative error is within 0.1%.

The water supply system (I) is composed of an air com-
pressor capable of applying a maximum pressure of 500 kPa,
a water storage tank with a maximum volume of 100 L, and
a high-precision pressure regulating valve with a maximum
error of 0.1 kPa, which can provide constant pressure ero-
sion water flow with pressure values ranging from 0 to 500
kPa. For performing internal erosion tests on soil samples
under different hydraulic gradients, it is critical to ensure
that the test device can maintain a stable erosion head over
a significant time period. The common peristaltic pump or

Fig. 1 Schematic of the novel = ==

triaxial test apparatus for simu-

lating sand internal erosion
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screw pump available in the domestic market cannot meet
the requirements of the long-term steady flow condition,
because the output pressure of these pumps is affected by
the internal resistance of the soil sample. In this study, an air
source with a stable pressure output is economically set up
by combining an air compressor with a high-precision pres-
sure regulating valve. After injecting compressed air into the
sealed water storage tank, the water in the tank is supplied to
the top of the sample under the air pressure. Here, the water
pressure can be further regulated by another high-precision
pressure regulating valve to provide the long-term stability
of the erosion water pressure on top of the soil sample.

The confining pressure control system (II) is comprised
of an air compressor with a maximum pressure of 500 kPa,
a water storage tank with a maximum volume of 20 L, a
high-precision pressure regulating valve with a maximum
error of 0.1 kPa, and the confining pressure control system
of a conventional triaxial test device which has a maximum
pressure of 500 kPa. The system can provide two different
confining pressure control systems that are linked with the
triaxial pressure chamber system through a three-way valve.
The first confining pressure control system is composed of
an air compressor, a water storage tank, and a high-precision
pressure regulating valve, which can keep the confining pres-
sure stable regardless of the deformation values of the soil
sample. This system has a maximum pressure of 500 kPa
and a maximum error of 0.1 kPa. When the sample’s vol-
ume changes significantly, the confining pressure applied
by the air compressor is instantly restored to the set value
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Fig. 2 Picture showing different
parts of the novel triaxial test
apparatus for simulating sand
internal erosion

of the test. The purpose of this mechanism is to simulate a
situation where underground soil with an erosion cavity is
quickly filled by the surrounding soil due to the high sur-
rounding pressure. The second confining pressure control
system directly uses the conventional triaxial test device.
The system has a maximum pressure of 500 kPa and a maxi-
mum error of 0.5 kPa. When the sample’s volume reduces,
for example by 10 mL, the confining pressure drops sharply
and approaches zero, and the system requires a reaction time
to compensate the pressure drop. This confining pressure
control mechanism is suitable for situations where the under-
ground soil experiences low surrounding pressure and thus
the erosion cavity cannot be filled. In this regard, the soil
in which an erosion cavity has occurred is identified as no
longer being able to bear the surrounding pressure.

The triaxial pressure chamber system (III) is based
on the pressure chamber of the conventional triaxial test
device, mainly for three parts: sample cap, triaxial pres-
sure chamber, and the base of triaxial pressure chamber.
The cylindrical soil sample is set in a sealed rubber film
so that the surrounding pressure can be properly applied
to the soil during the test. The key feature of the pressure
chamber system is that the soil in the effluent can be dis-
charged smoothly, without blocking the pipeline, as the
sand erosion occurs. Obviously, the permeable stone and
pipelines of the conventional triaxial test device cannot
meet the requirements of the sand erosion test. The tri-
axial pressure chamber system adopts a special sieve plate
with a central hole, with diameter ranging from 0.5 to 20
mm, at the bottom of the soil sample which is appropri-
ate for simulating different crack sizes of sand erosion. A
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drainage pipeline with an overall diameter of 30 mm is
adopted, connecting the triaxial pressure chamber and col-
lection systems. This minimizes any chance for blockage
of the pipeline throughout the entire sand erosion process.

The collection system (IV) consists of a solid-liq-
uid separation apparatus, a liquid storage tank, and two
high-resolution digital balances. The specially designed
collection system is also used to increase the precision
of the measurement. It separates the soil-water mixture
discharged from the triaxial pressure chamber system, as
well as monitors the quality of soil in the effluent and
the permeability coefficient of the sample. The solid-lig-
uid separation of the soil-water mixture is an important
prerequisite for the observation of sand erosion test data.
Unlike the previous collection systems, this collection
system adopts a plexiglass tube with a diameter of 150
mm and corresponding filter screen with a relatively large
diameter, which separates the soil particles from water.
Furthermore, this system reduces the filtration resistance
produced by the filter screen, economically achieves the
soil-liquid separation, and obtains the test results with
continuity and accuracy. The soil particles are prevented
from passing through the filter screen and being deposited
in the lower part of the solid-liquid separation device,
while the water is collected in the liquid storage tank. The
solid-liquid separation apparatus and the liquid storage
tank are weighed in real time via the electronic balance,
and the mass of soil particles and permeability coefficient
can be calculated using the corresponding mathematical
formula.
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Characteristics of the test apparatus

The novel triaxial test apparatus has four unique character-
istics exhibited by the four systems, which can be used for
the experimental study of sand internal erosion mechanism.
These characteristics are as follows:

(1) To simulate the sand internal erosion under different
stress conditions, this apparatus has two sets of confin-
ing pressure control systems. The first set is used to
simulate the underground soil with high surrounding
pressure, where the erosion cavity is quickly filled by
the surrounding soil due to this high pressure. During
the test, the system can maintain the stability of the
confining pressure. The second set is utilized to simu-
late the underground soil experiencing low surround-
ing pressure, where the erosion cavity is not filled due
to the low surrounding pressure. The soil in which an
erosion cavity has already occurred can be regarded
as a soil no longer capable of bearing the surrounding
pressure.

(2) A water supply system with stable output water pres-
sure is developed. Air pressure is applied to the water
storage tank through the air compressor. The output
air pressure of the air compressor and the output water
pressure of the water storage tank are controlled by
the pressure regulating valves to maintain the stability
of the erosion head and solve the problem of unstable
output water pressure which exists with conventional
water pumps.

(3) The triaxial pressure chamber system adopts a special
sieve plate that can simulate different leakage crack
sizes, and an expanding drainage pipeline which mini-
mizes any chance for blockage during the entire inter-
nal erosion process.

(4) A new solid-liquid separation apparatus that can auto-
matically separate the soil-water mixture discharged
from the triaxial pressure chamber system, as well as
monitor the quality of soil in the effluent and the per-
meability (coefficient) variation of the sample economi-
cally, efficiently, and accurately.

Calculation of erosion amount

The erosion amount can be characterized by the mass of
solid soil discharged from the triaxial pressure chamber sys-
tem, which is measured using the electronic balance. This
requires that the soil solid and the water are effectively sepa-
rated, which is implemented via the solid-liquid separation
apparatus employed in this study.

According to the principle of erosion calculation, when
the soil-water mixture is discharged into the solid-liquid
separation device, the soil is deposited at the bottom of the

device. As the solid-liquid separation apparatus is filled with
water, with the entry of a certain volume of eroded soil, the
same volume of water flows out of the separation apparatus
through the overflow port and into the liquid storage tank
(Fig. 1). Based on the principle of mass balance, the for-
mulation for the calculation of eroded soil mass is deduced
as follows:

Assume that at time ¢, the total mass of the solid-liquid
separation device isM’, and its mathematical expression is

M;=Mg1+MCv1+M:=Mg1+pW(V_Vs’)+p:V; ()

where M, is the mass of the solid-liquid separation
device, M/ | is the mass of water in the solid-liquid separa-
tion device at ¢, M is the mass of soil in solid-liquid sepa-
ration device at ¢,  is the volume of separation device, V!
is the volume of soil in the separation device at ¢, p,, is the
density of water, and p; is the density of soil.

Now, assume that at time ¢#,, the total mass of the
solid—liquid separation device is M’’, and its mathematical
expression is

M =My +M! +M' =M, +p,(V-V')+pV' (2

where MCV’I is the mass of water in the solid-liquid separa-
tor at t,, M’ is the mass of soil in the solid-liquid separator
at 1, and V! is the volume of soil in the solid-liquid separa-
tor at 7,.
Subtracting Eq. (1) from Eq. (2) yields
M// _ M/
1 1
AV, =V -Vi= ———— S
Py — Py
where AV is the volume of soil discharged by the sample
erosion in the (¢,—t,) time period. By multiplying Eq. (3) and
soil density, the mass m of the eroded soil in this time period
can be obtained as
Ml/ _ M!
m= psAVx = px; (4)
Ps = Pw

Experimental procedure

Previous studies mainly used quartz sand, which exists abun-
dantly in nature, as the material for the experimental study
of sand internal erosion mechanism (Guo et al. 2013; Gao
et al. 2018). Similarly, in this study, quartz sand soil samples
are fabricated and prepared in layers by applying uniform
compaction. The soil sample has a diameter of 61.8 mm and
a height of 125 mm, and is placed in the apparatus within a
sealed rubber film, then is subjected to a confining pressure
of 100 kPa. The magnitude of applied confining pressure is
to simulate the in-situ stress condition in a sand formation
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surrounding a pipe with a buried depth of 5 m (Jung and
Sinha 2007). The physical and mechanical parameters are
presented in Table 1. The sand sample has a compaction
coefficient of 80% meaning that the soil has been compacted
to 80% of the maximum density achieved in the lab. Under
such compaction condition, the soil sample has a void ratio
of 0.71. The grading curve of studying sand soil sample is
shown in Fig. 3, which indicates a median particle diameter
of 0.1 mm. The diameters of a major of sand particles fall
into the range of 0.1 to 0.3 mm. This type of poorly grade
sand is usually used as a bedding material for buried pipes
(Indiketiya et al. 2019). The purpose of our concentrated
leaking tests is to simulate a situation where the bedding
material is subjected to a concentrated leaking due to the
pipe damage.

A special plexiglass plate with a central hole is set at
the bottom of the sample to simulate the soil sample being
subject to the concentrated leakage of sand erosion. We have
carried out tests with different central hole sizes to address
the impact of leakage hole size on erosion results. Tests were
arranged in three groups according to the leakage hole size
(Table 2). Four hydraulic gradients (16, 24, 32, and 40) were
applied to each group of tests to study the effect of different
hydraulic gradients on sand erosion process. The applied

Table 1 Main physical and mechanical parameters of the soil sample

Table2 A list of concentrated leak erosion tests conducted in this
study

Test Leakage hole  Hydraulic gradient Duration (min)
size (mm)

Group 1 2 16, 24, 32, 40 50, 40, 30, 32

Group 2 23 16, 24, 32, 40 41, 40, 29, 26

Group 3 2.6 16, 24, 32, 40 41, 30,23,22

high hydraulic gradients are to simulate the high pore water
pressure condition created during the leaking of a water
supply pipe. During each test, the discharged quartz sand
content and the permeability coefficient of the soil sample
are monitored and measured. In addition, the changes in the
outer surface of the sample, due to sand internal erosion, are
recorded using a camera. This data demonstrates the effects
of the applied hydraulic gradient on sand internal erosion
mechanism and permeability variation.

Results and analysis
Qualitative description of internal erosion
Figure 4(a)—(d) show the side images of the soil samples

from group 1 at =2 min after the sand erosion start-up. The
areas enclosed by red dashed lines in Fig. 4 indicate sunken

Dry density Relative Compac- Specific Void ratio . . ..
density tion coef-  gravity portions in the samples where large quantities of quartz sand
ficient are missing at the early stage of sand erosion. Figure 4 also
; shows that the position of the first sunken portion, where
pa(glem’) D, (%) Ae (%) G, ¢ quartz sand particles are missing, gradually goes higher
155 67 80 265 0.71 in the sample as the applied hydraulic gradient increases.
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Fig.4 Side photographs of soil
samples at = 2 min after the
start-up of sand erosion (i =
hydraulic gradient)

-

a) 1=16

For instance, when the applied hydraulic gradient is 16, the
sunken portion is in the lower part of the sample. Then,
when the applied hydraulic gradient is 24, the position of
the sunken portion elevates to the middle part of the sample.
Finally, when the applied hydraulic gradients are at values
of 32 and 40, the first sunken portion is located at the top
of the soil sample. These observations indicate a close rela-
tion between the sunken portion and the hydrodynamic force
within the soil sample. After the sand erosion commences,
the (quartz sand) soil near the leakage holes discharges first,
and cavities are generated from the inside of the sample.
The soil arch structure, formed by these cavities, bears the
vertical seepage force and the radial confining pressure. The
hydrodynamic force typically increases with the increase
of the hydraulic gradient. When the hydrodynamic force
is small (i.e., under low values of hydraulic gradient), the
radial part of the soil arch structure is damaged firstly. Thus,
sand particles tend to migrate along the radial direction and
result in an evident sunken portion in the lower part of the
sample. However, when the hydrodynamic force is large
(i.e., under high values of hydraulic gradient), the vertical
part of the soil arch structure is the first to be damaged, and
sand particles flow vertically into the cavity in a high speed.
Therefore, a large number of quartz sand particles are lost
in the upper part of the sample.

Mass loss mechanism in the sand internal erosion
process

The amount of normalized erosion (as a function of time)
for group 1 tests during the sand erosion process is illus-
trated in Fig. 5. In this figure, the normalized erosion
amount refers to the ratio of the mass of quartz sand loss to
the dry mass of the soil sample before the test. The erosion

(b) i=24

(c)1=32

(d) i=40

amount of quartz sand in the soil sample follows a trend as
the following. Before the sand erosion, the erosion amount
is stable and almost equal to zero. As sand internal ero-
sion begins the erosion amount rises sharply, and finally
the erosion amount tends to stabilize. For instance, when
the applied hydraulic gradient is 24, the erosion amount is
equal to zero for the time period of 0 to 593 s, indicating
the absence of sand erosion during this period. In the next
time period ranging from 594 to 1340 s, the erosion mass
ratio of sand erosion in the sample increases from 0 to
51.0%. Here, the erosion amount shows a sharply increas-
ing trend, indicating a period of rapid development of sand
erosion. During the third time period ranging from 1341 to
1730 s, the erosion amount increases from 51.0 to 59.9%,
showing that the rate of increase of the erosion amount has
reduced greatly and the sand erosion is reaching comple-
tion. Finally, within the last time period ranging from 1731
to 2300 s, the erosion amount of the soil essentially does
not change, indicating that the sand erosion has ceased. To
be more specific, the soil sample is subject to both hydro-
dynamic force and confining pressure simultaneously. On
one hand, the soil bears a downward hydrodynamic force,
which causes the quartz sand in the sample to move down-
ward and run off from the leakage hole which promotes
cavity generation. On the other hand, the soil is subject to
a confining pressure, causing the radial migration of sand
particles. In the early stage of sand internal erosion, both
hydrodynamic force and confining pressure are constant.
Under their combined action, the erosion amount of the
soil sample shows a sharply increasing trend. After the
early stage of sand erosion, the soil sample experiences a
large volume of shrinkage due to the gradual increase in
the amount of quartz sand loss, and the confining pressure
is reduced due to the slow rate of pressurization supplied
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Fig. 5 Normalized erosion 100
amount as a function of time at
different hydraulic gradients
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by the confining pressure control system (as explained ear-
lier). This causes the quartz sand loss to slow down, which
consequently lowers the rate of sample erosion. During
the next stage of sand erosion, the sample is essentially no
longer subjected to the confining pressure, and the quartz
sand particles only bear the effect of the hydrodynamic
force. As a result, a stable water passage at the leakage
hole is formed, so the quartz sand particles do not migrate.
Therefore, the sample’s erosion amount does not change.
Overall, the sand erosion process of the quartz sand in the
sample is rapid and transient, which is mainly attributed
to the low cohesion of the quartz sand sample.

A comparison of the curves shown in Fig. 5 (i.e.,
Normalized erosion amount vs. Time) indicates that by
increasing the hydraulic gradient, the starting time and
the duration of sand erosion decrease. However, the final
total loss of quartz sand particles under the four different
hydraulic gradients is almost the same. For the applied
hydraulic gradients of 16, 24, 32, and 40, the starting
times of the sand erosion are 653 s, 593 s, 385 s, and 325
s, respectively, and the corresponding sand erosion dura-
tions are 1523 s, 1108 s, 688 s, and 953 s. The final total
losses of quartz sand particles under these four different
hydraulic gradients are around 61%. These observations
confirm that the starting time and the duration of sand
erosion are closely related to the hydrodynamic force in
the soil sample. A larger hydraulic gradient result in a
larger hydrodynamic force experienced by the soil sample;
thus, an earlier erosion occurs to tests with larger hydraulic
gradients. Furthermore, under a higher hydraulic gradient
the corresponding rate of sand loss is higher, but it has a
negligible effect on the final total loss in quantity.
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Permeability changes in sand erosion process

Figure 6 shows the measured permeability coefficient of
the sample as a function of time for tests from the group 1.
Permeability coefficients were measured using the constant
head approach (Das 1997). The variation trend of the perme-
ability coefficient under each hydraulic gradient is similar
to that of the normalized erosion amount shown in Fig. 5.
For example, when the applied hydraulic gradient is 24,
the permeability coefficient of the sample is approximately
equal to 0.0001 cm/s for the time period of 0 to 565 s, then
it increases to 0.0004 cm/s for the next time period ranging
from 566 to 1161 s, and it remains stable at the approximate
value of 0.0004 cm/s for the third time period ranging from
1162 to 1941 s. Despite the variation trends of the perme-
ability coefficient and the erosion amount being consistent
with each other, the change in the permeability coefficient
appears to start approximately 30 before the change in the
erosion amount begins. This is mainly because the loss of
sand particles, which is transported from the bottom of the
triaxial pressure chamber system to the collection system,
needs to pass through a pipe (of a certain length) and results
in a delay of 30 s.

A comparison of the curves shown in Fig. 6 indicates
that as the applied hydraulic gradient increases, the start-
up time and the duration of variation in the permeability
coefficient decrease. For the applied hydraulic gradients
of 16, 24, 32, and 40, the start-up times are 833, 565,
385, and 325 s, respectively, and their corresponding
durations are 1164, 596, 268, and 240 s. The variation
trend of the sample’s permeability is closely related to
the variation trend of the quartz sand erosion amount.
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Fig.6 Permeability coefficient 0.0010
as a function of time at different
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quartz sand increases and creates a larger void space for
fluid flow; thus, the sample’s permeability increases
accordingly. It should be noted the loss of mass leads to
a reduction in the height of the sample (Fig. 4), which is
significant for cases of i = 32 and i = 40. Our calculation
of hydraulic gradient will not be accurate in the late stage
of erosion due to the change in sample heights. Thus,
measured permeability changes are to some extend exag-
gerated. In order to obtain more accurate permeability
results, sample size calibrations should be carried out for
these erosion tests.

Effect of leakage hole size on sand erosion process

Previous results on group 1 were based on tests with a
leakage hole size d = 2.3 mm. We also carried out some
tests with leakage hole sizes of 2 mm and 2.6 mm (groups
2 and 3) to investigate the impact of leakage hole size
on sand erosion processes. The developments of normal-
ized sand erosion amount for cases with different leak-
age hole sizes and hydraulic gradients are displayed in
Fig. 7(a)-(d). In general, the ultimate erosion amount is
dependent on the leakage hole size. The leakage amounts
for cases with a hole size of 2 mm are much lower that
cases with hole sizes of 2.3 mm and 2.6 mm. Under a low
hydraulic gradient (Fig. 7a), the sand erosion amounts
vary significantly for cases with different leakage hole
sizes in terms of the time to achieve a stable level. How-
ever, under a high hydraulic gradient (Fig. 7d), the differ-
ence between cases of 2.3 mm and 2.6 mm is negligible.

Comparison with suffusion tests

The poorly graded soil samples applied in this study were
to simulate the uniform sand surrounding buried pipes as
a bedding material. If a well-graded soil sample is used,
the erosion process tends to generate suffusion, where fine
particles migrate through and into the pore space formed by
coarse particles and the erosion rate will be much slower.
The suffusion tests conducted by Chang and Zhang (2013)
are also based on modified triaxial tests, and the initiation
and development of internal erosion of fine particles through
the coarse soil particles are investigated. The migration of
fine particles through the intergranular space of coarse par-
ticles does not require a high hydraulic gradient. In addition,
during the initiation and development of a suffusion process,
coarse soil particles still serve as the skeleton and maintain
the stability of the soil sample. By contrast, in our concen-
trated leak erosion tests on poorly graded sand soil samples,
the tests have a higher hydraulic gradient and sand particles
tend to erode by a large quantity in a short testing period.
Thus, the tests are more challenging to complete because
samples tend to lose the integrity quickly, which brings the
difficulties in data collection.

Scale effect and in situ condition

For tests with the same leakage hole size and hydraulic
condition, sand samples with a larger particle mean size

@ Springer
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Fig.7 Normalized erosion amount as a function of time for cases » & 100
with different leakage hole sizes (d) and hydraulic gradients (i) = = d=2mm
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will not yield the same erosion amount. Thus, in engineer- § ool ¢ d=2.6mm nresssen
ing practical analysis, it is necessary to consider the rela- 2 R
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will be a scale effect in the relative sizes. In addition, the }E “::‘- ’ _.*"-
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prevents the much more soil loss. Currently, there is a .

lack of in-situ data to interpret the mechanisms of field (@)i=16
scale concentrated leak erosion in sand. An idea is to per-
form concentrated leak erosion tests on small-scale models
installed in a geotechnical centrifuge. To interpret the test
data, it will be necessary to quantify the scaling laws of
the erosion phenomenon (Marot et al. 2012).
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Conclusions 90l e

This study primarily introduces a novel experimental appa- 0, ‘603"' 1200 1800 2100 3000
ratus to simulate the concentrated leak erosion in sand. The Time (s)
system consists of a confining pressure control system, a

water supply system, a triaxial pressure chamber system, (b)i=24
and a collection system. Using the newly fabricated device,
sand internal erosion tests are carried out under four differ-
ent hydraulic gradients, where the erosion loss mechanism
and the permeability variation are studied. The main conclu-
sions are listed as follows:

Normalized erosion amount (%)
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(1) The newly developed triaxial test apparatus, for simu-
lating the sand internal erosion mechanism, is economi-
cal, efficient, and accurate. The confining pressure con-
trol system simulates the sand internal erosion under
different stress conditions. The water supply system
maintains the long-term stability of the erosion head,
and the particle collection system implements the auto-
matic separation of soil particles and water discharged
during the sand internal erosion process.

(2) At alow hydraulic gradient, the radial part of the soil
arch structure is damaged firstly, and the sand particles
tend to flow into the cavity from the radial direction,
resulting in a large amount of sand lost in the lower
part of the sample. On the other hand, when the applied
hydraulic gradient is high, the vertical part of the soil
arch structure is primarily damaged, and sand particles
flow into the cavity along the sample’s axial direction,
resulting in a large amount of particles lost in the upper 0 600 1200 1800 2400 3000
part of the sample. Time (s)

(3) As the hydraulic gradient increases, the start-up time
and the duration of sand internal erosion decrease. (d)i=40
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Despite this, eventually, the total loss of quartz sand
content under the four different hydraulic gradients is
almost the same. An increase in hydraulic gradient also
leads to an increase in the permeability of the soil sam-
ple. The sand erosion amounts also vary significantly
for cases with different leakage hole sizes in terms of
the time to achieve a stable level.
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