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The instability of a filter system is a significant cause of seepage failure in embankment projects. The filter system in the
earth-rock embankment is mainly composed of graded cohesionless soil. To uncover the performance of the granular filter in re-
sisting the internal erosion, a set of experiments was carried out with an improved experimental apparatus, considering different
hydraulic loading scenarios. The movement of graded cohesionless soil, the seepage velocity and the hydraulic gradient were
monitored in the experiments. It was found that during the process of increasing the hydraulic gradient, the failure of the granu-
lar filter mainly experienced three stages: the first one was the dynamic equilibrium stage: the second was the critical start stage;
and the third was the failure stage, in which a sudden change in the seepage velocity was the precursor of seepage failure. The
critical hydraulic gradient and destructive hydraulic gradient decreased with the water level amplitude. Moreover, the experi-
ments revealed that the loading modes of the hydraulic gradient significantly influenced the anti-erosion capacity of the granular
filter. Compared with the stepwise loading mode, the cyclic reciprocating loading mode greatly weakened the anti-erosion ca-
pacity of the granular filter under the same walter level amplitude. The destructive hydraulic gradient of the latter was only
71.8 % of the former under a higher water level amplitude, indicating that the corresponding measures should be considered to
avoid the occurrence of a periodically variable hydraulic gradient.

Keywords: granular filter, hydraulic gradient, loading scenarios, anti-erosion capacity

Povzetek: Nestabilnost sistema za filtriranje je pomemben vzrok za pronicanje vode v projektih izgradnje nasipov oz. urejanja
nabreZin. Filtrski sistem nasipa oz. obreZja je obiCajno zgrajen iz granuliranega kamenja, ki je v bistvu nekohezijska (nevezana,
nasuta) zemljina. Avtorji tega Clanka so zato, da bi ugotovili lastnosti granuliranega filtra pred vplivom notranje erozije, izvedli
vrsto eksperimentov z izboljiano eksperimentalno napravo, ki je omogocala izvedbo razlitnih scenarijev hidravli¢ne
obremenitve. Med preizkusi so sledili gibanju nesprijete (nekohezivne) zemljine, hitrosti gibanja nasipa in hidravli¢nemu
gradientu (spreminjajoemu se nivoju oz. tlaku vode). S preizkusi so ugotovili, da med naraS€anjem hidravli¢nega gradienta
obslajajo tri faze oz. stadiji: prva faza je dinami¢ni ravnoteZni stadij, druga faza je kriti¢ni stadij pred zaCetkom pusCanja in tretji
stadij je stadij poruZitve, pri katerem pride do nenadne spremembe hitrosti pronicanja, kar povzroci dokoncno
popuicanje/porusitev pregrade. Z zmanj3evanjem amplitude nivoja vode se zmanjSujeta tudi kriti¢ni in rusilni hidravli¢ni gradi-
ent. Nadalje so preizkusi pokazali, da naCini obremenjevanja s hidravli¢nim gradientom mocno vplivajo tudi na odpornost
granuliranega filtra proti eroziji. Primerjava med postopnim narai€anjem obremenjevanja in izmeni¢nim obremenjevanjem je
pokazala, da se pri slednjem naCinu mo¢no zmanj3a odpornost filtra pri enakih amplitudah. RuSilni hidravli¢ni gradient je bil pri
izmenifnem obremenjevanju le 71,8 % tistega, ki ga je imel filter pri postopnem obremenjevanju. To pomeni, da je porebno
izvajati ukrepe, ki preprecujejo nastanek izmenicno spreminjajofega se hidravliCnega gradienta.

Klju¢ne besede: granulirani filter, hidravli¢ni gradient, obremenitveni scenariji, odpornost proti erozijski obrabi

1 INTRODUCTION nizing the development mechanism of internal erosion is
a crucial step in the risk assessment of embankment en-
gineering. Studies on internal-erosion incidents were
classified according to initiation mechanisms: concen-
trated leak erosion, backward erosion, contact erosion,

Embankment failure is one of the main causes of a
catastrophic loss of life and property, especially in
densely populated areas. For example, 62 dams in

China’s Henan Province were breached in an extreme s ) B
storm, killing about 26.000 people in the region in Au- and suffusion.** The studies on seepage erosion can be

gust 1975.! Domestic and international data on embank- traced back to the early 1900s. The early studies mainly
ment engineering accidents confirmed that about 40 % of ~ focused on the criteria for defining the onset of erosion.

the accidents were caused by internal erosion.>* Recog- ~ Some scholars proposed the criterion for calculating the
critical head to define the effect of internal erosion.®” On

*Corresponding author’s e-mail: the basis of the critical hydraulic gradient used by
zhanghongjie9601@163.com (Hongjie Zhang) Terzaghi to describe the critical state of cohesionless
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Table 1: Property parameters of the samples

Material name ds5 (mm) d(,o (mm) d|5 (mm) dlo (mm) Dls (mm) D[jfdu Dj5fdas Cu
Filter material — - - — 6.30 52.50 15.51 —
Base material 0.41 0.25 0.12 0.09 — 52.50 15.51 2.75

Note: D5 in the above table is the equivalent pore size of the filter layer

soil, other scholars continued to develop critical hydrau-
lic gradient criteria to evaluate the occurrence and devel-
opment of various internal erosion mechanisms.*'° The
critical hydraulic gradient can be related to the intrinsic
properties of soils and some external factors. In the past
ten years, the effects of fine particle content, soil relative
density, porosity, and other physical properties were
widely studied through physical experiments.'"-!* More-
over, external factors such as stress state and seepage di-
rection were also studied.'!>

To alleviate the disaster risk caused by seepage fail-
ure, the emergence of the filter layer brings a new oppor-
tunity to solve this problem. Filters are placed in the em-
bankment body, its foundation, or other areas of
hydraulic structures. Not only does a filter allow seepage
water to pass freely, it also retains the soil particles of the
base media. For the research on a filter layer, Terzaghi'®
proposed a well-known filter-retention criterion through
engineering practice and a large number of laboratory
tests in the early years. Sherard and Indraratna verified
the effectiveness and applicability of Terzaghi’s filter-re-
tention criterion.!” Although Terzaghi’s filter-retention
criterion is valid for uniform base media and filter me-
dia, there are still a few limitations for well-graded or
uneven material. Based on the Terzaghi filter-retention
criterion, the criterion and methods for determining the
controlled soil-particle size for different types of seepage
failure were further proposed, enlarging the application
scope of the criterion.'®? A few numerical simulation
techniques have been proposed in recent years with the
computer-science development. The feasibility of the nu-
merical model was validated by comparing the numeri-
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cal-model results with some physical-experiment re-
sults.?!-22 A few scholars also carried out further research
on the mesh division and solution method of the numeri-
cal simulation, improving the speed and accuracy of the
numerical calculation.”*

In hydraulic structures like dams and levees,
cohesionless soil has been widely used as the filling me-
dium, and the filter is often set as the seepage-proof mea-
sure. The structures are often exposed to complex hy-
draulic conditions such as the wave load and seasonal
precipitation. The filter layer may become invalidated
due to unqualified construction quality in the early stage.
Even though the filter protection is set, the anti-erosion
capacity of a granular filter has to be high due to compli-
cated hydraulic conditions and an invalid filter. There-
fore, this investigation uses an improved permeameter to
study the influences of a periodically variable hydraulic
gradient on the anti-erosion capacity of a granular filter,
providing great significance to the safety of embank-
ments.

2 EXPERIMENTAL PART
2.1 Materials

A rock-soil mixture was selected for the filter and
base samples. It consisted of gravel or stone used as the
filter medium and clay or sand used as the base medium.
In this experiment, natural river pebbles were used as the
filter medium, with particle diameters of (2-5, 5-8,
8—10) mm. Cohesionless fine sands were selected as the
base media, with diameters of (0.075-0.25, 0.25-0.5,
0.5-1) mm, as shown in Figures 1a and 1b.

100 5

1

percent finer by weight (%)

0.1 0.01

Particle Size (mm)

(ec)

Figure 1: Malerials used in the sample preparation: a) natural river pebbles, b) cohesionless fine sands, ¢) grading curve of the base and filter me-

dia
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The basic physical properties of the cohesionless soil
were tested; we determined an internal friction angle of
35°-39°, natural porosity of 0.36-0.42 and density of
1650-1750 kg/m?. The grading curve in this experiment
is shown in Figure 1c. Meanwhile, The effective and
control grain sizes corresponding to the filter and base
media are shown in Table 1.

2.2 Apparatus

The improved apparatus for seepage-failure experi-
ments is shown in Figure 2. This apparatus is composed
of a sample installation system, a hydraulic gradient con-
trol system, and a data acquisition system. The sample
installation system consisted of a 300-mm diameter and
10-mm thick perspex glass chamber that could accom-
modate a 600-mm long test specimen, as shown in Fig-
ure 2b. Piezometer tubes with an inner diameter of 6 mm
were designed to be placed at the water inlet and outside
the sample cylinder. Two piezometer tubes on the outside
had dimensions of 150 mm and 450 mm, and the bottom
of the sample cylinder was selected as the datum. The
bottom and outside of the sample cylinder were specially
designed to prevent the outflow of the cohesionless soil
by laying the filter layer. The inlet and outlet water fun-
nels were provided with two overflow gaps and sealed
screw caps to remove air from the sample cylinder dur-
ing the sample saturation process. Besides, given the im-
pact of the pressure head on the sample during the test, a
spring plate was set at both ends of the sample cylinder,
enabling the porous disc to come into close contact with
the sample.

The hydraulic gradient control system was composed
of a mobile air compressor, water-gas exchange-tank

Piezometer tube

pressure-control cubicle, and downstream tank. On the
upstream side, the air pressure provided by the air com-
pressor is inputted into the pressure-control cubicle for
adjustment and then outputted to the water-gas exchange
tank, which can provide 0-1000 kPa water pressure to
fully meet the test requirements. The downstream part
controlled the height of the water tank through a lifting
platform to adjust the required hydraulic gradient. It
could be controlled within 200 mm to the maximum.
Each part was connected with a 20-mm diameter acrylic
pipe, as shown in Figure 2a.

The data-acquisition system comprised a piezometric
tube panel, water-gathering barrel, electronic scale and
stopwatch. The piezometric tube panel measured the hy-
drostatic pressure at three different locations. The wa-
ter-gathering barrel collected the downstream water out-
put per unit time. The mass of water output was weighed
by an electronic scale to calculate its downstream out-
flow velocity as the average seepage velocity.

2.3 Experiment procedure

All the experiments involved three main steps. The
first step was the filling of the sample. The filter and
base media were poured into the sample cylinder 3-5
times. The thickness of each layer was measured with a
steel ruler after the compaction to ensure that the parti-
cles were evenly distributed and not segregated during
the filling process.

The second step was the saturation of the sample to
expel air and fill all the voids in the sample with water.
Saturation was achieved with the hydraulic gradient con-
trol system. This system allowed the water level in the
sample to rise slowly from the bottom to the top. The

Graduated scale
Lifting platform

Pressure control cubicle

(a)

(b)

Natural river pebbles

Cohesionless fine particles

Figure 2: Sketch map of the apparatus: a) overall sketch of the apparatus, b) detailed map of the sample cylinder
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water level passing through the sample was allowed to
rise 2 cm each time to prevent a potential seepage fail-
ure. After the increase in the water level, the sample had
to be allowed to stand still for 2 h. The total dwell time
was not to be shorter than 4 h. The water level could be
sequentially raised when the water level in the cylinder
was stable and the soil below the water surface was com-
pletely saturated. Finally, the saturation was complete
when the water overflowed from the downstream outlet.

The third step involved the realization of a seep-
age-failure experiment and an analysis of the anti-ero-
sion capacity of the granular filter. For this purpose, the
hydraulic gradient control system was used for applying
the incremental hydraulic gradient to the sample. After
the downstream water head was lowered by 5 cm, it had
to remain stable for 10 min. Meanwhile, the flow rate
(the flow rate was measured three times and the average
value was computed to avoid an error due to the head in-
stability) and the corresponding time were recorded. The
increment of the gradient was stopped until the sample
was damaged or the water head could not be lifted con-
tinuously.

2.4 Experiment schemes

Four sets of water level amplitude and two hydraulic
gradient loading modes were used for the samples to in-
vestigate the influences of a periodically variable hy-
draulic gradient on the anti-erosion capacity of the gran-
ular filter. To isolate the effect of each factor, a set of
experiments was performed on the samples with a given
water level amplitude and different loading modes under
the same conditions. All the scenarios are listed in Ta-
ble 2. Experiments A1-A4 were conducted to investigate
the effects of different water level amplitudes on the
seepage velocity and hydraulic gradient of cohesion-
less-soil particles. The samples used in these experi-
ments had the same particle-size distribution and filter
thickness. Experiments B1-B4 used the same water level
amplitudes as Group A. However, unlike Group A,
which adopted the stepwise loading mode, Group B
adopted the cyclic reciprocating loading mode of the wa-
ter level amplitude. The purpose of Group B was to com-
pare with Group A and explain the effect of different
loading modes of the water level amplitude.
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Figure 3: Two different loading modes: a) stepwise loading mode, b)
cyclic reciprocating loading mode
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Specifically, the stepwise loading mode refers to a
gradual lowering of the downstream tank to a height
specified each time in accordance with the specified wa-
ter level amplitude, namely, a continual raising of the hy-
draulic gradient. Cyclic reciprocating loading means that
the downstream storage tank is gradually lowered to a
specified height and then raised again to the original
height. The hydraulic gradient is adjusted by reciprocat-
ing five times at the same lowering and rising speed of
10 cm/min. The two multi-stage loading modes of the
water level amplitude are shown in Figure 3.

Table 2: Summary of the general information about the experiments
carried out in the study

Sample|  Filter-layer Load water level| Hydraulic gradi-
number | thickness (cm) ar?gétlug;n];er engr:ggg;ng
Al 5
A2 10 Stepwise
loading
2 g
Bl 15 5
B2 10 Cyclic recipro-
cating loading
B3 15 mode
B4 20

3 RESULTS

3.1 Cohesionless-soil-particle movement trends

The samples are divided into three layers from bot-
tom to top, namely, the fine-particle layer, interface layer
and filter layer. At the initial stage, the internal structure
of a sample was stable, and the cohesionless-soil parti-
cles in the fine-particle layer were evenly distributed
without any migration (Figure 4a). With the increase in
the hydraulic gradient, the cohesionless soil was con-
stantly impacted by the water flow. The cohesionless-soil
particles began to move and the surface fine particles on
the interface layer started to move up and down continu-
ously, gradually moving away from the fine-particle
layer and migrating inside the filter layer when the hy-
draulic gradient reached a certain level (Figure 4b). The
number of the cohesionless-soil particles in the interfa-
cial layer increased. Some of the cohesionless-soil parti-
cles were lost in the fine-particle layer, gradually form-
ing a local preferential water-flow pathway with a
continuous increase in the hydraulic gradient (Fig-
ure 4c¢). Subsequently, cohesionless-soil particles gradu-
ally penetrated the filter layer. Even if there was a fil-
ter-layer protection, the cohesionless-soil particles were
eventually flushed out of the filter layer, causing seepage
failure (Figure 4d).

According to the summary of the seepage-failure pro-
cess, the whole test process can be divided into two or
three phases. The first phase lasted from the beginning of
the test to the dynamic equilibrium of the sample. The
hydraulic gradient applied to the sample increased grad-

Materiali in tehnologije / Materials and technology 55 (2021) 4, 491499
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Figure 4: Particle migration paths: a) stable slate: b) critical start; ¢)
intrusion into the filter layer; d) being flushed out of the filter layer

ually in this phase, but the dynamic equilibrium of the
cohesionless-soil particles was still maintained since the
seepage force was relatively low. The second phase
lasted from the stable state to the critical start of
cohesionless-soil particles. The cohesionless-soil parti-
cles were gradually eroded, and the eroded fine particles
were continuously carried into the filter layer by the wa-
ter flow in this phase. In the third phase, many fine parti-
cles were flushed out of the filter layer by the fast-flow-
ing water, and the whole sample was destroyed in a short
time.

3.2 Changes in the seepage velocity and hydraulic gra-
dient under the water-level amplitude

The water level in the test was changed by stepwise
loading and was divided into four groups with different
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water-level amplitudes, namely Ha, = 5 cm,
Ha; = 10 ¢cm, Hay = 15 ¢cm and Hay = 20 cm. Curves of
the changes in the seepage velocity with the time is
shown in Figure 5a. The seepage-velocity curves with
the time for the four groups show that the particles are in
a stable state at the initial time. A turning point appears
on the curve with the increase in the test time. At this
time, the sample reaches the critical starting state. Subse-
quently, fine particles enter the filter layer with the water
flow, forming a seepage channel leading to seepage fail-
ure. Four sets of different water level amplitudes show
that with the increase in the water level amplitude, the
time for the particles of cohesionless soil to be flushed
out of the filter layer gradually decreases. Meanwhile,
the filter layer no longer serves as the buffer against
seepage failure, and the anti-erosion capacity of the
granular filter is almost completely lost due to large wa-
ter level amplitudes. From the above phenomenon of the
seepage test, it can be concluded that the surface parti-
cles start to pulsate continuously and reach the hydraulic
gradient required for the critical start-up, called the criti-
cal hydraulic gradient i.. Subsequently, the cohesion-
less-soil particles gradually enter the filter layer to form
a seepage channel. The hydraulic gradient at this time is
called the destructive hydraulic gradient i.

The critical hydraulic gradient and destructive hy-
draulic gradient of the sample underwent notable
changes under different water level amplitudes. A double
logarithm curve of the seepage velocity with the increase
in the hydraulic gradient is shown in Figure 5b. During
the first stage, the relations between the hydraulic gradi-
ent and the seepage velocity were linear, implying the
stability of the cohesionless-soil particles based on
Darcy’s law on seepage. During the second stage, the in-
crease in the seepage velocity accelerated when the hy-
draulic gradient exceeded the critical value. At this stage,
fine particles with the water flow were observed in the
filter layer as the hydraulic gradient increased continu-
ously. In the third stage, the seepage velocity reached the
relative maximum when the hydraulic gradient exceeded
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Figure 5: a) Curves of the seepage-velocity changes with time under different water-level amplitudes, b) influence of different amplitudes of the

waler level on the seepage velocily and hydraulic gradient
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the destructive hydraulic gradient. At this point,
cohesionless-soil particles were flushed out of the filter.
Remarkably, there was no jump in the movement of the
cohesionless-soil particles as it directly changed from a
relatively stable state to rushing out of the filter when the
water level amplitude was 20 cm. The relation curves of
A1-A4 are nearly identical in all three stages. The first
stage indicates the initial permeability coefficients of the
cohesionless soil. The initial permeability coefficients of
the four groups, fitted with the least square method, had
an average of 0.0019 cm/s.

The turning point corresponding to the relationship
between the seepage velocity and the hydraulic gradient
is used as the critical value between the first and the sec-
ond stage, which means that a sudden change in the
seepage velocity is a precursor to seepage failure of
cohesionless-soil particles. The critical hydraulic gradi-
ent of fine particles decreases from 9.76 to 8.75 with the
increase in the water level amplitude. It is further clari-
fied that the larger the water level amplitude, the earlier
the cohesionless-soil particles reach the critical starting
state, and the more sudden is the seepage failure.

Figure 6 shows the curves for critical hydraulic gra-
dient i. and destructive hydraulic gradient iy under differ-
ent water-level conditions. The results show that i. and iy
decrease gradually with the increase in the water level
amplitude. There is an obvious gap between i. and iy
when the water level amplitude is lower. The gap be-
tween them becomes smaller and smaller; they tend to be
almost the same when the water level amplitude is
higher. This changing trend of hydraulic gradient also
shows, once again, that the amplitude of the water level
has an obvious influence on the anti-erosion capacity of
a granular filter. With the increase in the water level am-
plitude, the hydraulic gradient required for cohesionless
soil to reach the critical starting point and move out of
the filter layer is smaller, and the time from the relative
stability to the destruction of the cohesionless-soil parti-
cles is shorter.

10.5
—O— Destructive hydraulic gradient i
—&— Critical hydraulic gradient i,
= 100
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g
=T1)
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Figure 6: Changes in the critical and destructive hydraulic gradient
with the waler level amplitude (stepwise loading mode)
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3.3 Influence of different loading modes for the hy-
draulic gradient on the anti-erosion capacity of the
granular filter

The influence of the above water level amplitude on
the anti-erosion capacity of the granular filter was dis-
cussed. The hydraulic gradient of tests A1-A4 was
loaded using the stepwise mode. However, the hydraulic
conditions of protection projects in practical engineering
are often unstable. Therefore, the loading mode of a rela-
tively complex hydraulic gradient, namely, the cyclic re-
ciprocating loading mode is used when discussing the
characteristics of the two different loading modes in this
section. The hydraulic gradient of tests B1-B4 was
loaded using the cyclic reciprocating mode. It was found
that the migration law of cohesionless-soil particles is
similar to that of tests A1-A4, which also had two or
three stages in the testing process. Although the parti-
cle-transport laws under different loading modes are
quite consistent, it is possible to identify some differ-
ences between them: only test A4 (Ha = 15 cm) in Group
A did not go through the second phase; compared with
Group A, B3 and B4 did not go through the second
stage, but straight from the first stage to the third stage.
When the water level amplitude was 15 cm, the fine par-
ticles in Test B3 remained relatively stable until the hy-
draulic gradient increased to 6.36. When the hydraulic
gradient increased to 7.65, the fine particles moved with
the direction of the water flow, and the fine particles in
the interface layer moved slightly. When the hydraulic
gradient increased to 8.32, a large deformation of seep-
age failure occurred and a seepage passage was formed.

It can be found from tests A1-A4 and B1-B4 that the
influence of different hydraulic-gradient loading modes
on the anti-erosion capacity of the granular filter is also
significantly different under the same water level ampli-
tude. Figure 8 compares the hydraulic gradient and seep-
age velocity under two loading modes with the same wa-
ter level amplitude. It can be seen that the critical
hydraulic gradient of cyclic reciprocating loading mode
is smaller than that of the stepwise loading mode, and
the destructive hydraulic gradient of the former is also
smaller than that of the latter, even at lower water level
amplitudes of 5 cm and 10 cm. At higher water level am-
plitudes of 15 cm and 20 cm, it is more obvious that the
two hydraulic gradients of tests B1-B4 under the cyclic
reciprocating loading mode are smaller, the water level
amplitude series experienced is reduced, and the test du-
ration is shorter than for tests A1-A4. In terms of spe-
cific data, the gradient required for seepage failure in the
cyclic reciprocating loading mode was reduced from
93.7 % of the stepwise loading mode to 71.8 %, showing
a rapid declining trend. Compared with the stepwise
loading mode, the cyclic reciprocating loading mode has
a greater impact on the anti-erosion capacity of
cohesionless soil so that a more abrupt seepage failure
occurs, which is more difficult to prevent and control
even with the protection of the filter layer.
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Figure 7: Comparison of seepage-velocity changes with the hydraulic gradient under different water level amplitudes with loading modes:

a) Ha; = 5 cm, b) Ha; = 10 cm, ¢) Hay = 15 cm, d) Hay = 20 cm
4 DISCUSSION

The experiments revealed that the cohesionless-soil
particles lose the anti-erosion capacity and flow out of
the filter layer even under the protection of the filter
layer due to the increase in the hydraulic gradient caused
by the rising water level. It can be seen from the follow-
ing classical Terzaghi filter retention criterion (Equations
1 and 2) that D,s/ds of the materials used in this test is
equal to 52.50, which allows a free passage of the seep-
ing water through fine particles. However, this test simu-
lated the invalid filter layer caused by poor construction
quality. Dgs/d,s of the test material is equal to 15.51;
namely, the average pore diameter of fine particles is
larger than the control particle size of the protected soil,
which does not conform to the filtering principle. There-
fore, none of the fine particles from the two groups could
form a self-filtering and self-stable structure to prevent
further migration of fine particles. This indicates that the
invalid filter layer has a certain protective effect, but it
cannot prevent a seepage failure, which is consistent
with previous studies.>?"

Dlsl{das = 4"“5 (l)
DlS‘I{dIS = 4"“5 (2)

The influence of different hydraulic gradient loading
modes on the anti-erosion capacity of the granular filter
is also significantly different under the same water level
amplitude at each stage. The effect of dynamic water
flow on the cohesionless soil at the cyclic water level is
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more obvious than the seepage under the water level
caused by stepwise loading. Firstly, irrespective of the
duration of the test or the specific values of the critical
hydraulic gradient and destructive hydraulic gradient, as
shown in Figures 6 and 7, Group B with cyclic recipro-
cating loading shows a more violent particle loss and
weaker anti-erosion capacity. As the cohesionless soil
exhibits dynamic stability under a low hydraulic gradi-
ent, it changes from being relatively stable to unstable
with the periodic fluctuation of the hydraulic gradient,
especially with a rapid hydraulic gradient increase.

Furthermore, the dynamic water flow continuously
impacts the sample, which results in a rapid increase in
the dynamic water pressure in the sample. The pore wa-
ter pressure in the cohesionless soil cannot dissipate in
time, resulting in a large amount of excess pore water
pressure in the soil. On the one hand, the pore water
pressure generated by the cyclic reciprocation of the hy-
draulic gradient causes a temporary increase in the local
hydraulic gradient, which increases the seepage force,
thus also increasing the erosion capacity of seepage.’*?
On the other hand, with the increase in the seepage force,
the amount of fine particles is smaller. Therefore, the
critical hydraulic gradient under the cyclic loading of the
water level amplitude is smaller than that under the
step-by-step loading.

Secondly, the hydraulic gradient distribution in the
soil is not uniform under circulating reciprocating water
flow. The hydraulic gradient in the soil near the action
boundary of circulating water flow is larger, while that in
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the soil far away from the action boundary of circulating
water flow is smaller. The boundary scouring is aggra-
vated with a concentrated consumption of the impact en-
ergy on both sides of the soil. The energy after scouring
flows further into the soil body due to repeated scouring
of the boundary soil mass and soil-particle loss, which
gradually causes the seepage failure. This phenomenon
is worth noting in engineering practice.

5 CONCLUSIONS

A set of laboratory experiments was carried out using
an improved apparatus to study the influence of hydrau-
lic conditions on internal erosion, from which the follow-
ing conclusions can be drawn:

The seepage failure mode of this experiment was
contact erosion, and the erosion process can be divided
into three stages. A sudden increase in the seepage ve-
locity was the precursor of seepage failure, and even an
invalid filter layer could mitigate the damage caused by
the seepage failure under its protection. However, the in-
valid filter layer could not prevent the seepage failure,
which was consistent with the previous studies. The criti-
cal hydraulic gradient and destructive hydraulic gradient
for the seepage failure of fine particles decreased with
the water level amplitude.

The damage made to the anti-erosion capacity of the
granular filter by the two kinds of hydraulic gradient
loading modes was almost the same under the action of a
lower water level amplitude. Under a higher water level
amplitude, the loss of fine particles due to the cyclic re-
ciprocating loading was intensified. Its hydraulic gradi-
ent of failure was 71.8 % of that for the stepwise loading,
indicating that the former was more likely to cause insta-
bility and destruction, and was harder to prevent.

In this test, homogeneous soils mixed with different
particles were used as the test objects, but most of the
soils in the actual engineering are inhomogeneous, mak-
ing the process more complicated. Further research is
needed to study the influence of hydraulic conditions on
the anti-erosion capacity of a granular filter composed of
inhomogeneous particles.
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