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Abstract

Sand boiling is a type of hydraulic failure occurring the downstream of dams with huge damages. In this study, the reinforcement
effect of Firuzkuh sand with bulk continuous filament (BCF) fibers and geotextile (woven and nonwoven) on the resistance to
boiling is examined on a laboratory scale. For this purpose, an upward seepage apparatus was designed and fabricated. In
reinforcement with BCF fibers, with increasing the weight percentage of fibers, soil strength increased and the permeability
coefficient was changed. In soil reinforcement with geotextile, two types of woven and nonwoven geotextiles were used in two
modes of one and two layers. Based on the results of the performed tests on these samples, the reinforced samples have shown
more resistance to boiling than the natural samples. Also, the increase in critical hydraulic gradient and seepage force (to sand
boiling) was found to be a function of the type and number of geotextile layers. Moreover, in this research, the effect of the
relative compaction of the sample on permeability and critical hydraulic gradient of samples (reinforced and unreinforced) was
investigated. According to the results, in denser samples, the boiling is delayed and soil improvement (a reinforcement with fibers
and geotextile) is significantly effective.

Keywords Geosynthetics - Hydraulic failure - Sand boiling - Critical hydraulic gradient - Soil reinforcement - BCF fibers and
geotextile

Introduction

Sand boiling and piping are phenomena that occur inside the
porous soil mass due to upward water seepage. According to
the Mohr-Coulomb failure criterion for granular soils, the
shear strength in sandy soils dissipates with zero effective
stress and due to the lack of cohesion between the particles,
the soil collapses. Moreover, according to Bernoulli’s
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Equation in fluid mechanics, the head difference between
two points causes water movement from a point with a higher
potential to a point with a lower potential. Moving water by
applying hydrodynamic forces to soil particles can decrease or
increase the effective stress of soil. As the upward water
moves, the effective stress decreases, and the seepage force
is applied to the soil particles in the form of erosive and
uplifting. In other words, the resistance and driving factors
in the sand boiling and piping phenomenon are the effective
stress between the particles and the seepage force. In this
situation, if the driving factor overcomes the resistant factor
and the effective stress decreases to zero, hydraulic failure
occurs and the sand boils. Terzaghi (1943) implemented a
series of theoretical and laboratory investigations and then
proposed Eq. (1) as the boundary condition for the occurrence
of the sand boiling and piping phenomenon (i..,.).

Gl
T e+1

(1)

lCl‘
where Gs is the specific gravity of the soil and e is the void

ratio. Based on this equation, in unreinforced soils (without
the use of reinforcing elements), the amount of critical
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hydraulic gradient of sand increases with increasing relative
compaction of soil (reducing void ratio), and sand boiling is
delayed. To determine the critical hydraulic gradient of the
soils, Wu (1980); Liu (1992); and Zhou et al. (2010) provided
theoretical relationships to predict the occurrence of the piping
phenomenon for hydraulic structure. Piping is the progressive
erosion and transportation of soil particles along a flow path
(Falamaki et al. 2020). There is a possibility of hydraulic
fracture at the downstream of the dams and hydraulic dikes
which this failure in the form of sand boiling or piping leads to
the total or partial failure of these structures. Foster et al.
(2000) conducted comprehensive studies on the causes of
dam failure until 1986 and stated that 46% of all failures in
dams are attributed to the piping occurrence in the embank-
ment or foundation of dams. However, it is of note that piping
is most common in fine-grained soils such as fine sand, silt,
and coarse clay (Bhagyalekshmi et al. 2015).

Skempton and Brogan (1994) designed and fabricated an
apparatus to simulate the sand boiling and piping phenome-
non. Next, they conducted a laboratory study on sandy gravel
soils and examined the relation of critical hydraulic gradient
and stability index of soil. The basis of this apparatus is to
create a head difference between the lower and upper points of
the soil sample and to create an upward flow in the soil.
Furumoto et al. (2002); Sivakumar and Vasudevan (2008);
Das et al. (2009); Das and Viswanadham (2010);
Soltannejad et al. (2016); Estabragh et al. (2016); and Yang
et al. (2017) examined the effect of sandy soil reinforcement
with natural and synthetic fibers on the critical hydraulic
gradient. The results of these researches showed that
reinforced soil with randomly distributed fibers is more
resistant than natural soil samples. In these studies,
parameters such as the type, length, and percentage of fibers
mixing were evaluated. In general, the results of these studies
show that with increasing the weight percentage and length of
the fiber, the resistance of the samples against the piping is
increased. Richards and Reddy (2010) investigated the critical
hydraulic gradient of the soil and the discharge velocity during
the piping for noncohesive soils. Van Beek et al. (2010), based
on the Sellmeijer model (Sellmeijer 1988), examined the pip-
ing process at small, medium, and large scales for water
retaining structure in the Netherlands. Next, based on their
observations, they introduced four phases of seepage,
backward erosion, widening of pipe, and final fracture of the
levee for the occurrence of piping. Fujisawa et al. (2013) con-
ducted laboratory and numerical studies and obtained the
seepage force and velocity of particle movement during sand
boiling. Yang and Wang (2017) performed statistical compar-
isons between theoretical relationships and laboratory results
of hydraulic failure. Next, by calculating and measuring
critical hydraulic gradient, they obtained the margin of these
relationships error compared to laboratory observations.
Divya et al. (2018) examined the effect of polypropylene
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and polyethylene fibers on the permeability of two types of
silty soils and stated that increasing the characteristics such as
percentage and length of fibers in silty soil reinforcement
causes variation in the permeability coefficient of the
sample, leading to some changes in the water seepage
velocity. Chegenizadeh et al. (2018) performed a cyclic triax-
ial test on reinforced silty soil with fibers (BCF) and compared
the results for natural and reinforced specimens. They found
that the number of required cycles for the occurrence of
liquefaction in reinforced samples is higher than
unreinforced specimens. Taghvaei et al. (2019) performed a
numerical study at upstream of the dam to reduce seepage
from the body of a homogeneous earth dam. In this research,
they examined the effect of mixed sandy soil blanket using
different weight percentages of montmorillonite nano-clay.
Yang et al. (2019) conducted a case study of the Mawujing
tailing dam in China and based on their statistical and dynamic
analysis, they considered the use of nonwoven geotextile
tubes as a suitable alternative for fine materials in the design
and operation phase of the dam. Azar et al. (2019) investigated
the process of sand boiling phenomenon occurrence in the
foundation of hydraulic structures by numerical modeling.
According to their results, in addition to the parameters in
the proposed equation by Terzaghi (1943), to determine the
critical hydraulic gradient of soil, other factors such as dilation
angle and internal friction angle of sand also can affect the
safety and stability of soils against sand boiling. Jewel et al.
(2019) performed sand boiling test on silica sand and reported
that the cause of sand boiling is zero shear stress of
cohesionless soils and concluded that there is a linear
relationship between critical shear stress and hydraulic
gradients and evaluated the trend of shear stress variations as
a decrease in upward seepage. Tian et al. (2020) by investi-
gating the hydraulic failure of the erosion type found that
coarse particles suspended in a fine matrix could somewhat
increase the soil’s shear strength and reduce its internal
erodibility.

Reviewing previous studies on seepage and hydraulic fail-
ure reveals that the majority focus of the past researches have
been on soil reinforcement with fibers, and the effect of per-
centages and lengths of different types of fibers on sandy soils
with different amounts of silt has been investigated.
Reviewing these studies shows that due to the need to main-
tain hydraulic structures, the issue of soil improvement against
hydraulic failures such as sand boiling is still an important
challenge for geotechnical engineers. In the present study,
BCF yarn and geotextile (both nonwoven and woven) were
used as reinforcing elements for Firuzkuh 171 sandy soil (lo-
cated in the north of Iran) and the effect of fiber percentage,
relative compaction, type, and the number of geotextile layers
on the critical hydraulic gradient of the sand was investigated.
To the best of our knowledge, past research has been limited
to three types of polyethylene, polyester, and polypropylene
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fibers and the effect of parameters such as relative density and
relative compaction of the sample on critical hydraulic gradi-
ents of the sample has been less studied. Therefore, the type of
used reinforcement (BCF fibers and geotextile) in this re-
search and the construction of the sample with different com-
pression levels have not been investigated so far. Also, the use
of BCF fibers in this study, regarding their applications in
carpets and rugs, is a suitable and environmentally friendly
option that can be used as a recyclable material for soil
reinforcement.

Materials and methods

In this study, Firuzkuh 171 sand (standard sand in the north of
Iran), BCF fibers, woven, and nonwoven geotextiles were
used as reinforcement elements. Firuzkuh sands are extracted
from the quarry of Firuzkuh city, located in the north of Iran
and using crushers and screening in different types, they are
used for various purposes such as water purification and cast-
ing. Since Firuzkuh 171 sand lacks fines (silt and clay), it has a
high potential for boiling and piping. In order to determine the
physical and mechanical properties of the soil, BCF fibers,
and geotextiles which have been used in this research, identi-
fication tests have been performed.

Soil characteristics

As mentioned earlier, the soil used in this study is sandy soil
with zero fine-grained (passing through sieve No. 200) per-
centage and all soil particles being smaller than 1 mm. The
obtained values of the uniformity coefficient and the curvature
coefficient from the sieve analysis for this soil are 2.2 and
1.06, respectively. According to the unified classification sys-
tem (ASTM D2487-17 (2017)), the studied soil is named SP
(poorly graded sand). To determine the maximum and mini-
mum dry unit weight of soil, a relative density test (ASTM
D4253-16el (2016) & ASTM D4254-16 (2016)) was carried
out. To make and prepare the samples in the loose and dense
state, sand vibration along with surcharge load and sand
pluviation methods was used, respectively. Based on these
tests, the minimum and maximum void ratios of this sand
are 0.586 and 0.984, respectively. Table 1 shows the soil
properties in this study.

Reinforcement specifications

The used reinforcements in this study include BCF fibers (in
the form of mixing with randomly distributed) and geotextiles
(in two modes of woven and nonwoven) (Figure 1). BCF
reinforcement is in the form of yarn that is obtained from the
weaving of polyester and polypropylene microfibers and is
used in the industry for weaving carpets, rugs, and other loom

Table 1 Physical and mechanical properties of the soil

Property Value
Maximum dry unit weight (g/cm?) 1.67
Minimum dry unit weight (g/cm®) 1.36
Specific gravity (Gg) 2.65
Gravel percent (%) 0
Sand percent (%) 100
Silt percent (%) 0
D10 (mm) 0.17
D50 (mm) 0.36

textiles. In this research, the number of filaments and deniers
of these fibers are 400 and 900, respectively, and the length of
each filament is 5 cm. Another type of used reinforcements in
this study is woven and nonwoven geotextiles (both are made
of polyester) and their main difference is in the rate of water
permeability. Tables 2 and 3 show the physical and mechan-
ical properties of BCF yarn and geotextiles, respectively.

The sand boiling test device

In general, there are no specific standards and criteria for sand
boiling and piping modeling device. The idea of piping device
design was first proposed by Skempton and Brogan (1994).
Other researchers, such as Furumoto et al. (2002); Sivakumar
and Vasudevan (2008); Das et al. (2009); Das and
Viswanadham (2010); Soltannejad et al. (2016); and
Estabragh et al. (2016), designed devices using the
Skempton and Brogan (1994) model to determine critical hy-
draulic gradients. In this study, using the concept of sand
boiling and piping phenomenon, a specific device has been
made to simulate this phenomenon. Figures 2 and 3 show the
details of the device in the form of schematically and realisti-
cally, respectively. According to Figure 2, the device consists
of an elevator with a range (maximum height that the moving
plate can climb) of 80 cm and has a moving plate and a plat-
form (fixed plate).

A moving plate is mounted on the right side of the device,
on which the water supply reservoir is placed. This reservoir is
Teflon cylindrical with an inner diameter of 10 cm, and the
water level control pipe (2) is installed at a distance of 10 cm

Table 2 Physical and mechanical properties of BCF fiber

Property Value
Ultimate tensile strength (Mpa) 481
Elastic modulus (Gpa) 343
Specific gravity 1.33

No. of denier 2.5

type Polyester
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Table 3 Physical and mechanical

properties of geotextiles Material Geotextile Permeability Tensile strength Opening size Thickness
name type (cm/s) N) (mm) (mm)
Woven Polyester 0.01 1250 0.07 Less than 1
Nonwoven Polyester 0.24 700 0.21 1

from the reservoir base. In other words, excess water is re-
moved from the system through the water level control pipe
and the reservoir can hold water up to a height of 10 cm. As
shown in Figure 2, on the left side of the device, there is a
platform (fixed plate) which a calm reservoir, a sample cell,
and a downstream transparent ring are placed on it. The calm
reservoir is connected to the water supply reservoir by the
water flow transfer tube (3) and the cell (sample location) is
installed on it. The sample cell is a Teflon cylinder with a
diameter and height of 10 cm. The calm reservoir leads to
the uniform distribution of the inlet water pressure at the base
of the sample cell. In the connection path of the water transfer
tube, a valve (cut off/on) has been installed, so that the increas-
ing process of the water height in the upstream area of the
system can be performed step by step. To measure the hydrau-
lic gradient, two piezometers (4) with an inner diameter of
4 mm and a distance of 7.5 cm from each other were used in
the bottom and top of the sample. At the bottom of the sample
cell, there is a screen (number 200) to keep the soil in place
and allow water to enter the sample cell which causes the

Fig. 1 Geotextiles and BCF
fibers

Woven geotextile

@ Springer

uniform distribution of water pressure and prevents soil parti-
cles fall inside the calm reservoir. On the sample cell, a trans-
parent ring was used to see the heaving of the soil surface
during boiling, so that the water outlet tube (to exit the water
from the system and to measure the discharge flow) is placed
at a distance of 2.5 cm from the sample surface. In this device,
the elevation of the water level control pipe and the water
outlet pipe show the water level in the upstream and down-
stream of the system, respectively, and the zero-gradient point
(alignment line) is defined as the alignment of the upstream
and downstream height. Also, due to the maximum range of
elevators and 10-cm height of the sample cell, the device can
apply the hydraulic gradient up to a value of 8 on the sample.

Method of sand boiling tests
Sample preparation

As was mentioned earlier, in this study, the soil is reinforced
with BCF fiber, woven, and nonwoven geotextiles. In the

Non-woven geotextile
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Fig. 2 Schematic of the sand boiling test device (upward seepage test
system): (1) water supply pipe, (2) water level control pipe, (3) water flow
transfer tube, and (4) piezometer

reinforcement with fiber, three different weight percentages of
0.1, 0.25, and 0.5 were used and in the reinforcement with
geotextiles (woven and nonwoven), the reinforcement ele-
ments are used as single-layer and double-layer. Besides, nat-
ural and reinforced specimens were made in three loose, me-
dium, and dense compaction states at 80%, 90%, and 96%
relative compactions, respectively. To make the samples with
different compaction status, due to the sandy nature of the
studied soil, the vibration method with applying overhead
has been used to obtain the maximum dry unit weight of the
sample that the frequency and amplitude of vibration accord-
ing to the standard (ASTM D4253-16) are 2600 rpm and
0.635 cm, correspondingly. The compaction conditions of re-
inforced specimens with geotextile do not differ with the nat-
ural specimens in terms of maximum dry unit weight, because
there is no mixing between soil particles and geotextile tissue,
and geotextiles are placed as a layer at different distances
within the soil. While the random distribution of fibers inside
the soil affects the maximum dry unit weight sample. For this
purpose, the test of determining the maximum dry unit weight

Fig. 3 Overview of upward
seepage device

(A): Water level control pipe
(B): Water inlet

(C): Water outlet

(D): Sample cell

(E): Calm reservoir

(F): Piezometer
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Table 4 Maximum dry unit

weight of the samples Fiber content (%) Length of fiber (cm) Maximum dry unit weight (g/cm”)
0.00 5 1.67
0.10 5 1.62
0.25 5 1.61
0.50 5 1.59

was performed on a natural and reinforced sample with a
weight percentage of 0.1, 0.25, and 0.5 (Table 4 and Figure 4).
According to Figure 4, the maximum dry unit weight of
natural soil is 1.67 (g/crn3 ). However, with the addition of
fibers due to the replacement of fibers with soil particles (fiber
density is lower than soil particles), the maximum dry unit
weight of the sample is reduced. So that, by adding 0.5%
fibers to the soil, the maximum dry unit weight of the sample
is reduced to 1.59 g/cm?®. In this study, the concept of relative
density has been used to determine the dry specific weight of
samples in different compaction conditions. For this purpose,
the relative compaction for the three states of loose, medium,
and dense samples is considered 80%, 90%, and 96%, respec-
tively. According to Eq. (2), the dry unit weight of the sample
(Ysample) With relative compaction of R, is as follows:

(2)

where Yqmax 1S the maximum dry unit weight of soil.
Accordingly, the weight value of the natural sample of Wj
inside the cell of the device can be calculated by having the
sample volume (V) (Eq. 3):

Vsample = Re Y gmax

3)

As mentioned earlier, reinforcement with geotextiles is con-
sidered as one and two layers. In the single-layer case, the
geotextiles are located in the center of the cell (i.e., at a distance
of 1/2 from the sample cell base (% is the height of the device
cell) and in the two-layer mode, the distance between the

W, = 7 sample 4

geotextiles is /#/3 (Figure 5). To determine the weight of the
required soil to make reinforced specimens with geotextile, the
dry unit weight of the natural sample is used. Consequently, for
reinforced samples with one and two layers of geotextiles, the
weight amount of the desired soil is divided into two and three
equal parts, respectively and geotextiles are layered on the soil.

To obtain the soil weight (W) and the weight of the used
fibers (W) for reinforced samples with F'% fibers and the
relative compaction of R, Egs. (5) and (6) are used:

Wr = Re Vamax (o) V (4)
Wr

L= 5

U1+ F )

W, = FW, (6)

In these relations, Y max (F%) is the maximum dry unit
weight of the sample with 7% fibers and Wy is the weight of
the reinforced sample with fibers. Accordingly, reinforced
samples by fiber are made in different mixing percentages
and various compaction conditions.

How to perform the boiling test

To perform the sand boiling test, in the first step, the sample is
compacted to a certain extent using a plastic hammer and tam-
per (Figure 6). The mixing of fiber with sand has been done
with the proposed method by Yetimoglu and Salbas (2003) for
reinforced specimens by fibers. For this purpose, the weight of

Fig.4 Variation of maximum dry 1.68
unit weight with different fiber — 167 $
contents £ ’
= 1.66
) 1.65
K
= 164
£5 163
2 B
= 1.62 <
E 1.61 o
= 1.6
S
= 1.59 Lo
1.58
0 005 0.1 015 02 025 03 035 04 045 05 0.55
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Fig. 5 Location of the
geotextile’s layers in the cell of
the sand boiling apparatus

h=10cm

soil and fibers for each sample with a certain percentage of
fibers is calculated according to the volume of the device mold
and the relative compaction of the sample. Then, the amount of
soil and fibers are divided into three almost equal parts and in
each part, the fibers and soil are mixed together so that the
distribution of fibers in the soil is almost uniform. After prepar-
ing the samples, the sample cell is placed on the calm reservoir.

To prevent the bubble formation inside the empty space of
the calm reservoir and the uniform distribution of water pres-
sure, the calm reservoir is filled with rubble. After placing the
sample cell on the calm reservoir, the water supply reservoir is
placed 2cm above the alignment line of upstream with down-
stream. Afterward, the valve (cut off/on) is opened to allow
water to flow from the reservoir to the sample cell. The satu-
ration time of the samples depends on the permeability coef-
ficient of the sample. The condition for the saturation and
stability of the flow is a constant outflow. After saturation of
the sample, the output discharge rate can be calculated using
the output water volume and a timer. Finally, the discharge
velocity (v) of the flow is obtained from Eq. (7).

Y

V== (7)

Fig. 6 (a) Sample compaction
method and (b) from right to left
respectively: tamper, calm reser-
voir, and sample cell

T
)

v

One layer

N

rwo layers

where Q and A are the flow rate and sample cross-section,
respectively. Hydraulic gradients can also be calculated using
the measured differences head by piezometers. After record-
ing the discharge velocity and hydraulic gradient, the flow
valve is closed and the elevator is placed at a higher level
(about 2 cm higher than the previous step). Then, the flow
valve is reopened and after stabilizing the water flow, the
water flow velocity and hydraulic gradient are measured as
the previous step. This process is performed in each hydraulic
gradient to determine related discharge velocity for different
hydraulic heads (different heights of the water supply reser-
voir). The water supply reservoir rises to the point where the
boiling is observed and after that, the test is finished. At the
moment of boiling, the sand particles are separated from the
soil texture, and by moving upward causes the hydraulic fail-
ure of the sample. In this study, conditions such as sand boil-
ing, heaving surface of the sample, muddy water at the down-
stream of the system, and increase in flow discharge are con-
sidered as signs of hydraulic failure. If one or more of these
conditions are observed, the test is completed and the water
flow velocity diagram to the hydraulic gradient of the sample
is plotted. Using this diagram, the values of the critical hy-
draulic gradient, the resistant force to the boiling

@ Springer
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phenomenon, the permeability coefficient, and the flow mode
(turbulent and laminar flow) are obtained. In this study fol-
lowing Darcy’s law, to calculate the permeability coefficient
of the samples, from ratios average of discharge velocity to
hydraulic gradient for different points of this graph (v—) have
been used that the Reynolds number of this point must be less
than 1 (the laminar flow) (Das 2019). Figure 7 shows the
water discharge velocity to the hydraulic gradient of the nat-
ural sample with relative compaction of 80%. According to
this figure, the intersection of the passing vertical line through
the fracture point with the axis of the hydraulic gradient rep-
resents the critical hydraulic gradient. This line divides the
graph into two parts before and after boiling. For the used
sandy soil in this study, Darcy’s law is valid for all points in

Fig. 8 The situation of the
samples during sand boiling: (a)
and (b) laminar flow (before
boiling); (c) and (d) turbulent
flow (after boiling)

@ Springer

Hydraulic gradient (i)

the pre-boiling stage, while after the occurrence of sand boil-
ing, turbulence flow is observed.

The Reynolds number criterion for determining the flow
mode in different references is provided only for unrein-
forced samples. As a result, for natural samples at relative
compaction of 80%, 90, and 96% (for loose, medium com-
paction, and dense samples, respectively), the Reynolds
number values for hydraulic gradients before and after
the boiling phenomenon have been calculated (pre-boiling
points are dots where their hydraulic gradient is less than
i.). By examining the used soil in this investigation, the
flow mode changed from calm to turbulent at the moment
of boiling, and the soil resistance against seepage was
eliminated and as a result, the soil has failed. Figure 8
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Table 5 Details of boiling test results for the sand reinforced by BCF
Fiber  Relative i,  k(cm/s) Reynolds Reynolds Seepage
content compac- number number  force
(%) tion (%) (before (after sand during
sand boiling)  sand
boiling) boiling
™)
0 80 0.78 0.078  0.228 1.46 6.12
0 90 0.98 0.055  0.206 1.26 7.69
0 96 1.50 0.030  0.213 1.80 11.77
0.1 80 0.98 0.084 7.69
0.1 90 1.28 0.054 10.04
0.1 96 2.16 0.029 17.01
0.25 80 0.98 0.095 7.693
0.25 90 1.57 0.053 12.32
0.25 96 2.56 0.028 20.09
0.5 80 0.98 0.132 7.69
0.5 90 1.67 0.048 13.10
0.5 96 3.05 0.024 23.94

The Reynolds number is estimated using R, = % (Das 2019)

shows the situation of the sample in the laminar and turbu-
lent modes.

As shown in Figure 8c and d, the sample heave occurred at
the moment of boiling and as a result, the sand particles
moved upwards and the sample’s resistance disappeared
against seepage and finally with the sudden failure of the
sample, the flow discharge increases. The seepage force (p,,) at
the moment of boiling is calculated from Eq. (8).

Py = ’YwiCVV (8)

where v, i.,, and V are the specific weight of water, critical
hydraulic gradient, and sample volume inside the device,
respectively.

Results and discussion

In this study, considering three compaction states loose, me-
dium density, and dense for all samples (natural and rein-
forced), 24 sand boiling experiments were performed on the
samples. The tested samples include natural, fiber-reinforced
samples at mixing percentages of 0.1, 0.25, and 0.5 and as
well as reinforcement with woven and nonwoven geotextiles
in two modes of single and double layers. The results of sand
boiling tests for natural and reinforced samples with fiber and
geotextiles (including permeability coefficient, critical hy-
draulic gradient, and seepage force at the time of boiling) are
presented in Tables 5 and 6, respectively.

Table 5 shows that amounts of the Reynolds numbers
are calculated for natural samples at the after and before
boiling points. Accordingly, for natural samples, the
Reynolds number before the boiling point for all three
samples is less than 1 and indicates a laminar flow. The
laminar flow is the zone for determining the permeabil-
ity coefficient because Darcy’s law is valid for this sit-
uation. The number of Reynolds points after boiling for
natural samples is higher than 1 and represents a turbu-
lent flow. In other words, with hydraulic failure in the
samples, the soil cannot control water seepage, and as a
result, a turbulent flow is created by increasing the dis-
charge of water

Table 6 Details of boiling test

results for the sand reinforced by Type of the geotextile Relative Number ey k (cm/s) Seepage force during
geotextiles compaction (%) of layers sand boiling (N)
Unreinforced 80 0 0.78 0.078 6.12
90 0 0.98 0.055 7.69
96 0 1.5 0.03 11.77
Nonwoven 80 1 0.98 0.077 7.69
90 1 1.77 0.038 13.89
96 1 1.87 0.029 14.67
Woven 80 1 0.98 0.067 7.69
90 1 1.77 0.038 13.89
96 1 2.14 0.026 16.79
Nonwoven 80 2 1.18 0.076 9.26
90 2 1.97 0.037 15.46
96 2 227 0.029 17.81
Woven 80 2 1.18 0.061 9.26
90 2 1.97 0.036 15.46
96 2 2.67 0.021 20.95
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Fig. 9 Variations of the critical 35
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The effect of relative compaction on the results of
sand boiling tests

According to Tables 5 and 6, increasing the relative compaction of
the specimens (natural and reinforced with fibers and geotextiles)
increases the seepage force at the moment of boiling. In fact, with
increasing the relative compaction, the soil particles become closer
together and the porosity of the specimens decreases, thereupon
more force required for the hydraulic failure of the specimen. For
natural samples, with increasing relative compaction by 16% (im-
provement of the loose sample and converting it to a dense sam-
ple), the required amount of the seepage force for boiling was
increased from 6.12 to 11.77 (N), and this incremental trend for
reinforced samples with fiber and geotextile is observed as well.
The increase in relative compaction also affects the values of the
critical hydraulic gradient and the permeability coefficient. Based
on the obtained results in Table 5, with increasing relative com-
paction of the samples, the permeability coefficient has decreased

Relative compaction (Ro) %

and the critical hydraulic gradient has increased. In other words, by
compressing the sample, the flow is controlled and the boiling is
delayed. Figure 9 shows variations of the critical hydraulic gradi-
ents versus relative compaction for reinforced specimens with
BCF fiber and natural specimens.

According to Figure 9, the critical hydraulic gradient has a
direct relationship with the relative compaction. In fact, with
increasing the relative compaction (decreasing the porosity),
the solidarity of the soil particles increases and as a result, a
dense sample fails at a higher hydraulic gradient than the loose
specimens. For example, in natural specimens, the values of
critical soil hydraulic gradients at 80% and 96% relative com-
paction are 0.78 and 1.5, respectively. As can be seen,
performing the compaction operations on the natural sample
leads to a 100% increase in the critical hydraulic gradients. In
reinforced samples with fiber, there is an incremental trend of
strength against the boiling phenomenon by compaction of the
sample. For example, by increasing the relative compaction

Fig. 10 Critical gradients against 3
relative compaction for reinforced Unreinforced
sample with geotextile 25 00— One layer Nonwoven geotextile X
- A— One layer Woven geotextile
= . X
= *— Two layer Nonwoven geotextile A
D
5 2 ¥ - Two layer Woven geotextile X
s - O
& —~ A
) -
£ "
= 15 -
& -
£ —
4 X
= 1 ]
<
2
.E
O 05
0
78 80 82 84 86 88 90 92 94 96 98 100
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by 16% in samples reinforced with 0.5% fibers, the critical
hydraulic gradient of the sample increased from 0.98 to 3.05,
indicating a 200% increase in resistance to this phenomenon.
In fact, as the relative compaction increases by the same
amount, the resistance of the reinforced sample increases at
a higher rate compared to the natural sample. Figure 10 shows
the values of critical hydraulic versus relative compaction for
reinforced samples by geotextiles.

According to Figure 10, increasing the relative compaction
causes the improvement of the reinforced samples by a
geotextile. For example, the value of critical hydraulic gradi-
ent by adding two layers of geotextiles in the loose compac-
tion state is 1.18, while compressing the sample and increas-
ing the relative compacting by 16%, the critical hydraulic
gradient amount of the sample increases by 2.67. It can be
seen in Figure 10 that in the relative compactions of 80%
and 90%, the related curves to the reinforced samples with
woven and nonwoven geotextiles have overlapped. Yang
et al. (2017) examined the effect of polypropylene fibers on
sandy soil under the piping test at relative compaction of 50%
and 70% and showed that denser specimens were more resis-
tant against boiling and occurrence of hydraulic fracture oc-
curred at a higher hydraulic gradient.

The effect of BCF fiber percentage on critical hydraulic
gradients and permeability coefficient of the sample

Figure 11 shows the variations of discharge velocity versus
hydraulic gradient for reinforced samples with different per-
centages of the BCF fiber in compaction conditions of loose,
medium compaction, and dense. According to Figure 11a, in
samples with relative compaction of 80% (loose specimens),
the addition of fiber increases the soil’s resistance to boiling.
But an increase in the weight percentage of the fiber does not
affect critical hydraulic gradient. In fact, in samples with rel-
ative compaction of 80%, the critical hydraulic gradient in-
creases to 0.98 by adding only 0.1% of the fibers, while the
natural sample (without fibers) fails at 0.78 critical hydraulic
gradients. On the other hand, the increase in the percentage of
fibers in reinforced specimens with relative compaction of
80% has not affected the test results. In other words, for sam-
ples in the loose state and with different values of fiber mixing
percentage, the critical hydraulic gradient of the sample is
0.98. Figure 12 shows the permeability coefficient variations
of the samples versus the relative compaction for different
mixing percentages of fiber. According to Figure 12, increas-
ing the percentage of fibers increases the permeability coeffi-
cient in loose specimens (R = 80%), because the void volume
of soil increases in these situations. In other words, in loose
specimens due to the lack of compaction of the specimen, the
fibers do not mix well with the soil and there might be space
between the fibers and the soil, and as a result, the velocity of
water seepage increases. Figure 11c and 11b show variations

in seepage velocities in terms of hydraulic gradients for sam-
ples with relative compactions of 90% and 96% (medium and
high density), respectively. Reinforced fiber specimens are
more resistant to boiling than natural samples and the increase
in the weight percentage of the fibers has increased the resis-
tance of the sample to boiling. As can be seen in Figure 11b
and 11c with increasing the percentage of fibers, the failure
point of the graph moves to the right (greater values of critical
hydraulic gradients). Also, according to Figure 12, by increas-
ing the weight percentage of fibers for the reinforced samples
with relative compactions of 90 and 96, the permeability co-
efficient reduces, and water seepage is controlled.

The effect of type and number of geotextiles on
critical hydraulic gradients and the permeability
coefficient

For samples with relative compaction of 80% and 90%, the
geotextile type does not affect the critical hydraulic gradi-
ents of soil. According to Figure 13, in the state of loose and
medium compaction, the critical hydraulic gradient is equal
for similar samples (equivalent relative compaction and lay-
er number) and reinforced with woven and nonwoven
geotextile. While in R, = 96% (dense stage), geotextile type
had affected sand boiling results. Actually, according to
Figure 13, at 96% relative compaction, woven geotextiles
have performed better than nonwoven geotextiles. In other
words, densely reinforced samples with woven geotextiles
at a higher critical hydraulic gradient than similar samples
but reinforced with nonwoven geotextiles are subject to
boiling and as a result faille. This advantage is seen in con-
ditions of single and double layers. But generally for rein-
forced samples by geotextile in all compaction conditions
(R.=80%, 90%, and 96%), increasing the number of layers
increases the sample’s resistance to the phenomenon of hy-
draulic failure, and samples with two reinforcement layers
have shown more resistance to failure.

Figure 14 shows the permeability coefficients of reinforced
specimens with geotextile compared to natural specimens.
Woven geotextiles have better control than nonwoven
geotextiles against the water seepage, as the woven geotextiles
permeability is lower than that of nonwoven geotextiles. In
other words, woven geotextiles due to the smaller opening
size in their textile have less permeability than nonwoven
geotextiles. So, in these samples (reinforced by woven
geotextile), the flow rate of water was reduced significantly
and, consequently, causes the seepage control.

The comparison of the results of this study with
previous research

As mentioned earlier, so far, the effect of parameters such as
fiber type, weight percentage, and fiber length on critical
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Fig. 11 Variations of discharge 0.35
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hydraulic gradients of sandy soils has been investigated
by various researchers. In Table 7, the investigation’s
results of these researchers have been presented. The
last column in Table 7 shows the performance of the
used improvement methods (i.e., the percentage increase

@ Springer

Hydraulic gradient (i)

in critical hydraulic gradient) by different researchers. In
all of these studies, the relative compaction parameter
has been considered constant, and different improvement
methods have been performed in the dense state of the
samples.
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Fig. 12 Variations of Darcy
coefticient with relative
compaction for different fiber
contents
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According to Table 7, the most percentage of increase in
soil resistance to boiling (best performance) is related to the
carried-out research by Furumoto et al. (2002). In their stud-
ies, critical soil hydraulic gradient increased with 0.4%poly-
propylene fibers by 124.7% compared to the natural sample.
In investigations of Sivakumar and Vasudevan (2008); Das
etal. (2009); Das and Viswanadham (2010); Soltannejad et al.
(2016); and Estabragh et al. (2016), in addition to the weight
percentage of fibers, fiber length has also affected the results,
so that with increasing fiber length, the critical hydraulic gra-
dient has increased. Sivakumar and Vasudevan (2008) used
natural coconut fibers to increase critical hydraulic gradients.
According to their results, the sample strength increased by
36% and had a lesser effect on hydraulic failure than other
fibers. However, in addition to the characteristics of the

reinforcement, the type of soil also affects the reinforcing pro-
cess. In this paper, the percentage of increasing strength for
reinforced soils by BCF fibers is higher than that of
geotextiles, and by compressing and adding fibers to the soil,
the amount of critical hydraulic gradients is increased by
291% compared to the normal sample in the loose state.
This value shows the combined effect of fibers and compac-
tion on the resistance of the sample to hydraulic failure. In
fact, the effect of adding fibers to soil is 103% out of this value
(291%). In other words, the strength against boiling increases
by 103% by adding 0.5% BCF fiber to the sand in dens con-
ditions. Figure 15 shows the amount of critical hydraulic gra-
dient before and after the improvement operation in this study
and other researchers’ studies.
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Fig. 14 Sample permeability
versus relative compaction for
different types of geotextile and
number of geotextiles
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Conclusions

This study was conducted to investigate the effect of
BCF and geotextile fibers on resistance to boiling and
hydraulic failure of a type of sand with boiling poten-
tial. For this purpose, an apparatus for measuring hy-
draulic gradient in upward flow was designed and fab-
ricated. Several experimental tests were performed to

measure critical hydraulic gradients at different relative
compactions of natural and reinforced specimens.
Overall, 24 experiments were prepared on natural and
reinforced conditions with fiber (by randomly distribut-
ed), geotextiles (as single and double layers), and the
results were examined. The most important experimental
results concerning sand boiling potential obtained in this
research are as follows:

Table 7 Summary of reinforcement influence on the critical hydraulic gradient in the literature
Reference Soil type D, Reinforcement Variables Number of  Percentage of increasing
(USCS) (%)* test ier (%)
Soltannejad et al. (2016) SM 100 PET® Content and length of 17 107.2
fiber
SM 100 PE° Content and length of 17 107.2
fiber
Estabragh et al. (2016) SM 100 PET Content and length of 17 103.2
fiber
SM 100 PE Content and length of 17 103.2
fiber
Furumoto et al. (2002) SP >50 pp¢ Fiber content 124.7
Das and Viswanadham (2010) SM 85 PP Content and length of 7 116
fiber
SM 85 PE Content and length of 7 833
fiber
Sivakumar Babu and Vasudevan SP N/A CF® Fiber content 4 36
(2008) SP 0,50, Bulk continuous Fiber content and R,. 12 291
80 filament
This study SP 0,50, Woven geotextile Layer number and R, 9 242
80
SP 0,50, Nonwoven geotextile Layer number and R, 9 191
80
SP 0,50, Unreinforced R, 3 92.3
80

* The relative density is estimated using R,= 80+0.2D; by Lee and Singh (1971). ° Polyethylene fiber, ¢ Polyester fiber, ¢ Polypropylen fiber, ¢ Coconut

fiber
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Fig. 15 The critical hydraulic
gradient before and after
improvement for different
references

Osoil in situation before
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Critical hydraulic gradient (i,,)

Increasing the relative compaction of the samples in-
creases the critical hydraulic gradient and consequently,
the seepage force increases at the moment of boiling oc-
currence (the required force for hydraulic failure). In other
words, dense samples with water seepage control (reduc-
ing permeability coefficient) delayed hydraulic failure.
In reinforcing the soil with BCF fibers, increasing the
percentage of fibers increases the Darcy coefficient and,
as a result, rises the discharge velocity of the output water
in the reinforced sample compared to the unreinforced
sample in the loose compaction state (R. = 80%).
Although reinforced specimens with fibers are more re-
sistant than natural specimens, the increase in fiber per-
centage does not affect the critical soil hydraulic gradi-
ents, according to the obtained results. However, the trend
of critical hydraulic gradient variations in the relative
compactions of 90% and 96% compared to those of
80% is different for reinforced samples with BCF fiber.
In 90% and 96% relative compaction samples, the water
flow velocity decreases with increasing the weight per-
centage of fibers, and fiber causes water seepage control
inside the soil and the reinforced samples have a lower
permeability coefficient than the natural sample. Also,
increasing the percentage of fibers increases the critical
hydraulic gradient of the soil. In other words, by adding
only 0.5% BCF fibers to the compacted sand, the values
of critical hydraulic gradients increase by 100% compared
to the same natural sample.

Reinforced specimens by geotextile have a higher
strength than the natural specimen at relative compac-
tion of 80, 90, and 96%. Also, the critical hydraulic
gradient of the specimens with two layers of the rein-
forcement element is higher than the critical hydraulic

gradient with the single layer of the reinforcement ele-
ment. Increasing the number of layers increases the re-
sistance of the sample to boiling. The important point in
the relative compaction of 80 and 90% is that the type of
geotextile is not affected the results of the experimental
tests. In other words, the values of critical hydraulic
gradients for the reinforced sample with woven and
nonwoven geotextiles show the same results. While in
geotextile reinforcement at relative compaction of 96%,
the reinforced samples with woven geotextiles are more
resistant against boiling than the ones with nonwoven
geotextiles. This issue may be related to the lower per-
meability coefficient of the woven geotextile samples
than the nonwoven geotextile ones.

4. The presence of reinforcement in the soil texture controls
water seepage and by reducing the permeability coeffi-
cient of the sample, it causes a delay for the boiling phe-
nomenon. Also using soil reinforcement such as BCF
prevents hydraulic failure and causes an increase in the
critical hydraulic gradient of the sample due to increased
interaction between the reinforcement and the soil parti-
cles. In addition, fibers and geotextiles are environmen-
tally friendly material which can be recycled and classi-
fied as high durability material.

Notation

Basic S| units are given in parentheses A, sample cross-section (cm?);
C,, curvature coefficient (dimensionless); C,, uniformity coefficient (di-
mensionless); D;,, effective particle size (mm); Ds,, mean particle size
(mm); D,, relative density (dimensionless); F, seepage force (N); F%,
fiber percentage (dimensionless); Gy, specific gravity of natural soil
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(dimensionless); i, critical hydraulic gradient (dimensionless); K, per-
meability coefficient (cm/s); Q, discharge flow (cm3/s); R, relative com-
paction (dimensionless); Re, Reynolds number (dimensionless); V, sam-
ple volume (cm®); v, discharge velocity (cm/s); Wy, weight of fiber (g);
Wr, weight of sample (g); W, weight of soil (g); Yumax, maximum dry unit
weight (g/cm?); ~umin, minimum dry unit weight (g/cm?); Vsample> ATy unit
weight of sample (g/cm?)
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