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Gap-graded soil, classified as internally unstable soil, is susceptible to hydraulic failure due to the migra-
tion and erosion of fine particles through the coarse particle matrix at a relatively low hydraulic gradient.
This internal erosion process, known as suffusion, is a hazardous phenomenon that can undermine the
strength and stability of earth structures or their foundation. In this study, a series of seepage tests
was conducted to investigate the hydraulic responses of fiber-reinforced gap-graded soil (FRS) and to
evaluate the effectiveness of adding fiber to improve the internal erosion resistance of soil against suffu-
sion. The respective influences of fiber parameters (i.e., fiber content and length) on the failure mode,
hydraulic conductivity (k), Forchheimer coefficients (j and b), and critical hydraulic gradient (icr) of
FRS were quantitatively assessed. Soil-fiber interactions and improvement mechanisms, including fiber
netting effect and vertical reinforcing effect, are discussed. Experimental results demonstrated that the
inclusion of a small number of fibers can effectively improve the internal erosion resistance of gap-
graded soils against suffusion. Hydraulic conductivity decreases and the Forchheimer coefficient b
increases as fiber content increases. With an increase in the total number of fibers (i.e., high fiber content
and short fiber length), the critical hydraulic gradient increases at various stages of the erosion process
(determined at the onset of internal erosion, at the transition of flow from laminar to turbulent condi-
tions, and at hydraulic failure). When the normalized number of fibers exceeds 1%, the failure mode shifts
from suffusion to general piping, which resembles the failure mode of internally stable soil (i.e., uniform
soil).

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Internal erosion of soil is a process during which soil particles
are forced to migrate along with seepage flow. This process pre-
sents hazards in geotechnical engineering and can undermine the
integrity, strength, and stability of earth structures such as dams,
embankments, and their foundations [33,39,41,42,78,98,104]. Fos-
ter et al. [36] statistically analyzed dam failure cases compiled
from the International Commission of Large Dams (ICOLD) and
found 46.1% of failure cases to be associated with internal erosion.
Richards and Reddy [84] reported that up to 50% of dams world-
wide are at risk of internal erosion. Danka and Zhang [19] noted
that the failure rate of dikes, man-made dams, and landslide dams
due to internal erosion are 14%, 37%, and 8%, respectively. The
increasing hazards of soil piping and internal erosion have gained
considerable attention given rising flood levels and increasing rain-
fall intensity following global warming and extreme weather
[19,80,82,83]. Consequently, mitigating seepage-induced adverse
impacts and enhancing the stability of earth structures represent
an urgent and challenging task.
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Notations

Basic SI units are given in parentheses
A parameter for fiber orientation model (dimensionless)
B parameter for fiber orientation model (dimensionless)
b distance to the center of the reference sphere (m)
Cu uniformity coefficient (dimensionless)
Cc coefficient of curvature (dimensionless)
Dr relative density (%)
d10 effective particle size (m)
d50 mean particle size (m)
df fiber diameter (m)
d15c particle size at finer percent of 15% in coarse fraction

(m)
d85f particle size at finer percent of 85% in fine fraction (m)
emax maximum void ratio (dimensionless)
emin Minimum void ratio (dimensionless)
F finer percent at particle diameter d (%)
Gs specific gravity of soil (dimensionless)
Gsf specific gravity of fiber (dimensionless)
H finer percent increment between d and 4d (%)
Dh differential hydraulic head (m)
i hydraulic gradient (dimensionless)
icr critical hydraulic gradient (dimensionless)
icr, onset icr at the onset of internal erosion (dimensionless)
icr, interest icr at the transition of flow condition (dimensionless)

icr, failure icr at the hydraulic failure (dimensionless)
k hydraulic conductivity (m/s)
L distance between the two measuring valves (m)
Lf fiber length (m)
l1, l2 length and width of the cut plane (m)
Nf normalized number of fibers (dimensionless)
NH number of fiber in the horizontal plane
NV number of fiber in the vertical plane
n parameter for fiber orientation model (dimensionless)
R radius of the reference sphere for fiber orientation anal-

ysis (m)
Re Reynolds number (dimensionless)
V1f volume of a single fiber (m3)
Vs volume of the reference sphere for fiber orientation

analysis (m3)
m discharge velocity (m/s)
a fiber orientation on horizontal plane (degree)
b Forchheimer coefficient (1/m)
cd,max maximum dry unit weight (kN/m3)
cd,min minimum dry unit weight (kN/m3)
j Forchheimer coefficient (m2)
h fiber orientation on vertical plane (degree)
qf volumetric fiber content (%)
xf gravimetric fiber content (%)
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Fry [37] and Fell and Fry [32] have classified soil internal ero-
sion into four failure modes: backward erosion (i.e., general pip-
ing), suffusion (i.e., segregation piping), contact erosion, and
concentrated leak erosion. This study focuses on the second failure
mode, suffusion, which involves the migration of fine particles
through the matrix of coarse particles driven by seepage force.
Fine-particle loss due to suffusion can compromise soil stability
by bringing down stress chains and impose risks to whole earth
structures.

Gap-graded soils are often used as shell materials in embank-
ment dams. Materials for the core are supposed to be widely
graded but a widely graded soil may become gap graded as a result
of particle segregation during construction [32,33,70,103]. As a
result, suffusion could occur in the shell, core or filter of earth-
filled embankments, especially those constructed using broadly
graded or gap-graded soils [54]. Chang and Zhang [13] stated that
suffusion can occur in gap-graded soil with a fine fraction of less
than 35% and in broadly graded soil with a fine fraction no greater
than 20%. Skempton and Brogan [90] conducted a series of upward
seepage tests on sandy gravel and found that suffusion can occur at
a relatively low critical hydraulic gradient, between approximately
one fifth and one-third of the theoretical value suggested by Terza-
ghi [94].

Soil hydraulic failure modes are governed by the internal stabil-
ity of soil and hydromechanical conditions (i.e., soil stress, seepage
direction, and hydraulic gradient) [1,2,10,12,52–54,72,73,90,91].
The term internal stability refers to the ability of the coarse fraction
of soil to prevent loss of its fine fraction due to seepage flow. Var-
ious empirical criteria have been developed to evaluate the poten-
tial internal stability of soil [11,13,46,47,56,54,55,63,64,67,97]. Soil
that is classified as internally unstable (i.e., gap-graded and broadly
graded with a certain fine fraction) is susceptible to suffusion,
whereas soil classified as internally stable (i.e., uniform) tends to
exhibit piping-type failure.

Fiber reinforcement is a technique whereby randomly dis-
tributed natural or synthetic fibers are mixed uniformly with soil
to improve the mechanical and hydraulic performance of soil in
geotechnical and geoenvironmental applications. Fiber reinforce-
ment has proven to be a promising technique for projects involving
stabilizing thin soil veneers, repairing locally failed slopes, improv-
ing the bearing capacity of soft ground, strengthening soil in foot-
ings, pavement, and earth retaining walls, increasing dynamic
resistance to liquefaction, mitigating desiccation cracking of com-
pacted clay systems, enhancing soil piping resistance in hydraulic
structures, and reducing surficial soil erosion
[15,44,50,60,65,71,79,86,87,93,96,100,101,105]. Hejazi et al. [43]
provide a review of the applications and benefits of soil reinforce-
ment using natural and synthetic fibers.

Previous studies have demonstrated the benefits of mixing
fibers with soil in enhancing the mechanical behavior of soil. The
key parameters evaluated in these studies are soil type, fiber type,
length, and content, as well as cement content and compaction
conditions. When soil is subjected to compressive or shear load-
ings, inclusion of fibers in soil can remarkably enhance soil peak
shear strength, and reduce the loss of postpeak shear strength
[3–5,14,23,24,40,48,51,58,69,75,85,95,105]. When soil is subjected
to tensile loadings or flexural distress induced by differential set-
tlement, fiber reinforcement can increase soil tensile strength
and flexural rigidity [17,34,49,61,76,92]. In the presence of fibers,
soil stiffness tends to decrease and soil changes from brittle to duc-
tile deformation characteristics under both monotonic and cycle
loadings [59,60].

Regarding the improvement of soil hydraulic performance,
experimental tests on fiber-reinforced soil subjected to seepage
have been reported in the literature [4,20–22,26,27,29,28,38,66,8
9,99]. The primary focuses of these studies are on the effect of fiber
parameters (i.e., fiber type, length, and content) and soil fine con-
tent on the hydraulic conductivity and critical hydraulic gradient
(i.e., piping resistance) of soil. These studies have found that fiber
reinforcement can effectively reduce the soil permeability and
enhance the soil piping resistance by deferring the occurrence of
soil piping at a high hydraulic gradient. Akay et al. [4] found a
threshold for the influence of fiber content on the hydraulic con-
ductivity of uniform sand with a few fines. Their experimental
results indicated the saturated hydraulic conductivity changed
slightly for the fiber content ranged from 0.0% to 0.5%, but it
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decreased as the fiber content increased from 0.5% to 1.0%. In addi-
tion, the effect of soil relative density on the hydraulic response of
fiber-reinforced uniform sand was evaluated by Yang et al. [99].
The test specimens were prepared at two different target relative
density, Dr = 50% and 70%, to represent loose and dense soil condi-
tions. The test results revealed that the fiber has a greater effect in
the dense specimen than in the loose specimen. At a given fiber
length and content, the hydraulic performance in enhancing the
soil piping resistance and reducing the seepage velocity was more
pronounced in the dense specimen. The superior performance in
the dense specimen results from increased soil-fiber interaction
in dense soil states and less pore space which could be easily
blocked or filled with a given amount of fibers. Estabragh et al.
[29] reported similar findings that the critical hydraulic gradient
of fiber-reinforced silty sand increased as the void ratio of the test
specimen decreased.

Model tests and numerical analyses of fiber-reinforced embank-
ments under rainfall and seepage conditions were also performed
[4–6,39,100]. These studies highlighted that the use of fiber-
reinforced soil as backfill possessed the combined merits of
improvement in both mechanical and hydraulic performance of
soil. These studies demonstrated that the fiber reinforcement can
be considered as a viable alternative to enhance the hydraulic per-
formance of earth structures by delaying the advance of seepage,
reducing soil piping potential, improving system slope stability
against seepage, and thus preventing the hydraulic failure of earth
structures.

The aforementioned studies on the hydraulic performance of
fiber-reinforced soil have focused on the reinforcing effect of fibers
on internally stable soil in which general piping is the predominant
failure mode. The reinforcing effect and improvement mechanism
of fibers on internally unstable soil against suffusion failure have
not been evaluated yet. Accordingly, this study conducts a series
of experimental tests on fiber-reinforced gap-graded soil (FRS)
against suffusion. The objectives of this study are as follows: (1)
to investigate the hydraulic responses, erosion process, and failure
mode of FRS subjected to seepage; (2) to evaluate the influence of
fiber parameters (i.e., fiber length and content) on the internal ero-
sion resistance of FRS; and (3) to understand soil-fiber interactions
and improve the FRS mechanism against suffusion. The results and
discussion in this study provide insight into the application of fiber
reinforcement to earth structures backfilled with gap-graded soil
that are at risk of soil suffusion.
2. Experimental program

2.1. Seepage test system

A series of seepage tests were conducted to evaluate the effectiveness of adding
fiber to improve the internal erosion resistance of soil against suffusion. An upward
seepage test system (Fig. 1), consisting of a constant head device, a permeameter,
and measuring systems, was developed and complied with ASTM D2434 [7].

The constant head device included an elevated water supply reservoir and a
water barrel positioned at a lower elevation. The permeameter was composed of
a transparent acrylic cylindrical cell and a bottom pedestal. The transparent cylin-
drical cell enabled visual observations of seepage and suffusion progress in soil
specimens during tests. The pedestal, filled with marbles and covered with porous
screens and nonwoven geotextiles, was used to distribute upward seepage evenly
across soil specimens (Fig. 1c). Graduated manometers were connected to the per-
meameter to measure hydraulic head difference (i.e., head loss) at a given distance
of the seepage path (Fig. 1a and b). The readers are referred to Yang et al. [99] for
detailed description and functions of the seepage test system.

The discharge velocity (v) at a given hydraulic gradient was calculated by divid-
ing the collected discharge volume at a certain time period by the cross-sectional
area of the specimen. The corresponding hydraulic gradient (i) was then calculated
at each test stage as:

i ¼ Dh
L

ð1Þ
where Dh is the hydraulic head difference between two manometers with a distance
L (=11 cm).

2.2. Material properties and test program

The gap-graded soil used in the tests was composed of 85% coarse sand and 15%
fine sand. Both coarse and fine sands are quartz sand and have sub-angular grain
shape. The fine sand, coarse sand, and gap-graded soil were denoted as F, C, and
G, respectively. Fig. 2 displays the grain size distribution curves and images of these
soils, and Table 1 summarizes the soil properties. The fine sand, coarse sand, and
gap-graded soil had respective mean particle sizes (d50) of 0.28, 3.41, and
3.19 mm, and all were classified as poorly graded sand (SP) according to the Unified
Soil Classification System (USCS). The minimum and maximum dry unit weights of
soil, determined in accordance with ASTM D4253 and D4254, [8,9], were cd,-
min = 13.73, 15.79, and 17.36 kN/m3 and cd,max = 16.28, 17.46, and 19.03 kN/m3 for
fine sand, coarse sand, and gap-graded soil, respectively. Based on the seepage test
results, the hydraulic conductivity of the fine sand, coarse sand, and gap-graded soil
were k = 0.05, 9.88, and 1.2 cm/s, respectively.

The three internal stability criteria [47,54–56] listed in Table 2 were used to
assess the internal stability of the tested soils. These three internal stability criteria
are widely used in design specifications and by researchers to assess the internal
stability of granular soil [11,13,62,90,97]. All criteria listed in Table 2 were devel-
oped based on the geometric relationship of soil grain sizes: Istomina’s method con-
cerned the soil’s coefficient of the uniformity; Kezdi’s method is a modified version
of Terzaghi’s filter criteria [30] based on the ratio of grain size in coarser and finer
fractions; and Kenney and Lau’s method is based on the shape of a soil’s grain size
curve. For the test soils, gap-graded soil was classified as transitional by Istomina’s
method and as internally unstable by Kezdi’s and Kenney and Lau’s methods,
whereas fine and coarse sand were both classified as internally stable by all three
criteria. Fig. 3 shows the variation in Kezdi’s and Kenney and Lau’s criterion indices
with the finer percent selected at an arbitrary particle diameter. Some of the crite-
rion index values for gap-graded soil were within the internal unstable zone in
Fig. 3a and b.

Polypropylene (PP) fiber was used for the reinforced specimens. PP fiber is the
most widely adopted synthetic fiber for soil reinforcement [57,101]. Das and
Viswanadham [21] reported that PP fiber performed better than polyester (PET)
fiber in increasing seepage resistance. It is because the PET fiber has a specific grav-
ity higher than the PP fiber. For the same fiber content, a larger specific gravity
implies a lower fiber volume and a less number of fibers, and hence reduces the
benefit of improving the piping resistance of soil. Table 3 summarizes the physical
and mechanical properties of the test fibers. The PP fiber tested in this study had a
circular cross-section with an average diameter of 0.0577 mm. The specific gravity
of the fiber was Gsf = 0.91, slightly lower than that of water. Fiber lengths of 6, 12,
and 19 mm (Fig. 4) and gravimetric fiber contents of 0%, 0.1%, 0.2%, and 0.3% were
used in the tests.

Table 4 lists the seepage test program. A total of 12 seepage tests were con-
ducted involving three unreinforced and nine reinforced soil tests. The tests were
numbered by the following rules. The first letter indicates soil type: F, C, G, and R
represent fine sand, coarse sand, gap-graded soil, and FRS, respectively. The second
and third letters used for FRS denote the gravimetric fiber content and fiber length,
respectively. For example, R-0.1–6 indicates the reinforced specimen with a fiber
content xf = 0.1% and fiber length Lf = 6 mm.

2.3. Specimen preparation and test procedures

Specimens are 10.5 cm in diameter, 13 cm in height and prepared at the target
relative density Dr = 70%. The required weight of dry soil for the target relative den-
sity was determined using the relative density equation,

Dr ¼ emax � e
emax � emin

ð2Þ

where emax, emin, and e are the maximum, minimum, and target void ratios of soil.
The expected weight of fiber for the reinforced specimens was then calculated con-
sidering the dry weight of soil. The gravimetric fiber content xf was calculated using
Eq. (3):

xf ¼ Wf

Ws
ð3Þ

where Wf and Ws are the dry weight of fiber and soil, respectively.
The specimen was carefully prepared to prevent segregation and ensure the

uniformity. First, the known soil-fiber quantity was carefully mixed by hand. The
soil-fiber mixture was moisturized during hand-mixing to avoid separation. Based
on the experience learned from the specimen preparation, a homogeneous sand-
fiber mixture can be easily achieved when the fiber content is low (up to 0.3%). Sec-
ond, after the soil and fiber were thoroughly mixed, the moist soil-fiber mixture
was then filled in the permeameter in five layers (2.6 cm thickness per layer). Filling
in several small layers was to ensure the uniformity of the soil-fiber mixture
through the entire specimen. Each layer was tamped with a metal rod to control



Fig. 1. Test apparatus: (a) illustration; (b) photo; (c) and (d) details of pedestal; (d) nonwoven geotextile and perforated metal plates.

Fig. 2. Grain size distribution curves and photographs of soils.
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its height and density. This procedure was repeated until the desired specimen
height (=13 cm) was reached. Third, a visual inspection was conducted to ensure
uniformity through the specimen. A similar specimen preparation procedure has
been adopted by various researchers [18,16,20,29,81,99,102,101].

After specimen preparation, each specimen was submerged in water and sub-
jected to constant seepage flow under a low hydraulic head that did not affect spec-
imen stability for 24 h to ensure full specimen saturation. Afterward, the seepage
test began by applying a series of hydraulic heads to the specimen until soil hydrau-
lic failure occurred. The applied hydraulic head was increased at increments of
1.5 cm (approximately Di = 0.1) and maintained for at least 15 min until the
hydraulic heads in the manometers stabilized, indicating that equilibrium was
reached. At each test stage, changes in the hydraulic gradient, discharge velocity,
top and side view photographs, and specimen height were measured and recorded.
After soil hydraulic failure occurred, the seepage was halted and the thickness of the
fine deposits at the top of the specimen was measured. The repeatability and con-
sistency of the test results were verified by conducting the test three times under
the same conditions. Fig. 5 depicts a demonstration of test replicability using Test
R-0.2-6 as an example.



Table 1
Soil properties and internal stability.

Item Fine sand
(F)

Coarse sand
(C)

Gap-graded
(G)

Soil properties
Specific gravity Gs 2.67 2.69 2.69
Effective particle size d10 (mm) 0.17 1.69 0.35
Mean particle size d50 (mm) 0.28 3.41 3.19
Uniformity coefficient Cu 1.82 2.17 10.02
Coefficient of curvature Cc 1.18 1.4 6.14
Soil classification (USCS) SP SP SP
Maximum dry unit weight cd,max

(kN/m3)
16.28 17.46 19.03

Minimum dry unit weight cd,min

(kN/m3)
13.73 15.79 17.36

Maximum void ratio emax 0.91 0.67 0.52
Minimum void ratio emin 0.61 0.51 0.38
Hydraulic conductivity of soil k

(cm/s)
0.05 9.88 1.2

Internal stability criteria
Istomina [47] Cu 1.82

(Stable)
2.17
(Stable)

10.02
(Transition)

Kezdi [56] (d15c/d85f)max 1.49
(Stable)

1.49
(Stable)

10 (Unstable)

Kenny and Lau [55] (H/F)min 2.65
(Stable)

2.75
(Stable)

0 (Unstable)

Table 2
Summary of soil internal stability criteria.

References Internal stability criteria

Istomina [47]1 Cu � 10, internally stable
10 < Cu < 20, transitional
Cu � 20, internally unstable

Kezdi [56]2 (d15c/d85f)max � 4, internally stable
Kenney and Lau [54,55]3 Original (1985): (H/F)min > 1.3, internally stable

Modified (1986): (H/F)min > 1.0, internally stable

1 Cu is soil uniformity coefficient obtained from the grain size distribution curve.
2 d15c is the particle size at finer percent of 15% in coarser fraction and d85f is the

particle size at finer percent of 85% in finer fraction.
3 F is the finer percent at an arbitrary particle diameter d; H is the finer percent

increment between d and 4d.
Fig. 3. Evaluation of soil internal stability: (a) Kezdi method; (b) Kenney and Lau
method.

Table 3
Fiber properties and test conditions.

Item Value

Fiber properties
Type Polypropylene (PP) fiber
Cross-section shape Circular
Diameter df (mm) 0.0557
Specific gravity Gsf 0.91
Denier (g/9000 m) 20
Ultimate tensile strength (MPa) 250
Melting point (�C) 160–170
Water absorption No

Test conditions
Fiber content xf (%) 0, 0.1, 0.2, 0.3
Length Lf (mm) 6, 12, 19

6 mm 12 mm 19 mm

Fig. 4. Fibers with different lengths.
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3. Soil-fiber interactions and improvement mechanism

Fiber orientation and scanning electron microscope (SEM) anal-
yses were performed to understand the soil-fiber interaction and
mechanisms of fiber to improve the internal erosion resistance of
soil against suffusion. For fiber orientation analysis, the procedure
proposed by Diambra et al. [25] to determine fiber orientation dis-
tribution in reinforced sand samples was adopted. In the fiber ori-
entation analysis, a generalized fiber orientation distribution
function q(h), representing the volumetric fiber content within
an infinitesimal volume with an orientation angle of h on the ver-
tical plane, is expressed as follows [68]:

q hð Þ ¼ �q Aþ B cosnhj jð Þ ð4Þ
where �q is the average volumetric fiber content of the soil-fiber
sample; A, B, and n are fiber orientation parameters that can be cal-
ibrated from the measured number of fibers intersecting a given
area on a plane of the soil-fiber sample. The correlation of A, B
and n are:

B ¼ 1� AR p=2
0 cosnþ1 hð Þdh

ð5Þ

The probability density function f(h) of the fiber orientation is
defined as:



Table 4
Summary of test results.

Test Fiber variables Measured hydraulic response Forchheimer coefficient Reynolds number

xf

(%)
Lf
(mm)

Nf

(%)
icr,onset icr,intersect icr,failure k

(cm/s)
j
(10�6 cm2)

b
(l/cm)

Re
at icr, intersect

F 0 0 0 – – 1.01 0.05 – – –
C 0 0 0 – – – 9.88 – – –
G 0 0 0 0.18 0.19 0.27 1.2 11 �540 9.3
R-0.1-6 0.1 6 0.69 0.32 0.41 1.67 0.72 6.4 940 10.5
R-0.2-6 0.2 6 1.39 0.55 0.67 1.99 0.5 4.3 2034 10.1
R-0.3-6 0.3 6 2.08 0.71 0.73 2.36 0.38 3.6 2963 7.6
R-0.1-12 0.1 12 0.35 0.27 0.35 0.95 0.97 8.3 �89 13.7
R-0.2-12 0.2 12 0.69 0.37 0.45 2.15 0.77 6.7 1053 11.4
R-0.3-12 0.3 12 1.04 0.43 0.54 2.57 0.6 5.2 1807 10.4
R-0.1-19 0.1 19 0.22 0.21 0.30 0.7 1.08 9.4 �247 12.7
R-0.2-19 0.2 19 0.44 0.29 0.40 1.57 0.89 8.3 469 11
R-0.3-19 0.3 19 0.66 0.33 0.48 2.28 0.71 6.0 1758 9.9

Fig. 5. Demonstration example of test replicability.

K.-H. Yang et al. / Construction and Building Materials 222 (2019) 458–473 463
f hð Þ ¼ q hð Þcos hð Þ
�q

ð6Þ

The cumulative density function for fiber orientation within an
angle of ±b from the horizontal is then calculated as:

F hð Þ ¼ 1
2�q

Z b

�b
q hð Þ cos hð Þdh ð7Þ

Eq. (7) could also be considered as the ratio of the volume of
fibers with orientations within an angle of ±b from the horizontal
to the total volume of fibers.

To obtain the fiber orientation parameters A, B, and n in Eqs. (4)
and (5), three specimens (R-0.2-6, R-0.2-12, and R-0.2-19) were
prepared following the procedure suggested by Diambra et al.
[25]. When each specimen was prepared using the moist tamping
technique, the fiber orientation distribution was largely indepen-
dent of the fiber content [25,45]. Accordingly, only the influence
of fiber length on fiber orientation was evaluated in fiber orienta-
tion analysis.

Fig. 6 shows photographs of the test specimens for fiber orien-
tation analysis. The soil and fiber materials and the specimen
preparation procedure were identical to those used in the seepage
test. The soil was dyed black to create a color contrast with the
fibers, which were white. The wet soil-fiber mixture was placed
into a mold, after which the specimen within the mold was left
in a freezer for 24 h. Then, the frozen specimen was removed from
the mold and cut in half along either the vertical (Fig. 6a) or hori-
zontal plane. The number of fibers in a selected 10 mm � 10 mm
area was counted using a magnifying glass (Fig. 6b and c). The
fiber-counting process was repeated at 20 different locations in
the cut plane, and the average number of fibers for an area of
10 mm � 10 mm was obtained for the vertical and horizontal
planes (denoted as NV and NH, respectively). The average NV and
NH values of the three test specimens are listed in Table 5. The
lower NV value and higher NH value (i.e., high NV/NH value) indi-
cates the fibers are more visible in the horizontal cut plane than
those in the vertical one, suggesting a higher probability of a large
fiber orientation angle above the horizontal in this case.

After the NV and NH values were determined, the fiber orienta-
tion parameters A, B, and n were back-calculated using the follow-
ing analytical equations for NV and NH from Eqs. (12) and (14) of
Diambra et al. [25].

NV ¼ 16l1l2
V1f

Z Lf =2

0

1
Vs

Z cos�1ðb=RÞ

0

Z a�

0
qðhÞR

3

3
cosðhÞdadh

 !
db ð8Þ

NH ¼ 4l1l2
V1f

Z Lf =2

0

1
Vs

Z p=2

p=2�cos�1ðb=RÞ

Z 2p

0
qðhÞR

3

3
cosðhÞdadh

 !
db

ð9Þ
where l1 and l2 are the length and width of the cut plane (=90 and
98 mm in this study); V1f is the volume of a single fiber; R is the
radius of the reference sphere that contains fibers with the mid-
point coinciding with the center of the sphere (=Lf/2); Vs is the vol-
ume of the reference sphere (=4pR3/3 = pLf3/6); b is the distance to
the center of the reference sphere; ais the orientation angle on the
horizontal plane; and the rest of the parameters have been defined
earlier.

As shown in Table 5, the back-calculated fiber orientation
parameter values yielded a reasonable match between the pre-
dicted values (i.e., NV, NH, and NV/NH) and the measured values.
The model bias values (i.e., the ratio of the predicted NV/NH value
to the measured value) were close to 1.0 for all three cases. By
combining Eqs. (4) and (7) and entering the calibrated A, B, and n
values, the cumulative density function for fiber orientation for
the three specimens was obtained and presented in Fig. 7. Gener-
ally, 75% of fibers were oriented within ±30� of the horizontal plane
for the specimens prepared using the moist tamping technique,
implying that compacting the sand-fiber mixture during specimen
preparation led to a preferential near-horizontal orientation for the
fibers. Regarding the influence of fiber length on fiber orientation,
under a given cumulative density value, the specimen with longer
fibers has a larger orientation angle, suggesting the longer fibers
are more likely to be bent, resulting in a larger orientation angle
above the horizontal plane.



Fig. 6. Specimen for fiber orientation analysis: (a) specimen cut vertically; (b) vertical plane of the specimen and counting area, (c) enlarged vision (�5) of the counting area
and fiber numbers.

Table 5
Fiber orientation test results.

Specimen Height
(mm)

Diameter
(mm)

Fiber gravimetric
content,
xf (%)

Fiber volumetric
content,
qf (%)

Measured1 Orientation
parameters

Predicted

NV NH NV/NH A n B NV NH NV/NH Model bias2

R-0.2-6 90 98 0.2 0.33 24.83 12.67 1.96 0 5 2.04 24.80 12.24 2.03 1.04
R-0.2-12 90 98 0.2 0.33 24.67 13.13 1.88 0 4 1.88 24.52 13.14 1.87 0.99
R-0.2-19 90 98 0.2 0.33 23.83 14.5 1.64 0 3 1.7 24.13 14.28 1.69 1.03

1 Number of fibers in a 10 mm � 10 mm area averaged from 20 different locations.
2 Ratio of the predicted NV/NH value to the measured one.
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The micro-scale structure of the FRS and soil-fiber
interaction was observed using the mean of SEM images
(Fig. 8). For unreinforced gap-graded soil (Fig. 8a), the fine
particles partially filled the pore spaces formed by the coarse
particle matrix. Because some pore sizes were larger
than the fine particles, the fine particles can be eroded by
seepage through the pore channels, leading to suffusion
failure.



Fig. 7. Cumulative distribution function of fiber orientation distribution.

Fig. 9. Illustrations of soil-fiber interaction and improving mechanism: (a) FRS with
short fibers and a high fiber content; (b) FRS with long fibers and a low fiber
content.
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For the FRS (Fig. 8b and c), the pore spaces of soil were partially
blocked, and the pore sizes were reduced by fibers. Two improve-
ment functions provided by the fibers were observed. First, the
randomly distributed fibers formed a net structure that held the
fine particles in place and restricted fine-particle erosion with
seepage flow (Fig. 8b). The dense netting effect prevails when the
total number of fibers in FRS is high (i.e., high fiber content and
short fiber length). Second, the fibers provided tensile resistance
to enhance soil shear strength and prevent an increase in soil vol-
ume induced by seepage (Fig. 8c). This reinforcing effect is most
efficacious when the fiber orientation is parallel to the seepage
direction (i.e., the vertical direction in this case). A strong vertical
reinforcing effect is expected to occur in the FRS with long fibers,
which has a high probability of a fiber orientation angle above hor-
izontal as demonstrated in the fiber orientation analysis. Fig. 9
illustrates these two improvement mechanisms in accordance with
different fiber amounts and lengths.

4. Results and discussion

Seepage test results related to the soil erosion process, hydrau-
lic gradient and seepage discharge velocity (i–v) relations, and fail-
ure modes are presented and discussed in this section. The i–v
plots are used to determine the hydraulic conductivity, critical
hydraulic gradient, and Forchheimer coefficients of FRS for further
comparison.
Fig. 8. Scanning electron microscope (SEM) photographs: (a) unreinforce
4.1. Determination of critical hydraulic gradients

As reported in the literature, critical hydraulic gradients can be
determined at various stages of the internal erosion process [13]. In
this study, three identification methods, each representing differ-
ent extents of fine fraction loss, were adopted to determine the
d soil; (b) and (c) reinforced soil showing the soil-fiber interaction.
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critical hydraulic gradient. The first method determines the critical
hydraulic gradient at the onset of the internal erosion of fine par-
ticles (denoted as icr,onset). This can be observed from the beginning
of local fine-particle migration on the top of the specimen
(Figs. 10b and 11b).

The second method determines the critical hydraulic gradients
based on the variation of soil permeability or flow conditions
(denoted as icr,intersect). A change in soil permeability implies an
increase in soil porosity because fine particles are washed out from
the pore spaces of the coarse fraction. This critical hydraulic gradi-
ent value can be determined numerically at the intersection of the
two linear regression lines on the measured i-v curve (Figs. 10a–
12a). The icr,intersect determined using this method tends to be close
to the turning point of the measured i-v curve. For all tests, the
Reynolds number (Re) values calculated using the discharge veloc-
ity corresponding to icr,intersect are generally close to 10 (Table 4),
indicating a flow transition from laminar to turbulent conditions
at Re = 10.

The third method determines the critical hydraulic gradient at
soil hydraulic failure (denoted as icr,failure), revealed by the loss of
a substantial number of fine particles or a significant change in soil
volume. In addition, soil hydraulic failure is commonly associated
with a decrease in the measured hydraulic gradient. A decline in
the hydraulic gradient suggests a reduction in hydraulic head loss,
where many fine particles that cause seepage energy loss were
eroded from the soil skeleton during hydraulic failure.

Figs. 10–12 indicate examples of the critical hydraulic gradient
determined using the three identification methods discussed pre-
viously. The critical hydraulic gradient values for all tests are sum-
marized in Table 4, ranging from small to large in the order of icr,
onset < icr,intersect < icr,failure. The test results show that the icr,onset and
icr,intersect values are generally close compared with the icr,failure value
which represents the most severe case of fine-particle loss. The
close values of icr,onset and icr,intersect reveal that only a small amount
of fine fraction loss alters soil permeability and flow conditions.

4.2. Erosion process and failure modes

Fig. 10 displays the i-v curve of unreinforced gap-graded soil
(Test G) and photographs at various stages of the erosion process,
detailed as follows. From Stages 0–2 (i = 0–0.15), the measured v
increased linearly with an increasing i. The flow was laminar
according to Darcy’s law and no noteworthy changes were
detected in the specimen. At Stage 3 (i = 0.18), local fine-particle
migration began, with local erosion appearing at the top of the
specimen (Fig. 10b). After Stage 3, the measured v increased
rapidly, and soil permeability changed from fine fraction control
to coarse fraction control. In Stages 5–6 (i = 0.21–0.23), fine parti-
cles were continually and gradually eroded and remained on the
top of the specimen. The piping of fine particles became general,
and the washed-out fine particles covered the top surface of the
specimen (Fig. 10c). At Stage 13 (i = 0.27), several fine particles
were eroded, and vigorous fine-particle piping was observed on
the top surface of the specimen (Fig. 10d). At the next hydraulic
head increment (i.e., Stage 14), the decreased in the measured i
value indicated that soil hydraulic failure occurred. No volumetric
expansion of the specimen was observed at this stage. The deposit
of fine particles on the top surface of the specimen was approxi-
mately 9 mm after stopping the seepage flow.

For Test G, the critical hydraulic gradient values determined
using the three identification methods were icr,onset = 0.18, icr,inter-
sect = 0.19, and icr,failur = 0.27, substantially lower than those
obtained using Terzaghi’s method for internally stable soil (icr = -
c0/cw, where c0 is the submerged unit weight of soil and cw is
the unit weight of water). The test results supported the findings
of Skempton and Brogan [90] that the icr for internally unstable soil
is between approximately one-fifth and one-third of the theoreti-
cal value suggested by Terzaghi [94]. Soil hydraulic failure modes
were determined based on Fannin and Slangen [31]’s definition:
general piping failure was considered as a seepage-induced volu-
metric expansion with little fine fraction loss, whereas suffusion
failure was characterized as a considerable amount of fine fraction
loss without any notable change in soil volume. According to Fan-
nin and Slangen’s definition, the failure mode of Test G was identi-
fied as suffusion failure.

Fig. 11 shows the test result of FRS for xf = 0.3% and Lf = 19 mm
(Test R-0.3-19). The migration of local fine particles began at Stage
2 (i = 0.33; Fig. 11b). At Stage 14 (i = 0.71), eroded fine particles
completely covered the top surface of the specimen. At Stage 16
(i = 2.28), the specimen displayed moderate piping of fines at the
top (Fig. 11c). Then, at Stage 17, soil hydraulic failure occurred as
the measured i decreased. No visible soil volumetric change was
observed at the point of soil hydraulic failure. The deposit of fines
on the top surface measured approximately 4 mm after the test
(Fig. 11d). The determined critical hydraulic gradient values were
icr,onset = 0.33, icr,intersect = 0.48, and icr,failur = 2.28. The failure mode
in this test was identified as suffusion failure. The erosion process
and failure mechanism were generally similar to those in Test G,
but the three determined critical hydraulic gradient values were
higher, and the deposit of fines was thinner.

Fig. 12 shows the test results of FRS for xf = 0.3% and Lf = 6 mm
(Test R-0.3–6). At Stage 4 (i = 0.71), local fine particles began to
migrate. The particles exhibited small, jittery movements at the
side of the specimen. At Stage 12 (i = 2.36), piping of fines was
observed at several locations on the top of the specimen. The top
area was partially covered by fine particles (Fig. 12b and c). When
the next hydraulic head increment was applied (i.e., Stage 13), the
specimen showed a sudden and notable heave (21 mm), followed
by global piping and boiling of the entire specimen (Fig. 12d). Hor-
izontal cracks were observed at this stage, indicating significant
specimen distress due to upward seepage force. The observed hor-
izontal cracks also revealed that the upward seepage-induced ten-
sile force may have exceeded the tensile resistance provided by
fibers in local areas within the specimen; consequently, soil parti-
cles in these areas tended to separate and consequently cracks
developed. A significant decrease in the i and increase in the vwere
measured after soil piping failure. Although the system total head
was increased by elevating the upper water reservoir, the drop in
the hydraulic gradient after icr suggests the relief of accumulated
porewater pressure within specimens at soil piping failure due to
the development of horizontal cracks and volumetric expansion.
A decline in the hydraulic gradient also indicates a reduction in
hydraulic head loss because of the loosened soil packing state after
the soil seepage failure. A hydraulic gradient drop has also been
observed in experimental and field tests [74,77]. The determined
critical hydraulic gradient values were icr,onset = 0.71, icr,inter-
sect = 0.73, and icr,failur = 2.36. Based on the global soil piping and
large volume change observed during seepage failure, the failure
mode of this test was identified as a general piping failure.

Fig. 13 illustrates the observed failure modes associated with
different fiber-reinforcing mechanisms. Table 6 lists the observed
failure modes and associated failure conditions in terms of the fine
deposit thickness and specimen volumetric heave. For Test G, the
unreinforced gap-graded soil exhibited typical suffusion failure
because considerable fine particles were washed out of the soil
structure during testing (Fig. 13a). For Test R-0.3-19, the FRS mixed
with long fibers or low fiber content, with a low total number of
fibers, formed a relatively loose netting effect to reduce pore size
and restrict fine-particle erosion (Fig. 13b). Consequently, suffu-
sion failure was still observed at seepage failure, but fewer fine
particles were washed out compared with the unreinforced case.
For Test R-0.3-6, the FRS mixed with short fibers and high fiber



Fig. 10. Test results of unreinforced gap-graded soil: (a) i-v curve, (b) onset of erosion, (c) top area was fully covered by fine particles, (d) at hydraulic failure.

Fig. 11. Test results of R-0.3-19: (a) i-v curve, (b) onset of erosion, (c) at hydraulic failure, (d) after test.
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Fig. 12. Test results of R-0.3-6: (a) i-v curve, (b) and (c) at hydraulic failure, (d) at the next applied hydraulic head increment after icr, failure.

Fig. 13. Illustrations of failure modes: (a) unreinforced soil-suffusion; (b) FRS with long fiber or low fiber content-suffusion; (c) FRS with short fiber or high fiber content-
piping.

Table 6
Failure mode and the associated failure conditions.

Test Failure mode Thickness of fine deposit
(mm)

Specimen heave
(mm)

C No Failure – –
F Piping – 60
G Suffusion 9 –
R-0.1-6 Suffusion 4 –
R-0.2-6 Piping – 15
R-0.3-6 Piping – 21
R-0.1-12 Suffusion 8 –
R-0.2-12 Suffusion 4 –
R-0.3-12 Piping – 20
R-0.1-19 Suffusion 9 –
R-0.2-19 Suffusion 5 –
R-0.3-19 Suffusion 4 –
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content, with a high total number of fibers, contributed to a rela-
tively dense netting effect (Fig. 13c). When the fiber-reduced pore
size was smaller than the size of fine particles, fine particles were
mostly retained by the fibers and the mobility of fine particles with
seepage was limited, resulting in the soil failed hydraulically in the
general-piping-type failure mode rather than through suffusion.
The dense fiber netting effect can effectively bind soil particles
together; thus, a large seepage force is required to cause soil fail-
ure. Once the seepage force exceeds the soil resistance, soil
hydraulic failure occurs and most pore spaces are forced to open
simultaneously, causing an observable volume expansion in the
specimen, a sudden release of hydraulic pressure, and a substantial
increase in seepage velocity.
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4.3. Overall test results

The overall test results are discussed and compared in this sec-
tion. Fig. 14 displays the measured i-v curves for all tests, and
Table 4 summarizes the corresponding hydraulic parameters
determined from the measured i-v curves. The test results of unre-
inforced uniform coarse and fine sand (Tests C and F, respectively)
are also plotted in Fig. 14 to provide a reference for the upper and
lower test limits. For Test C (unreinforced coarse sand), no seepage
failure (neither erosion nor volumetric expansion) was observed at
the end of the test when the system reached maximum capacity.
The conditions of coarse sand under initial condition and at the
end of the test are almost identical. The critical hydraulic gradient
cannot be reached because the large pore spaces of the coarse sand
caused little seepage head loss (or slight increment of the hydraulic
gradient) in coarse sand. For Test F (unreinforced fine sand), the
soil general piping occurred and sand boiling was observed after
failure. The measured critical hydraulic gradient (icr = 1.01) upon
soil hydraulic failure agrees well with the value predicted by
Terzaghi’s theoretical value for internally stable soil based on effec-
tive stress equal to zero.

The i-v curves of FRS in Fig. 14 consist of two parts: the first part
is a linear, laminar Darcy flow in which hydraulic conductivity can
be obtained according to Darcy’s law (i.e., v = ki); the second part is
a flow transition from laminar to turbulent conditions beyond the
turning point of the i-v curve, also known as a non-Darcian flow.
The decrease in the slope of the second part of the i-v curve was
due to energy loss induced by the inertial effect of the eddies,
which form a closed streamline and consume substantial energy
when the seepage flows through the pore channels [88]. The Forch-
heimer equation [35,88] was used to determine the hydraulic
parameters in the non-Darcian flow regime.

i ¼ l
jqg

v þ b
g
v2 ð10Þ

where j and b are Forchheimer coefficients; l is the dynamic vis-
cosity of the fluid; q is the flow density; g is the gravitational accel-
eration; v is the flow velocity. The Forchheimer coefficient j
Fig. 14. i-v curve
represents intrinsic permeability, which is independent of the flow
properties and temperature effect and is correlated to hydraulic
conductivity k as follows:

j ¼ kl
qg

ð11Þ

The Forchheimer coefficient b reflects seepage energy loss,
depending only on the properties (i.e., geometry and roughness)
of the porous medium. The determined k, j, and b values are listed
in Table 4 and are discussed in the following paragraphs.

Fig. 14 shows that the i-v curves of all FRS appear at the right
side of those for Test G, indicating that fiber reinforcement effec-
tively enhances the internal erosion resistance of the soil by defer-
ring the occurrence of soil piping at a high hydraulic gradient.
Fig. 14 also indicates that the observed failure mode for Tests R-
0.3-12, R-0.3-6, and R-0.2-6 was general piping, whereas that of
all other tests was suffusion. A stability boundary based on the dif-
ferent failure modes is plotted in Fig. 14. Suffusion failure of FRS is
observed if its i-v curve appears above this boundary, whereas gen-
eral piping failure is identified if the i-v curve is below this
boundary.

Table 4 lists the values of the normalized number of fibers (Nf),
defined as the ratio of the number of fibers in a soil specimen to the
number of 6-mm fibers required to fill the full void in the speci-
men. The Nf value can be obtained numerically using the weight–
volume relationships of soil and fibers. When FRS has a high total
number of fibers (i.e., Nf > 1%), the failure mode changes from suf-
fusion to general piping because the dense netting effect generated
by the high total number of fibers effectively reduces soil pore size,
retains the fine fraction in place, restricts fine-particle migration,
and binds soil particles together. This process leads to a transfor-
mation of soil from an internally unstable state to an internally
stable state.
4.4. Influence of fiber parameters

Fig. 15 displays the influence of fiber parameters on the Forch-
heimer coefficients j and b, showing a clear trend of decreasing j
s of all tests.



Fig. 15. Effect of fiber parameters on Forchheimer coefficients: (a) j; (b) b.

Fig. 16. Effect of fiber parameters on various critical hydraulic gradients: (a) icr,onset;
(b) icr,intersect; (c) icr,failure.
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and increasing b with increasing fiber content. As fiber content
increases, more pore spaces can be blocked or filled by fibers,
resulting in a greater reduction in soil permeability and increased
seepage energy loss when seepage flow passes through the soil.
Compared with FRS with long fibers at a given fiber content, FRS
with short fibers can produce a larger decrease in j and increase
in b because of the dense netting effect resulting from the high
number of fibers in the soil. In addition, FRS with long fibers has
a fiber orientation less perpendicular to the seepage flow direction,
which makes fibers less effective in restricting seepage flow
passage.

Fig. 16 shows the influence of fiber parameters on icr at various
stages of the erosion process. A clear increasing trend in icr with
increasing fiber content can be observed for all icr values at three
stages of the erosion process: two- to three-fold increases in icr,onset
and i

cr,intersect
as well as a more than five-fold increase in icr, failure when

the fiber content increases from 0% to 0.3%. The test results demon-
strated that the internal erosion resistance of soil against suffusion
can be effectively improved by adding a small amount of fiber into
the soil. Short fibers have a more pronounced effect on improving
internal erosion resistance than do long fibers; as noted, short
fibers have a high number of fibers and can produce a dense net-
ting effect.

The relationships between the three icr values and the normal-
ized number of fibers Nf are further examined and depicted in
Fig. 17. Unique linear relationships can be found for icr,onset and
icr,intersect with Nf (Fig. 17a and b). The icr,onset and icr,intersect increase
as Nf increases, suggesting that the total number of fibers is the pri-
mary factor affecting soil erosion resistance at the initial stage of
the erosion process. The dense netting effect produced by a high
number of fibers is likely to either keep the fine particles in place
or capture the eroded particles, thereby delaying fine-particle
migration.



Fig. 17. Relationships between number of fibers various critical hydraulic gradi-
ents: (a) icr,onset; (b) icr,intersect; (c) icr,failure.
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In terms of the relationship between icr, failure and Nf (Fig. 17c), a
linear relationship still applies for FRS, which fails in suffusion
when Nf < 1%. The increasing trend of icr,failure with Nf suggests that
icr, failure is mainly governed by the fiber netting effect in the suffu-
sion failure mode. However, the linear relationship is not applica-
ble to FRS in the piping failure mode when Nf > 1%. The icr, failure

seems not to be a function of the total number of fibers. Test R-
0.3–12 with a lower Nf value (Nf = 1.04) has a higher icr, failure value
than Test R-0.3–6 (Nf = 2.08) and Test R-0.2–6 (Nf = 1.39). In this
case, the fiber length affects the icr,failure value: FRS with long fibers
demonstrates a high critical hydraulic gradient at soil hydraulic
failure, presumably because the long fibers possess a strong verti-
cal reinforcing effect (i.e., the second improvement mechanism as
shown in Fig. 8c and discussed in Section 3). This attribute provides
high tensile resistance to enhance soil resistance against general
piping failure.
5. Conclusions

In this study, experimental seepage tests were conducted to
investigate the hydraulic response, erosion process, failure mode,
and critical hydraulic gradient of unreinforced soil and FRS. Fiber
orientation and SEM analyses were performed to enhance under-
standing of the soil-fiber interaction and improvement mecha-
nisms. The effectiveness of adding fiber and the influence of fiber
parameters (i.e., fiber content, length, and total number of fibers)
on improving the internal erosion resistance of soil against suffu-
sion was evaluated quantitatively. Based on the experimental
results and analyses, key findings are summarized as follows:

1. The test results indicated that the unreinforced gap-graded soil
failed in a suffusion failure mode with a considerable number of
fine particles having been washed out. The measured icr value
was substantially lower than Terzaghi’s theoretical value.

2. This study revealed that the internal erosion resistance of soil
against suffusion can be effectively improved by adding a small
number of fibers into the soil. Fiber improves erosion resistance
in two mechanisms: the fiber netting effect, which can hold fine
particles in place and restrict migration of eroded fine particles;
and the vertical reinforcing effect, in which fibers provide ten-
sile resistance to enhance soil shear strength and prevent a
seepage-induced soil volume increase.

3. The netting effect prevails when the total number of fibers in
FRS is high (i.e., high fiber content and short fiber length),
whereas the vertical reinforcing effect is most efficacious for
FRS with long fibers.

4. The hydraulic failure mode of FRS is influenced by the total
number of fibers. For FRS with a low total number of fibers
(i.e., Nf < 1%), the failure mode was identified as suffusion fail-
ure. The erosion process and failure mechanism were similar
to those of unreinforced gap-graded soil (Test G), but the icr val-
ues determined at various stages were higher, and the deposit
of fines was thinner.

5. For FRS with a high total number of fibers (i.e., Nf > 1%), the
dense netting effect results in only slight erosion of fine parti-
cles during testing. The general piping failure mode occurs with
a sudden and notable volumetric heave at the point of seepage
failure.

6. The failure mode of gap-graded soil could change from suffu-
sion into general piping by adding sufficient fibers, implying
that gap-graded soil is transformed from internally unstable
soil into internally stable soil.

7. A clear increasing trend in icr with increasing fiber content was
observed for all three stages of the erosion process (determined
at the onset of internal erosion, at the flow transition from lam-
inar to turbulent conditions, and at soil hydraulic failure). The
icr,onset and icr,intersect increased two- to three-fold, and icr, failure

increased more than five times when the fiber content
increased from 0 to 0.3%.

8. Unique linear relationships were identified for icr,onset and icr,inter-
sect with Nf : the icr,onset and icr,intersect increased as Nf increased,
suggesting that the total number of fibers is a primary factor
affecting soil erosion resistance at the early phase of the erosion
process.

9. A linear relationship between icr, failure and Nf still applies for FRS
in suffusion failure mode (Nf < 1%). However, the icr, failure does
not appear to be a function of Nf for FRS in the piping failure
mode (Nf > 1%). In this case, the fiber length affects the icr,failure
value: FRS with long fibers produces a high icr,failure value
because long fibers have a strong vertical reinforcing effect that
provides high tensile resistance to enhance soil resistance
against general piping failure.
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This study tested only one fiber type (i.e., PP fiber) with the
same fiber diameter. The effects of fiber type and diameter on
the internal erosion resistance of FRS are noteworthy topics for fur-
ther evaluation. Furthermore, deterministic and probabilistic anal-
yses are suggested to be performed to quantify the reduction in
pore size when adding a certain number of fibers. The modified
internal stability criteria considering the influence of fibers can
then be established to identify the internal stability of FRS.
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