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ABSTRACT: In this study, polypropylene fibers are used as reinforcing elements in sand spe-
cimens. The objective of this paper is to evaluate the performance of fibers in the liquefaction
behavior of sands. The relative densities of the specimens were 30% and 70%. A series of tests
were run under stress-controlled and undrained conditions and under 100 kPa of confining pres-
sure to observe the dynamic behavior of the sand specimens with or without fibers. Unre-
inforced specimens were prepared as a control group. The amount of fibers added were 0.25%,
0.5%, and 1% by means of the dry mass of the sand. The fibers were mono-filament type and
two different lengths of fibers were used in the tests which are 6 mm and 12 mm, respectively.
The relationship between cyclic stress ratios (CSR) and the number of cycles and the curves of
pore (water) pressures were achieved for the fiber reinforced sands. The pore pressure curves
presented in up-to-date analytical models of fiber reinforced soil were compared with the pore
pressure curves of fiber reinforced sands of this study. As a result, the findings of this study
provide an insight to the behavior of clean and fiber reinforced sands under dynamic loading
cycles. As a result, it was found that the number of loading cycles acting on the fiber reinforced
specimens is the dominant factor in the excess pore pressure generation.

1 INTRODUCTION

The phenomena of liquefaction in loose sand layers under earthquake excitations cause a
sudden development of excess pore (water) pressures and decrement of average effective stres-
ses in the soil medium (Ishihara 1985). Liquefaction of sand may result in ground subsidence,
bearing capacity loss, moving up of buried lifelines, settlements of superstructures or pave-
ments. Slopes and retaining walls could be prone to lateral displacements as a consequence of
soil liquefaction (Towhata 2008).
Necessary soil improvement techniques are applied individually or in a combination of some

techniques where liquefaction susceptibility is high in a construction field. Soil reinforcement is
an alternative solution to gain resistance against liquefaction. Randomly distributed fibers made
of different materials, shapes or sizes can be an answer to control the liquefaction potential of
any natural or man-made soil structures. The advantages of fibers compared to traditional soil
reinforcing applications are remarkable. The existence of fibers creates a three dimensional
mesh that prevents the forming of potentially weak planes in the soil. However, as a result of
traditional reinforcement there is the possible development of parallel weak planes in the soil,
and much attention has to be paid during improvement. Isotropic strength characteristics could
be well maintained when fiber reinforcement is used (Maher and Gray 1990).
The benefits of fiber reinforcement made this solution preferable by virtue of a good per-

formance compared with traditional reinforcements. Since the last few decades, several
researches in theory and practice have given rise to fiber reinforcement techniques (Zornberg
et al. 1998).
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Using geosynthetic reinforcement in a soil medium provides an understanding into the
behavior of the structure composed of soil reinforced with fibers. Cyclic triaxial testing was
held under stress-controlled conditions on specimens with varying sizes to determine the lique-
faction potential of geotextiles and coir reinforced sand specimens in the study of Krishnas-
wamy and Isaac (1994, 1995). Geotextiles and coir reinforcement was shown to reduce the
liquefaction potential of sand deposits. It is clearly stated that the coir reinforcement had the
greatest effect supporting the potential use of fibers.
An experimental study on sand (Hostun RF) reinforced with geosynthetic round sheets was

performed by Vercueil et al. (1997) to evaluate the performance against liquefaction. The
influence of reinforcement compressibility on interstitial pressure distribution in the specimens
showed the important role of these inclusions in the increase of liquefaction resistance. Altun
et al. (2009) conducted cyclic torsional shear tests on medium dense sand specimens reinforced
with geosynthetics. The results indicated that both the type and the number of reinforcement
layers had effects on increasing the liquefaction resistance of medium dense sands.
Noorany and Uzdavines (1989), assessed the liquefaction resistance of saturated sand

reinforced with varying elements by cyclic triaxial tests. Fiber reinforcement increased the lique-
faction resistance of sands. Maher and Woods (1990) evaluated the dynamic behavior of sand
reinforced with randomly distributed fibers by performing torsional shear and resonant column
tests. The dynamic shear modulus of cohesionless soils increased with the inclusion of fibers.
Noorzad and Amini (2014), stated that the presence of fibers increased the liquefaction resistance
of sand and the reinforcement effect in medium dense specimens was more compared to loose
specimens. The shear modulus of the test specimens increased with the inclusion of fibers. Orako-
glu et al. (2017), studied the dynamic behavior of fine grained soils with glass and basalt fibers
under freeze-thaw conditions. They concluded that at a constant confining pressure level the
shear modulus and the damping ratio increased, but the shear modulus decreased with increasing
shear strain. Eskisar et al. (2015) determined the effects of fiber ratio, fiber length and relative
density (relative densities of the specimens were 30% or 50%) on the liquefaction phenomena of
fiber reinforced specimens. When the length of fibers and fiber content were increased, the
number of loading cycles necessary to observe liquefaction increased. The significant effect of
reinforcement was observed in medium dense specimens compared to the specimens with lower
relative density. Choo et al. (2017) evaluated the compressibility and small strain stiffness of sand
reinforced with random synthetic fibers. The compression index of the fiber reinforced sand
increased with an increment in fiber ratio, but interestingly they reported that the dynamic shear
modulus of fiber reinforced sand decreased with an increase in fiber ratio.
The main goal of this study is to identify the development of liquefaction resistance in fiber

reinforced specimens and the development of pore pressure of sand specimens with fiber inclu-
sions by testing under cyclic isotropic conditions. Past research has mainly highlighted on the
strength and deformation properties of sand specimens with fiber inclusions mostly observing the
static conditions; however, this study investigates the improvement of liquefaction resistance by
the effective use of randomly distributed monofilament fibers and in parallel with the investiga-
tion of the pore pressure generation in sand soils depending on a series of dynamic experiments.

2 TEST MATERIALS

An excavation site located in Izmir (Turkey) was preferred to obtain the clean sand in bulk form.
The sand is classified as poorly graded sand (SP). The minimum and maximum void ratios of the
sand are 0.56 and 0.84, respectively. The specific gravity of the sand is 2.67. The 60% finer on the
cumulative particle size distribution (D60), the mean grain size (D50), the 30% finer on the cumula-
tive particle size distribution (D30), and the effective size (D10) of the sand are 0.70 mm, 0.53 mm,
0.28 mm, and 0.15 mm, respectively. From the gradation curve of the sand, the coefficient of uni-
formity is calculated as 4.67 and the coefficient of curvature is calculated as 0.75.
The monofilament polypropylene fibers were preferred as they are abundantly available in

Turkey and they were produced by a local company. Fiber lengths used in this study were 6
and 12 mm. The fibers with a rectangular cross section have a tensile strength of 400 MPa, a
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specific density of 0.91, and elastic modulus between 1000 MPa and 2500 MPa. Fiber ratio
calculations were made over the dry weight of sand and percentages of 0.25%, 0.5%, and 1%
were used in the specimen preparations. The undercompaction technique of Ladd (1978) was
adopted during the specimen preparation stage.
The experimental program was based on to see the effects of relative density of the sand,

fiber length and fiber ratio. A thorough research was held to understand the effect of fibers in
fiber reinforced sands. The test cases are given in Table 1. To cross check the success of the
experiments, random test cases are repeated; new specimens having similar densities are pre-
pared; the accuracy is validated by these extra tests.
A series of cyclic triaxial tests were conducted to assess the effect of fibers on the reinforced

sand specimens under stress-controlled conditions with Seiken cyclic triaxial apparatus in
accordance with JGS 0541-2000. Carbon dioxide gas was flown into the specimen for an hour
to help the saturation phase. After that, the de-aired water was flown into the specimen under
20 kPa pressure. Following this step true zero reading of the pore (water) pressure of the spe-
cimen is taken and back pressure is increased to 100 kPa. The saturation phase was terminated
when the ratio of the pore pressure to the cell pressure, which is denoted as Skempton’s B
value, was at least 0.96. The consolidation phase was achieved by applying an effective confin-
ing pressure of 100 kPa. Axial displacements, effective pressures and pore pressures were
recorded at 0.1Hz frequency at the end of consolidation phase, the dynamic loading phase
was recorded at 10 Hz, to increase the data sensitivity. Six cyclic stress ratios (CSRs) were
selected regarding the maximum and minimum principal effective stresses of each test case.
An example from the test cases is given in Figure 1 to show the result of the cyclic triaxial test

for fiber reinforced sand specimen with a relative density (Dr) of 70%, and a fiber ratio (F.R) of
0.25% at a constant CSR value of 0.307. The variation of the deviator stress with the number of
cycles to liquefaction (q-NL) is given in Figure 1a. Loading pattern is sinusoidal during testing and
Figure 1a shows its successful application with a deviator stress level of ±30-kPa. This deviator
stress induced +2.3%/-0.12% axial strain. The excess pore pressure (Ru) was fully developed after
37 cycles, which resulted in reaching liquefaction state for this specific example. Point A and point
B denote the exact points at the 37th cycle corresponding in deviator stress, axial strain, and pore
pressure ratio illustrations. A uniform development of the axial strain (εa) was observed before the
30th cycle, but a dramatic increase was observed up to the 37th cycle, and then a total failure
occurred (Figure 1b) as the failure envelope was attained by the stress state at this specific cycle.
Figure 1c shows that the variation of the pore pressure ratio at the 37th cycle reached one, which
proved the occurrence of liquefaction. The effective stress path in Figure 2 decreased in all speci-
mens, but the decrement rate was less in the reinforced specimens. This observation could be
attributed to the reinforcing effect as the voids in the sand specimen are replaced with the mono-
filament polypropylene fibers, causing the dissipation of excess pore pressure (Noorzad & Amini
2014). Figure 2 compares the results of undrained cyclic triaxial tests carried out on unreinforced
and reinforced specimens with a cyclic stress ratio (CSR) of 0.307. From Figure 2, it is observed
that the presence of reinforcing fibers considerably changed the resistance against the liquefaction
phenomena. The variation of axial strain was between +2% and -1% in reinforced specimens;

Table 1. Test cases of this study.

Relative density (Dr) (%) Fiber length
(F.L) (mm)

Fiber ratio
(F.R) (%)

30/70

Without

6 0.25

0.50

1.00

12 0.25

0.50

1.00
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while the axial strain varied between +10% and -2 % in unreinforced specimens, proving the effi-
ciency of reinforcement.

3 RESULTS AND DISCUSSIONS

Within the scope of this study, the relationships between pore (water) pressure ratio and the
number of cycles are shown in Figures 3a and 3b for two different fiber lengths (6 mm and 12
mm) and four different fiber ratios (F.R=0%; 0.25%; 0.50% and 1%). The graph in Figure 3a
is obtained for a constant cyclic stress ratio (CSR) of 0.325, for specimens with a relative dens-
ity (Dr) of 70% and containing 6 mm long fibers under 100 kPa effective stress. The number of
cycles needed to attain the pore pressure ratio of 1 was 14 for the unreinforced specimens.
When the fiber ratio was 0.25%, the required number of cycles increased to 26. Even adding a
small amount of fiber has considerably increased the number of cycles needed to attain the
pore pressure ratio of 1. This proves that the resistance to liquefaction is significantly
increased. The number of cycles required to reach a pore pressure pressure ratio of 1 was 12
for the specimens having 0.50% of fibers, and lastly the specimens with 1% fiber ratio needed
31 cycles. Figure 3b is given to show a comparison of the effect of longer fibers, this figure is

Figure 1. Exemplary results of the cyclic triaxial test for a reinforced specimen with a fiber ratio F.R

=0.25%, fiber length F.L=6mm, Dr=70%, CSR = 0.307, and σ0’=100 kPa. a) Deviator stress (q) b) Axial

strain (εa), and c) Pore water pressure ratio (Ru) variation with the number of cycles to liquefaction (NL)

in reinforced sand specimens.

Figure 2. Comparison of exemplary results of a fiber reinforced specimen with unreinforced and

reinforced with F.R = 0.25%, F.L=6 mm, Dr= 70%, CSR=0.307, and σ0’=100 kPa a) Effective stress

path b) stress-strain development by means of hysteresis loops.
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based on specimens with 12 mm fibers. CSR was kept constant at 0.325 for both fiber lengths
(6 mm and 12 mm) in order to compare the results. When the results obtained by using 12 mm
fibers are examined (Figure 3b), the number of cycles required for the 0.25% fiber ratio is 21;
for the 0.50% fiber ratio it is 23 and for the 1% fiber ratio the number of cycles is 56.
The pore pressure ratio and the number of loading cycles relationship indicates that in the

unreinforced specimens, the pore pressure increase is very quick, on the other hand, the incre-
ment rate of pore pressure for each cycle is relatively low before reaching to the initial lique-
faction state where (Ru=1) is reached in reinforced specimens. The existence of monofilament
polypropylene fibers retards the triggering of liquefaction by dilating the sand that causes to a
reduction in pore pressure. Maheshwari et al. (2012) came up with similar findings in their
work on coir and synthetic fiber reinforced sand specimens.
Figure 4 summarizes the relationship between the number of cycles for Ru=1, in addition with

the axes of fibers length and fiber ratio for all the tests conducted at Dr=70%. It is evident that the
number of cycles increased as the fiber length increased. This condition is seen because longer
fibers (F.L=12 mm) probably increased the contact points of sand particles and the specimen
gained stability against dynamic motions. If sand particles could not arrange themselves during

Figure 3. The number of cycles required for different ratios of fibers a) specimens with 6 mm fibers and

b) specimens with 12 mm fibers for Dr=70%.

Figure 4. Variation of number of cycles for Ru=1 with fiber ratio and fiber length at Dr=70% for a

σ0’=100kPa.
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cyclic loading, dynamic resistance takes over, and more loading cycles could be necessary to
observe the liquefaction phenomena. An increase in fiber length retards liquefaction and more
loading cycles are required to observe liquefaction. If the fiber ratio is kept constant, it is seen that
to mobilize shear strength longer fibers provide a higher resistance to the triggering of liquefaction.
The effect of CSR on the development of excess pore pressure ratio was given in Figure 5a

with the number of loading cycles, for a F.R=0.50% and F.L=12 mm. The pore pressure gener-
ation rate increased with an increase in the CSR values. Higher number of cycles were observed.
The slipping of fibers decreased with an increase in the length of fibers, resulting in a better per-
formance of fiber reinforced sands. Figure 5b shows the cyclic resistance curve of the unre-
inforced soil so that a comparison is possible with the reinforced specimens (Figure 5a). The
unreinforced specimens needed less than 100 loading cycles to reach Ru=1 condition when CSR
values were higher than 0.253, however, when CSR was 0.226, unreinforced specimens needed
300 cycles of loading to satisfy Ru=1 condition.When CSR was 0.264, number of cycles reduced
from 67 to 15 compared with reinforced and unreinforced specimens.
Figure 6 shows the number of cycles and pore pressure development relation of the specimens

with a relative density of 30%. Specimens prepared with 6mm (Figure 6a) and 12 mm (Figure 6b)
long fibers reached the pore pressure ratio of 1 under different cycles. In this figure CSR is kept
constant at 0.245. Specimens that are without fibers reached to pore pressure ratio of 1 under 14
cycles. As the ratio of fibers increased in the specimens the number of cycles to liquefaction also
increased. In the case of 6 mm long fibers, specimens with a fiber ratio of 0.25% liquefied after 15
cycles, specimens with a fiber ratio of 0.50% liquefied after 23 cycles, and specimens with a fiber

Figure 5. Variation of the number of cycles for Ru=1 with different CSR values, a) reinforced specimens

(F.R=0.50%, F.L=12 mm) and Dr=70% for σ0’=100 kPa and b) unreinforced specimens.

Figure 6. The number of cycles required for different ratios of fibers a) specimens with 6 mm fibers and

b) specimens with 12 mm fibers for Dr=30%.
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ratio of 1% liquefied after 31 cycles reaching to a pore pressure ratio of 100%. Longer the fiber
length in the specimens harder to reach pore water ratio of 1. Also, the number of cycles required
to reach liquefaction has shifted further. For the specimens having 12 mm long fibers, specimens
with a fiber ratio of 0.25% liquefied after 27 cycles, specimens with a fiber ratio of 0.50% liquefied
after 49 cycles, and specimens with a fiber ratio of 1% liquefied after 85 cycles. This finding
emphasizes the importance of fiber length is similar to the relative density of soil, it plays an
important role in the mitigation of pore pressures under cyclic motions.
The number of cycles required to reach pore pressure of 1 in specimens with a relative density

of 30% is given in Figure 7. Fiber length and ratio considered together in the figure. Soils liquefy
easily under lower relative densities compared to higher relative densities. This study shows that
under a relative density of 30%, not only increment in fiber ratio, but also the increment of fiber
length increases the number of cycles required to reach pore pressure of 1. The maximum
number of cycles was achieved for the specimens when 12 mm long fibers were added 1% in
specimen groups with 30% relative density. The pore pressure curves of fiber reinforced sands of
this study are compared with the pore pressure curves of fiber reinforced sands shown in the

Figure 7. Variation of number of cycles for Ru=1 with fiber ratio and fiber length at Dr=30% for a σ-

0’=100 kPa.

Figure 8. Comparison of Noorzad & Amini (2014) test results (shown in black lines) with this study for

Ru=1 with fiber ratio and fiber length at Dr=30% for a σ0’=100 kPa.
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work of Noorzad & Amini (2014). This study was particularly chosen because of the similar
testing conditions and testing materials. One difference is the relative density was %30 or %70 in
this study, however a relative density of %40 was chosen by Noorzad & Amini (2014). Therefore
a meaningful discussion could be made by comparing the relative densities of 30% and 40%. It
should be noted that CSR is kept constant at 0.25 in Figure 8. The effective stress is also con-
stant (σ0’=100kPa). Figure 8 shows the variations of the pore pressure ratios with the number of
cycles for three different fiber ratios (F.R=0, 0.5% and 1%). In both studies similar trends of
pore pressure are evident, however, due to the decrease in relative density the curves of this
study are slightly shifted to the left, indicating an earlier increase in pressure. The number of
cycles to reach Ru =1 was higher in the specimens that were unreinforced and reinforced with
0.5% fiber at Dr=40%. When fiber ratio was %1 in the specimens of both studies there is a
remarkable increase in the number of cycles to satisfy Ru=1 condition.

4 CONCLUSIONS

The study reveals the applicability of fiber reinforcement as a reasonable solution to liquefac-
tion. For this aim, a series of stress-controlled cyclic triaxial tests with various test conditions,
including the fiber and soil properties were held to investigate the liquefaction characteristics
of randomly distributed monofilament fibers in sand specimens. The effect of fiber ratio, fiber
length, relative density, and pore pressure generation were examined.
The results show and emphasize that fiber reinforcement is an effective alternative technique

to overcome the liquefaction susceptibility of sands, whether the sand is loose or at the upper
limit of medium dense soil. Even adding a small amount of fiber has considerably increased the
number of cycles needed to attain the pore pressure ratio of 1. In the unreinforced specimens
pore pressure increase is very quick, on the other hand, the increment rate of pore pressure for
each cycle is relatively low before reaching to the initial liquefaction state where the pore water
ratio of one is reached in reinforced specimens. The maximum number of cycles was achieved
for the specimens when 12 mm long fibers were added at a rate of 1%, but more cycles were
needed for the specimens with 70% relative density than the specimens with 30% relative density.
A comparison of pore pressure models showed that specimens with %1 fiber ratio had a differ-
ent trend than the specimens with no fibers and %0.5 fiber ratio. The relative density effect was
evident in the model by aligning them according to the relative density increase.
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