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1. Introduction 
 

During an earthquake, the excess pore water pressure 

increases tremendously and the effective stress decreases in 

the loose sand layers saturated with water due to the cyclic 

shear stresses, caused by the shear waves. As a result of 

this, the saturated loose sandy soil layer loses its strength 

and induces significant damage to the engineering 

structures on the ground (Towhata 2008). The typical 

examples of this phenomenon, denoted as the soil 

liquefaction, were encountered in the Niigata and Alaska 

1964, Loma Prieta 1989, Kobe 1995 and Chi-Chi 1999 

earthquakes. On May 20th, 2012 (ML = 5.9) and May 29th, 

2012 (ML = 5.8 and ML = 5.3), 27 people died and 12000 

buildings were severely damaged during the earthquakes in 

Italy's Emilia Romagna Region. Significant and widespread 

liquefaction effects were observed in this earthquake, 

causing damage to buildings and infrastructure systems 

(Fioravante et al. 2012). Researchers focused their attention 

on this very phenomenon in the last few decades in order to 

understand the mechanism of the liquefaction and to reduce 

the damage caused by this kind of enormous calamities 

(Alavi and Gandomi 2012, Monkul et al. 2015, Baziar and 

Jafarian 2007).  

The soil reinforcement procedures to reduce the soil 

liquefaction risk are reliable and efficient methods in the 

geotechnical earthquake engineering, adopted since the 

ancient times (Vercueil et al. 1997, Goktepe et al. 2008, 

Noorzad and Amini 2014). Researchers investigated the soil 

strengthening techniques by means of quantitative and 

analytical approaches. For this purpose, methods including 

the application of lime or fly ash, injection of cement or  
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addition of geotextile to the soil were adopted till now 

(Krishnaswamy and Isaac 1995, Noorzad and Omidvar 

2010, Diambra et al. 2010, Lovisa et al. 2010, Komak et al. 

2015, Keramatikerman et al. 2017). The applied materials 

improve certain features of the soil, like the shear strength, 

compressibility, density, and hydraulic conductivity 

(Orakoglu et al. 2017, Jones 1999). 

The previous studies indicated that the fiber use for soil 

strengthening improves the tensile strength of the soil 

(Ghazavi and Roustaei 2010, Zaimoglu 2010, Tang et al. 

2016, Gullu and Khudir 2014). On the other hand, the 

studies on the liquefaction potential of fiber-reinforced soil 

indicated that the soil liquefaction is affected by the fiber 

length, fiber content and the surrounding pressure 

(Krishnaswamy and Isaac 1994, Ibraim et al. 2010, 

Maheshwari et al. 2012, Ashmawy and Bourrdeau 1998).  

When compared to the stress- and strain-based 

approaches, the major advantages of the energy-based 

approach in liquefaction analysis are as follows. First, 

energy is a scalar quantity taking the entire spectrum of the 

ground motion into account (Baziar et al. 2011, Baziar and 

Jafarian 2007). Secondly, the use of the energy approach 

enables the inclusion of the strain, stress and material 

properties to the analysis (Liang 1995, Law 1990). The 

energy-based approach in the liquefaction evaluation was 

proposed by Nemat-Nasser and Shokooh (1979) as an 

alternative to the stress-based approach. This method 

mainly incorporates the fundamental components of the 

stress- and deformation-based approaches into the 

formulation. In a typical laboratory test, the shear stress, 

shear deformation and excess pore water pressure data can 

be recorded. The hysteresis loop can be produced from 

these shear stress and shear deformation data during the 

test. A typical loop, obtained from a deformation-controlled 

cyclic simple shear test, is illustrated in Fig. 1. The 

deformation energy in each loading cycle is equal to the 

area inside this hysteresis loop (Ostadan et al. 1996). In  
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Fig. 1 Typical hysteresis loop under cyclic simple shear 

(Sonmezer 2019) 
 

 

other words, this area represents the dissipated energy per 

unit volume of the ground mass (Green 2001). This 

situation is based on the idea that a portion of the energy 

during the ground deformation under dynamic loading is 

spread to the ground (Nemat-Nasser and Shokooh 1979). 

The instantaneous energy and the sum of this energy for the 

time intervals can be calculated from the dynamic test data 

up to the onset of liquefaction. The sum of this calculated 

energy is used as a measure of the energy capacity of the 

soil mass against liquefaction. The use of the capacity 

energy to assess liquefaction is rather appropriate because it 

depends on the shear stress and shear deformation induced 

during cyclic loading (Amini and Noorzad 2018). 

Several energy-based methods have been proposed to 

assess the liquefaction potential of the soil over the last few 

decades (Simcock et al. 1983, Davis and Berrill 2001, 

Jafarian et al. 2012, Liang 1995, Law 1990).  In these 

experimental studies, the total dissipated energy per unit 

volume of the soil was shown to be directly related to the 

excess pore water pressure, generated during undrained 

loading. Simcock et al. (1983) conducted a series of energy-

based undrained dynamic triaxial tests. The results showed 

that more energy is distributed in the sample with an 

increase in excess pore water pressure. Towhata and 

Ishihara (1985) conducted a series of undrained tests using 

the Toyoura sand in the hollow cylindrical torsional shear 

test. Their results showed a strong relationship between the 

unit energy and the excess pore water pressure. In addition 

to laboratory tests, analysis methods based on field tests are 

also used to evaluate soil liquefaction. Cavallaro et al. 

(2018) analyzed soil liquefaction using the results of the 

Seismic and Dilatometer Marchetti Tests (SDMT) tests and 

soil properties obtained by field and laboratory tests and 

analyzed new tentative CRR-Kd correlations based on 

SDMT. They reported that the results obtained were 

consistent with other studies conducted in the same field. 
The method of using fiber to strengthen the sandy soil 

has attracted a great deal of attention from researchers due 
to its features and advantages, such as its reliability, slow 
biodegradability and low cost (Hejazi et al. 2012). In 
particular, depending on their high tensile strength values 
that improve the soil strength, there has been an increasing 
interest on the fiber soil strengthening in recent years. 
However, fiber strengthening of the soil is still a relatively 
new technique and the ground-fiber performance 

mechanism needs to be fully investigated in every 
geotechnical project. 

Sharma and Kumar (2017) reported that the strength and 

bearing capacity of the fiber-reinforced soil increased 

considerably with an increase in the relative density. 

Moreover, the previous researchers reported that the fibers 

can increase the ductility and liquefaction resistance of the 

soil (Park 2011, Ye et al. 2017). Some studies on this 

subject are summarized below. 

Krishnaswamy and Isaac (1994, 1995) conducted a 

series of stress-controlled dynamic triaxial tests to 

investigate the effects of coir, woven and nonwoven 

geotextile reinforcing elements on the liquefaction 

resistance of the sandy soil. The results showed that the 

application of such reinforcement increased the liquefaction 

resistance of sandy soil samples. They also found that 

although the effect of the size of the test specimen was 

negligible, the parameters such as the effective confining 

pressure, stress ratio and interface friction of reinforcement 

have a significant effect on the liquefaction potential of the 

reinforced soil. 

Chen and Loehr (2008) examined the behavior of fiber-

reinforced and plain soil in the three-axial experimental 

setup under experimental conditions with and without 

drainage. They determined that the soil strengths of the 

fiber-reinforced specimens under drained experimental 

conditions exceeds the respective values of the same 

specimens under undrained experimental conditions at low 

deformation levels. The experiments conducted by Sadek et 

al. (2010) showed that a 0.5 to 1.5 % fiber content in the 

soil increases the shear strength values of the specimens. 

The studies carried out by Erken et al. (2015) showed that 

the dynamic strength values of sand specimens saturated to 

water increase with increasing fiber ratio.  

Amini and Noorzad (2018) conducted a series of 

dynamic triaxial tests to investigate the liquefaction 

properties of Babolsar sand reinforced with randomly 

distributed fibers, using an energy-based approach. The 

effects of fiber content, fiber length, confining pressure and 

relative density were investigated. The results exhibited that 

the addition of fibers resulted in a higher cumulative energy 

by increasing the number of cycles required for 

liquefaction. In addition, comparative studies (Amini and 

Noorzad 2018, Kokusho 2013) have shown that the energy-

based method is a good way to assess the liquefaction 

potential of fiber-reinforced sands. 

Chegenizadeh et al. (2018) investigated the effect of 

fiber on the liquefaction resistance of low-plasticity silt by 

performing a series of dynamic triaxial tests on fiber-

reinforced (BCF) and unreinforced samples. The results 

showed that increasing the BCF content and length 

increases the liquefaction resistance of the samples, whereas 

with an increase in the relative density (Dr), the liquefaction 

resistance of the reinforced sample becomes more 

pronounced than that of the unreinforced (plain) sample. 
Although the previous studies, with the exception of a 

few ones, focused on the strength and deformation 
properties of the fiber-reinforced soil under static loading, 
the efficiency of the fibers, added by dispersing randomly, 
in improving the liquefaction potential of the sandy soil was 
revealed with the help of a series of cyclic simple shear 
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tests in the present study. The aim of the present study was 
to investigate the liquefaction potential of the sandy soil, 
reinforced with propobilene fiber at a percentage of 0.25-
1.00 %, using the strain-controlled cyclic simple shear test 
and an energy-based approach. The study also aimed at 
proposing a relationship for the cumulative liquefaction 
energy of the fiber-reinforced soil as a function of the fiber 
length, fiber content and effective stress. 

 

 

2. Material and method 
 

2.1 Material 
 

The experiments, conducted within the present study, 

were realized using the clean beach sand from the Gallipoli 

beach, located on the shores of the Marmara Sea in Turkey. 

The physical properties of the sand are given in Table 1 and 

the grain size distribution graph is illustrated in Fig. 2. 6, 12 

and 19 mm long monofilament polypropylene fiber were 

used for strengthening the soil. The manufacturer reported 

that the adopted fibers have a diameter of 0.031 mm, a 

specific density of 0.9, a tensile strength of 400 MPa and a 

modulus of elasticity value in the order of 1000-2500 MPa. 

The fibers and fiber-sand mixture used in the study are 

given in Fig. 3. 

 

2.2 Specimen preparation 
 

Moist tamping method was preferred in the preparation 

of samples. Ladd (1978) showed that this technique is good, 

acceptable and feasible. In addition, this technique prevents 

the segregation of the fibers as well as maintaining the 

uniformity of the reinforced samples (Wang et al. 2011). 

One of the advantages of this method is that it allows 

samples in a wide range of void ratio to be prepared 

(Ishihara 1993). Several published experimental studies 

indirectly assume that the fibers are oriented randomly 

throughout the soil mass. Such a random distribution and 

orientation will protect the soil strength isotropy and 

eventually prevent or delay the formation of localized 

deformation planes (Hejazi et al. 2012).  However, the 

fibers were also reported to tend to be oriented horizontally 

in the preparation of the reinforced samples by moist 

tamping technique (Diambra 2007).  

In the experiments, fibers at ratios of 0.25, 0.50 and 1.00 

% by weight were used. When preparing fiber-reinforced 

samples, the required amount of dry sand was first mixed 

with unaired water at a ratio of about 5 % by weight of 

sand. The required amount of fiber was added to this 

mixture, mixed thoroughly in the electric mixer and this 

mixture was divided into five equal parts. Then, the sand-

fiber mixture, prepared for the first layer, was placed and 

stabbed in the test mold with a height of 46 mm and a 

diameter of 100 mm. Next, the same procedure was 

followed for each layer and samples with a relative density 

of 30 % and 50 % were prepared. 

 

2.3 Test procedure 
 

Experiments performed within this study were realized  

Table 1 Properties of sand used in experiments 

Property Value 

USCS classification symbol SP 

Median grain size, D50 (mm) 0.33 

Specific gravity, Gs 2.63 

Max. void ratio (emax) 0.90 

Min. void ratio (emin) 0.62 

Cu 1,52 

Cc 1,04 

 

 

Fig. 2 Grain distribution curve of sand used in 

experiments 

 

 
 

 

Fig. 3 The fibers and fiber-sand mixture used in the study 
 

 

by using the cyclic simple shear test. This device can 

accomplish one-, two- and three-dimensional (1D, 2D and 

3D) loading. 1D and 2D loading is conducted with the help 

of the pistons on the right and left side of the device, while 

the 3D loading is done by means of the piston standing in 

an upright position on the device and this piston has a force 

capacity of 10 kN. The device can apply either sinusoidal 

loading or a random loading, formed by entering the 

displacement record of a ground motion. The device used in 

the study is depicted in Fig. 4.  

Mostly, specimens with a relative density of 30 % were 

tested, since the main purpose of this study was to observe 

the effect of fiber strengthening in loose sand layers 

saturated with water and with high liquefaction potential 
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Fig. 4 The cyclic simple shear test setup used in the 

experiments 

 

Table 2 Test results 

Test No σ′v(kPa) FC (%) FL (mm) Dr (%) W(J/m3) 

1 25 0  30 791 

2 50 0  30 1463 

3 100 0  30 2427 

4 25 0.25 6 30 1282 

5 50 0.25 6 30 1833 

6 100 0.25 6 30 3268 

7 25 0.5 6 30 3881 

8 50 0.5 6 30 5027 

9 100 0.5 6 30 5500 

10 25 1 6 30 4760 

11 50 1 6 30 6484 

12 100 1 6 30 6997 

13 25 0.25 12 30 1561 

14 50 0.25 12 30 2692 

Table 2 Continued 

Test No σ′v(kPa) FC (%) FL (mm) Dr (%) W(J/m3) 

15 100 0.25 12 30 5763 

16 25 0.5 12 30 4574 

17 50 0.5 12 30 5114 

18 100 0.5 12 30 6489 

19 25 1 12 30 4933 

20 50 1 12 30 7112 

21 100 1 12 30 10979 

22 25 0.25 19 30 2797 

23 50 0.25 19 30 4289 

24 100 0.25 19 30 6757 

25 25 0.5 19 30 4591 

26 50 0.5 19 30 7167 

27 100 0.5 19 30 11507 

28 25 1 19 30 5784 

29 50 1 19 30 9669 

30 100 1 19 30 18509 

31 50 0  50 2645 

32 50 0.25 12 50 4120 

33 50 0.5 6 50 12607 

34 50 0.5 12 50 13313 

35 50 0.5 19 50 13658 

36 50 1 6 50 26465 

37 50 1 12 50 31010 

38 50 1 19 50 45589 

where effective stress (kPa), FC: fiber content in percent 

(%), FL: fiber length (mm), Dr: Relative density (%) W: 

Cumulative liquefaction energy (J/m3) 
 

 

during an earthquake. However, in order to see the effect of 

relative density on fiber strengthening, few specimens with 

50 % relative density were also tested. In order to ensure 

that the specimens were saturated with water and to prevent 

air bubbles from remaining in the sample, CO2 was applied 

for 20 min. to the samples from bottom towards top. After 

flushing with CO2, the deaired water was given to the 

sample from bottom to top from the water deairing 

apparatus under low pressure to assure full saturation of the 

sample to water. Airless water with a volume of at least 5 

times the sample volume was passed through the sample. 

After the saturation process was completed, the effective 

stress was applied to the sample and the sample was 

anisotropically consolidated under this stress. 
During cyclic loading, a uniform sinusoidal shear strain 

with a frequency of 0.1 Hz was applied in the horizontal 
direction, which is recommended for this type of test 
equipment Chen and Loehr (2008) although being less than 
a typical earthquake frequency. This stress develops with 
the help of the horizontal movement of the red plate below 
the sample mold, shown in Fig. 4. Excessive pore water 
pressures developed during the tests were measured by 
sensitive pressure sensors, located above and below the 
sample. All parameters during the experiment were 
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automatically recorded by the software of the cyclic simple 
shear test apparatus to the experiment file, as 20 readings 
for each cycle. In the experiments, the samples were 
assumed to liquefy as soon as an excess pore water pressure 
equal to the initial effective vertical stress develops. In the 
study, 38 deformation-controlled cyclic simple shear tests 
were performed under 3 % deformation and undrained 
conditions and for the effective stress values of 25, 50 and 
100 kPa. In some studies, it has been shown that the 
liquefaction energy of the soil under dynamic loading is 
little or not dependant on shear strain amplitude (Figuera et 
al. 1994, Liang 1995). Furthermore, in stress-controlled 
dynamic tests, it is assumed that the tested sample is 
liquefied when either the excess pore pressure is equal to 
the effective stress or when the shear strain amplitude 
reaches the double amplitude 6% or 10% (DeAlba et al 
1976, Ishara 1985). Therefore, in this study, the double 
amplitude 6% (unidirectional 3%) deformation level tests 
were performed. The experiments yielded to the cumulative 
energy values of fiber-reinforced sand samples up to the 
onset of liquefaction. The expression given in Equation 1 is 
frequently used in the literature to calculate the cumulative 
liquefaction energy per unit volume. This expression was 
also used in this study. (Figueroa et al. 1994, Liang 1995). 

𝑊 =
1

2
∑(𝜏𝑛 + 𝜏𝑛+1)(𝛾𝑛+1 − 𝛾𝑛)

𝑛

𝑖=1

 (1) 

where W: Cumulative total energy,  τ: shear stress,  γ: 

shear unit deformation and n: number of cycles recorded to 

liquefaction. The dissipate energy for each cycle from the 

first cycle to the cycle n, in which liquefaction occurs, is 

calculated using the above formula and these energies are 

summed to determine the total liquefaction energy (J/m3) of 

the sample. The cumulative energy results and initial test 

conditions of all tests performed in this study are given in 

Table 2.  

 

 

3. Results and discussion 
 

In this section, the number of cycles, excess pore water 

pressure ratio, shear modulus ratio of the fiber-reinforced 

and unreinforced samples and the relationship of these 

parameters with the cumulative liquefaction energy are 

shown. In addition, the effect of fiber properties (fiber 

content and fiber length) and test parameters (effective 

stress, relative density) on the liquefaction resistance were 

presented and discussed. The results of the typical 

experiment of a sample under 50 kPa effective stress, with a 

30 % relative density and 0.25 % fiber content and 

reinforced with 6 mm long fibers, are shown in Figures 5-9. 

The hysteresis loop showing the change of the shear stress 

with the shear deformation is shown in Figure 5. As can be 

seen from the figure, the area under the curve decreases 

with increasing number of cycles. The reason for this 

reduction is the increase in excess pore water pressure. At 

the moment of liquefaction, on the other hand, the area 

under the loop reduces to a major extent and the loop takes 

a nearly straight form. In this experiment, the variation of 

the 3 % shear strain, applied to the sample, with number of 

cycles is given in Fig. 6. In deformation-controlled  

 

Fig. 5 The hysteresis loop 

 

 

Fig. 6 Cyclic shear strain variation with the number of 

cycles 

 

 

Fig. 7 Cyclic shear stress variation with the number of 

cycles 

 

 

Fig. 8 Variation of the excess pore pressure with the 

number of cycles 

 

 

experiments, the amplitude of the shear strain is kept 

constant from the beginning of the experiment to the end. 
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Due to the applied shear deformation, the excess pore water 

pressure in the sample increases until it is equal to vertical 

effective stress. 

Fig. 7 shows the variation of the shear stress of the 

aforementioned test with the number of cycles. Due to the 

shear strain, applied in a controlled manner, the shear stress 

decreases as approaching liquefaction as a result of the 

reduction in the soil resistance and eventually reaches a 

constant value. Theoretically, the shear stress does not 

become exactly zero as in a liquid. This situation is thought 

to stem from the friction existing in the test system. Fig. 8 

shows the change in the excess pore water pressure with the 

number of cycles. Excess pore water pressure, which is one 

of the most important indicators of soil liquefaction, 

increases rapidly until it is equal to vertical effective stress 

due to increased sample deformation and settling of sand 

grains more tightly and it continues horizontally with the 

occurrence of liquefaction. 
 

3.1 The relationship between the cumulative 
dissipated energy and the number of cycles 
 

The change in the dissipated energy per unit volume 

with the fiber content and fiber length is given in Figs. 9 

and 10, respectively. As can be seen from the figures, the 

cumulative dissipated energy increases with increasing 

number of cycles until reaching liquefaction depending on 

the increase in the fiber content as well as the fiber length. 

Especially when compared to the plain samples, the 

liquefaction resistance of the reinforced samples can be 

seen to increase to a considerable extent with an increase in 

the fiber content and length. This increase is thought to 

originate from the increase in the shear strength of the soil 

sample due to the presence of fibers. This shows that the 

fibers mixed with the sand have a clearly significant effect 

on the susceptibility of the sandy soil to liquefaction. 

 

3.2 The dissipated energy and excess pore water 
pressure relationship 
 

Excess pore water pressure ratio (ru) is defined as the 

ratio of the excess pore water pressure to effective stress. 

When ru = 1, the soil loses its strength and liqufies. Figure 

11 shows the relationship between excess pore water 

pressure ratio and the cumulative dissipated energy with 

increasing fiber length. To clarify, the dissipated energy and 

the number of cycles required to reach liquefaction 

increases in the presence of fibers in the soil. The reason for 

this increase is thought to be the difficulty in settling of the 

grains, caused by the increase in the fiber length, during the 

re-settling of the sand grains with increasing deformations 

in the test. This can be also explained by the fact that 

polypropylene fibers are mobilized under increasing 

deformations since they constitute an extensible reinforcing 

material and their tensile strength is high (Amini and 

Noorzad 2018).  

In Fig. 12, the relationship between the excess pore 

water pressure and the cumulative dissipated energy is 

shown for varying fiber content. As for increasing fiber 

length, the amount of dissipated energy per unit volume up 

to the onset of liquefaction increases with increasing fiber  

 

Fig. 9 The fiber length changes in the presence of 100 

kPa effective stress, 1% fiber content and 30% relative 

density 
 

 

Fig. 10 The fiber content changes in the presence of 50 

kPa effective stress, 30% relative density and 19 mm 

long fibers 
 

 

Fig. 11 The cumulative dissipated energy change for 

varying fiber length in the presence of 100 kPa effective 

stress, 30% relative density and 1% fiber content 
 

 

Fig. 12 The cumulative dissipated energy change for 

varying fiber content in the presence of 100 kPa effective 

stress, 30% relative density and 19 mm fiber length 
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Fig. 13 The relationsip between the shear modulus ratio 

and unit energy for 50 kPa effective stress and 0.5% fiber 

content 
 

 

Fig. 14 The relationsip between the shear modulus ratio 

and unit energy for 50 kPa effective stress and 19 mm 

fiber length 
 

 

Fig. 15 The relationship between the cumulative 

liquefaction energy and fiber length for different fiber 

contents, 50 kPa effective stress and 30% relative density 
 

 

Fig. 16 The relationship between the cumulative 

liquefaction energy and fiber content for different fiber 

lengths, 100 kPa effective stress and 30% relative density 

content. That is, by mixing fibers to the sand, the reduction 

of the soil shear strength is significantly delayed and its 

resistance to liquefaction increases. 

 

3.3 Relationship between the dissipated energy and 
the shear modulus 
 

Shear modulus is an important parameter for evaluating 

the dynamic properties of soils. The shear modulus ratio (G 

/ Gmax) is defined as the ratio of the shear modulus (G) in 

the cycle in which the liquefaction occurs to the maximum 

shear modulus (Gmax) (Kokusho 2013). Fig. 13 shows the 

relationship between the cumulative dissipated energy and 

shear modulus ratio for different fiber lengths in the 

presence of 50 kPa effective stress, 30% relative density 

and 0.5% fiber ratio. Until the initiation of liquefaction, the 

shear modulus rapidly decreases with increasing unit energy 

in the non- reinforced sample, while the shear modulus ratio 

reduction is much more gradual with increasing unit energy 

in the reinforced sample. This finding can be explained by 

the long-term preservation of the soil hardness and the 

increased resistance to liquefaction in the presence of fibers. 

However, the unit energy and shear modulus ratio is not 

affected significantly by the increase in fiber length.  

Fig. 14 shows the relationship between the unit energy 

and shear modulus for different fiber ratios in the presence 

of 50 kPa effective stress, 30% relative density and 19 mm 

fiber length. As expected, the samples reinforced with fibers 

yield to higher unit energy values compared to the 

unreinforced ones. The addition of fibers causes better 

interlocking of the soil particles. In the reinforced samples, 

the shear modulus ratio decreases very slowly with 

increasing unit energy and the sample exhibits a much 

slower stiffness degradation. In addition, as the fiber ratio 

increases, this situation becomes more pronounced and the 

relationship is not linear. The increase in the soil 

liquefaction resistance with the addition of fibers was also 

stated in other previous studies (Amini and Noorzad 2018, 

Chegenizadeh et al. 2018). 
 

3.4 Effects of the fiber content and fiber length 
 

Some other studies have shown that the energy-based 

approach is a good index for assessing liquefaction (Baziar 

and Jafarian 2007, Figueroa et al. 1994). Figs. 15 and 16 

show the relationships between the cumulative liquefaction 

energy at the onset of liquefaction and the fiber length (FL) 

and fiber content (FC), respectively. Fig. 15 shows the 

relationship between the cumulative liquefaction energy and 

fiber length of samples with 50 kPa effective stress and 

30% relative density for various fiber contents. As seen, the 

cumulative liquefaction energy increases linearly with the 

fiber length. The cumulative energy of the sample with 19 

mm fiber length is 42% higher than the respective value of 

the sample with 6 mm fiber length for a fiber content of 

0.50 %. 

Fig. 16 shows the relationship between the cumulative 

liquefaction energy and fiber content of the samples with 

100 kPa effective stress and 30% relative density for 

various fiber lengths. The cumulative energy increases by 

90% when the ratio of the 12 mm long fibers, mixed  
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Fig. 17 The relationship between the effective stress and 

liquefaction energy for a relative density of 30%, a fiber 

length of 19 mm, but for different fiber contents 

 

 

Fig. 18 The relationship between the effective stress and 

liquefaction energy for a relative density of 30%, a fiber 

ratio of 1 %, but for different fiber lengths 

 

 

Fig. 19 Variation in the liquefaction energy with respect 

to the relative density and for an effective stress of 50 

kPa and a fiber length of 12 mm 

 

 

Fig. 20 Experimental results compared to the analytical 

estimates from the expression 

randomly with the sand, increases from 0.25 % to 1.00 %. 

The amount of energy required to reach liquefaction can be 

clearly observed to increase regardless of the fiber content 

and fiber length when fibers are mixed randomly with the 

sand. However, as can be seen from the increase in the 

energy ratio values, the amount of energy required to reach 

liquefaction increases to a greater extent with an increase in 

the fiber content as compared to an increase in the fiber 

length. This shows that the increase in the fiber content is 

more effective than increasing the fiber length in preventing 

the liquefaction-induced strength loss of soil. Similar results 

were reported by Consoli et al. (2002) and Amini and 

Noorzad (2018). 

 

3.5 Effects of the effective stress and relative density 
 

Fig. 17 shows the variation of the liquefaction energies 

of the samples with different fiber ratios, 30% relative 

density and 19 mm fiber length with respect to the effective 

stress. Fig. 18, on the other hand, shows the variation of the 

liquefaction energy with respect to the effective stress for 

different fiber lengths, 1 % fiber ratio and 30% relative 

density. The energy required for liquefaction can be clearly 

seen to increase linearly with increasing effective stress in 

the cases of both fiber content and fiber length increase. In 

other words, the resistance of the sample to liquefaction 

increases if either the fiber content or the fiber length 

increases. For example, in the presence of 30% relative 

density and 19 mm fiber length, the liquefaction energy 

increases by 141% for a fiber content of 0.25% when the 

effective stress is increased from 25 kPa to 100 kPa. Under 

the same circumstances, but for a fiber ratio of 1%, the 

increase in the energy is 220%. Similarly, the increase in the 

liquefaction energy when increasing the effective stress 

from 25 kPa to 100 kPa is only 21% in the presence of 6 

mm long fibers in the sandy soil, yet 164% in the presence 

of 19 mm long fibers. These results indicate that the 

liquefaction energy is strongly dependant on the effective 

stress and the increase in the fiber content is more 

influential on the liquefaction energy than the increase in 

the fiber length. These results are in agreement with the 

ones obtained by Jafarian et al. (2012) and Figuera et al. 

(1994). 

Fig. 19 illustrates the effect of the relative density on the 

liquefaction energy for different fiber contents. As seen 

clearly, the relative density has a positive contribution to the 

liquefaction energy in all values of fiber content. With 

increasing relative density, the contribution of fiber 

strengthening becomes more pronounced. Namely, under an 

effective stress of 50 kPa and in the presence of 12 mm 

fibers, the increase in the liquefaction energy is 53% in the 

presence of 0.25% fiber content when the relative density is 

increased from 30% to 50%. Under the same circumstances, 

but a fiber content of 1% this time, the increase is about 336 

%. This finding most probably originates from the increase 

in the contact between the sand particles at higher relative 

densities, and therefore, the higher resistance of the 

particles to rearrangement under dynamic loading. 

Normally, this situation results in an increase in the shear 

resistance, and thus, in the energy needed for liquefaction.  

In other words, the composite material exhibits 
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Fig. 21 The cumulative liquefaction energy variation with 

respect to the fiber length and fiber content (a) 25 kPa, 

(b) 50 kPa and (c)100 kPa 

 

 

a higher resistance to the liquefaction when the density 

increases. 

 

3.6 Regression analysis 
 

In this section, a generalized equation was obtained by 

conducting a regression analysis using the effective stress, 

fiber content, fiber length and the cumulative dissipated 

liquefaction energy per unit volume (for 30 % relative 

density). In the analysis, the cumulative liquefaction energy 

per unit volume is the dependent variable, while the 

effective stress, fiber content and fiber length are the 

independent variables. The expression with the highest 

correlation coefficient (R2=0.92) from the analysis is given 

in Eq. (2). 

𝑊 (
𝐽

𝑚3) = Exp(0.0108 ⋅ 𝜎𝑣
′ + 1.017 ⋅ 𝐹𝐶 + 0.054 ⋅ 𝐹𝐿

+ 6.633) 

 𝑅2 = 0.92 

(2) 

where W is cumulative dissipate energy in J/m3, 𝜎𝑣
′  is the 

effective stress in kPa; FC is the fiber content percentage 

(%); FL is the fiber length in mm. 

The standard errors for the regression coefficients are 

0.00102, 0.09939 0.006029, 0.14529, respectively. The 

estimates from the expression (Equation 1) are illustrated in 

Fig. 20 together with the experimental liquefaction energy 

values. The experimental results are clearly in close 

agreement with the analytical estimates from the proposed 

equation. 

In Fig. 21, the relationship between the liquefaction 

energy, calculated from Equation (1), and FC and FL was 

illustrated for various values of the effective stress. As 

observed in the experiments, the liquefaction energy, 

calculated from the expression developed from the 

regression analysis, can be observed to be strongly 

dependant on the fiber ratio and fiber length. Similar 

conclusions were drawn by Amini and Noorzad (2018). 
 

 

4. Conclusions 
 

A series of strain-controlled cyclic simple shear tests 

were conducted to evaluate the susceptibility of the sandy 

soils, which are originally susceptible to liquefaction, with 

the addition of randomly distributed fibers. For this 

purpose, the effects of parameters including the fiber 

content, fiber length, effective stress and relative density 

were investigated through the energy-based approach. The 

regression analysis on the test results yielded to an 

expression for estimating the liquefaction energy values of 

fiber-reinforced sands. The conclusion drawn from the 

present experimental and analytical studies are as follows: 

• A significant increase in the cumulative liquefaction 

energy and the cycle number of the fiber-reinforced sandy 

soil was observed compared to the plain soil. That is, the 

fiber reinforcement has created limitations in the lateral 

movement of the sand used in the experiments and 

significantly increased its resistance to liquefaction. 

• The presence of fibers strongly influences the 

development of the pore water pressure. In other words, the 

increase in excess pore water pressure is very slow in the 

presence of fibers. The same conclusion is valid for both the 

increase in fiber content and the increase in fiber length. 

This is thought to stem from the fact that the fiber increases 

the energy absorption capacity of the sand due to being an 

extensible material. 
• Shear modulus is an important indicator for the 

stiffness degradation. When the reinforced and unreinforced 
samples are compared in terms of shear modulus, the shear 
modulus ratio in the unreinforced specimens can be seen to 
decrease rapidly with increasing unit energy. The decrease 
in the shear modulus ratio of the reinforced specimens was 
observed to be much slower with increasing unit energy. 
However, with the increase in fiber content, the reduction in 
the shear modulus ratio was observed to be much more 
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noticeable, while this reduction was much less smaller in 
the case of an increase in the fiber length. 

• With the increase in the relative density, the resistance 

of the fiber-reinforced soil to liquefaction increases further. 

However, the effect of strengthening through increasing the 

fiber content is more pronounced in semi-stiff sands (50%) 

compared to loose sands (30%). 

• With the increase in the effective stress, the 

liquefaction energy of the fiber-reinforced soil increases, 

and thus, the resistance of the soil to liquefaction increases. 

However, the increase in the fiber content is much more 

effective in increasing to resistance of the soil to 

liquefaction compared to increasing the fiber length. 

• Through a regression analysis on the cyclic simple 

shear test results, an equation expressing the liquefaction 

energy of the sand as a function of the fiber content, fiber 

length and effective stress was proposed for a relative 

density of 30%. 
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