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ABSTRACT 
The excess pore-water pressure builds up gradually during the liquefaction tests and reaches the initially applied 
confining stress; this buildup of excess pore-water pressure depends on the magnitude of the cyclic stress ratio as well 
as the density of the soil. In addition, the effect of the number of loading cycles on the magnitude of excess pore-water 
pressure is essentially a function of the shear strain. Since four decades, an interest has risen to evaluate the generation 
of excess pore-water pressure of sand soils considering the above-mentioned parameters and some numerical models 
have been proposed in literature. However, the behavior of reinforced soils is still not clear and requires further research. 
This study focuses on the performance of randomly distributed fibers enhancing the excess pore-water pressure 
generation of loose and medium dense sand deposits under cyclic conditions in Izmir, Turkey. A systematic testing 
program of stress-controlled cyclic triaxial tests was performed on saturated sand samples with and without fiber 
reinforcements under undrained conditions. The frequency of testing was held at 0.1Hz and the confining pressure in all 
test cases were 100kPa reflecting the actual overburden pressure in field conditions. The effect of parameters such as 
fiber content (0.25%, 0.50%, and 1%), fiber length (6 mm and 12 mm), and relative density (30%, 50%, and 70%) on the 
excess pore-water pressure development of unreinforced and reinforced specimens was studied. Upon increasing the 
fiber content and fiber length, the number of loading cycles leading to liquefaction increased. The reinforcement effect in 
medium dense specimens was found to be more significant than that of looser specimens. The excess pore-water 
pressure and cycle number ratio curves are obtained for the fiber reinforced sands. The boundaries presented in the 
literature on clean sands are shown in comparison with the results of fiber reinforced sands of this study. As a 
conclusion, the outcomes of this study are useful to develop insight into the behavior of clean and fiber-reinforced sands 
under seismic loading conditions. Based on the test results, it was found that the number of loading cycles has significant 
influence on the generation of excess pore pressure of fiber reinforced sands. 
 
 
 
1 INTRODUCTION 
 
Wave propagation during the earthquakes originates 
undrained shear stresses in the soil, the particles of soil 
experience shear strains, and excess pore-water 
pressures are generated in the soil medium. Development 
of excess pore-water pressure decreases the stiffness in 
response to an applied overburden pressure and triggers 
a vicious circle that causes larger shear strains and higher 
excess pore-water pressures. In the final stage, the 
excess pore-water pressure reaches to the level of initial 
overburden pressure and liquefaction is initiated.  

Since 1970’s analyzing and modelling of excess pore-
water pressure in a soil under the excitation of 
earthquakes gained interest among the researchers of 
geotechnical earthquake engineering. In this paper, along 
with the findings of this study, other literature is also 
reviewed and compared with the results provided by the 
experiments. A detailed testing program is followed by 
conducting experiments on clean sand samples with 
varying conditions by using the cyclic triaxial compression 
testing device. The results of experimental sets are 
evaluated by stress based methods, main parameters 
affecting the behavior and the uncertainties are 
considered during analyses and practical solutions are 
compared with the existing models. 

The influence of fibers on the dynamic behavior is 
investigated in reinforced sand specimens. The sets of 
experiments included specimens with 0%, 0.25%, 0.5%, 
and 1% polypropylene fiber contents. Furthermore, the 
effect of fiber length is investigated by using two different 
fibers with lengths of 6 mm and 12 mm. The relative 
density of the specimens was 30%, 50%, and 70%, 
representing the different stiffness states of the soil.  The 
specimens were consolidated under a confining pressure 
of 100 kPa and a cyclic loading frequency of 0.1 Hz was 
applied. The variation of the excess pore-water pressure 
ratio with number of loading cycles, fiber content, and 
fiber length is achieved and presented. 
 
2 TESTING PROGRAM 
 
2.1 Test Materials and Test Cases 
 
Clean sand is obtained from an excavation site from the 
city center of Izmir in Turkey. The sand is classified as 
poorly graded sand (SP) according to the Unified Soil 
Classification System. The effective size (D10), the 
diameter corresponding to 30% finer (D30), mean grain 
size (D50), and the diameter corresponding to 60% finer 
(D60) of the sand gradation are 0.15 mm, 0.28 mm, 0.53 
mm, and 0.70 mm, respectively. The coefficient of 



 

 

uniformity is 4.67 and the coefficient of curvature is 0.75. 
The maximum and minimum void ratios are 0.84 and 
0.56, respectively. The specific gravity of the sand is 2.67. 

The monofilament polypropylene fiber materials used 
in this study were also produced in Turkey by a local 
company. The fibers were rectangular in cross section 
with a specific density of 0.91, tensile strength of 400 
MPa, and elastic modulus of 1000-2500 MPa. Fiber 
lengths were 6 and 12 mm. Fiber ratios of 0.25%, 0.5%, 
and 1% were added to the specimens by dry weight of 
sand. 

An experimental program was prepared to investigate 
the influence of fiber reinforced sand specimens. The test 
cases are combinations of relative density of the sand, 
fiber length and fiber ratio (Table 1). In addition to the 
routine experimental program, certain randomly selected 
test cases are rerun to check the validation of sample 
preparations of similar density and loading conditions to 
verify the repeatability and the accuracy of the results. 

 
 

Table 1. Test cases conducted in this study. 
 

Relative density 

(Dr) (%) 

Fiber length 

(FL) (mm) 

Fiber ratio  

(FR) (%) 

30 

Without 

6 0.25;  

0.50;  

1.00 

12 0.25;  

0.50;  

1.00 

50 

Without 

6 0.25;  

0.50;  

1.00 

12 0.25;  

0.50;  

1.00 

70 

Without 

6 0.25;  

0.50;  

1.00 

12 0.25;  

0.50;  

1.00 

 
 
2.2 Test Equipment 
 
The stress-controlled cyclic triaxial tests were performed 
using a DTC-S367 cyclic triaxial system by Seiken Inc. 
The main components of this system consist of vertical 
pressure loading unit with air and water panel, triaxial cell, 
pneumatic sine loader, an electric measurement unit 
including, pressure and displacement transducers and 
volume change transducer, strain amplifiers, and dynamic 
data acquisition system. The servo reservoir assembly 
includes a regulator for setting the required pressure, a 

reservoir to smooth out any changes in the air supply 
pressure, two water traps and two pneumatic servo valves 
for controlling confining and back pressures. Distribution 
panel controls all water flow, automatic volume change 
apparatus and the triaxial cell.  

The cyclic triaxial apparatus is equipped with a single 
column load frame, with a servo-pneumatic actuator with 
external displacement transducer. The high performance 
servo valve provides a sinusoidal vibration frequency 
between 0.001 to 10 Hz. Axial displacement was 
measured by means of a displacement transducer with a 
travel distance of 50 mm. Axial load was monitored using 
a bellofram cylinder type of load cell with a capacity of 2 
kN, which is mounted inside the triaxial cell. Thus, it only 
measures the vertical loads applied to the specimen and 
a possible falsification of the measured values of vertical 
load because of piston friction is avoided.  

The clear acrylic cylinder of the triaxial cell has a 
working pressure of 1MPa. A double burette type volume 
change apparatus was located in the system that contains 
a transducer with a stroke of 25 ml to measure the volume 
changes of saturated specimens.  
 
2.3 Specimen Preparation  
 
The experiments were conducted on cylindrical 
specimens with a diameter of 50 mm and a height of 100 
mm. The specimen preparation technique similar to the 
undercompaction technique of Ladd (1978) was adopted. 
A porous stone and a single filter paper were placed on 
the pedestal. A cylindrical rubber membrane was attached 
to the pedestal and secured with O-rings. A split mold was 
placed on the lower plate of the triaxial cell, vacuum was 
supplied to the mold and upper part of the membrane was 
secured. The required amount of oven-dried sand was 
mixed with a calculated amount of fibers was divided into 
ten equal parts, and each part was carefully transferred 
into the mold and compacted using a wooden rod until the 
desired height was achieved. Top of each compacted 
layer was cleared off slightly before placing the next layer 
to promote proper bonding. A single filter paper and a 
porous stone were placed above the specimen. The ends 
of the rubber membrane were slipped to the specimen 
cap. The specimens are prepared according to JGS 0520-
2000 and are subsequently tested according to JGS 
0541-2000. 
 
3 TEST PROCEDURE 
 
The specimens are flooded with carbon dioxide followed 
by de-aired water, and back pressure is applied to 
saturate the specimens. Skempton’s excess pore-water 
pressure value (B) is verified to vary between 0.96 and 
1.00. The specimens are isotropically consolidated to the 
desired effective stress, and stress-controlled undrained 
cyclic loading is subsequently applied. In the liquefaction 
tests, the loading sequence applies a certain number of 
cycles necessary to reach a specified level of cyclic stress 
under a frequency of 0.1 Hz until the specimen develops 
a double-amplitude axial strain (DA) of 5%. During cyclic 
loading, continuous records of the excess pore-water 



 

 

pressure (u), cyclic axial strain (εc), and the cyclic deviator 
stress applied to the specimen are obtained.  

Typical test results obtained from a cyclic triaxial test 
conducted on Izmir sand with a relative density of 30% 
and subjected to an effective confining pressure of 100 
kPa are illustrated in Fig. 1. Stress path of the specimen 
is given in Fig. 1a. Two-way cyclic loading, which involves 
a continuous sequence of compression and extension, 
was regularly applied to simulate dynamic conditions, 

which could be detected from the regular change of q/’0 
between +0.20 and -0.20. Figure 1b shows the variation 
of the stress path with the cyclic axial strain. At the 
beginning of the test, small cyclic axial strain was 
observed, but as more cycles were applied, the strains 
became more dominant on the compression side reaching 
to an approximate value of 8%. The variation of excess 
pore-water pressure with the number of loading cycles is 
shown in Fig. 1c. The progress of the excess pore-water 
pressure ratio with the number of cycles followed a steady 
trend. After 3 cycles, the excess pore-water pressure ratio 
exceeded 95%, and this condition stimulated the cyclic 
axial strains to vary considerably over a wider range. In 
Fig. 1d, when the excess pore-water pressure ratio 
reached 100%, the test resulted in +8% and −5% strain 
levels summing up to a strain level of 13%. 
 
 

Figure 1. (a) Variation of stress path, (b) stress path with 
cyclic axial strain (c) excess pore-water pressure ratio 
with the number of cycles, (d) cyclic axial strain with the 
number of cycles for a specimen of fiber reinforced Izmir 
sand (Dr = 30%, fiber length= 12 mm, fiber ratio = 0.25%, 

and 0’ = 100 kPa.) 
 
4 RESULTS AND DISCUSSION 
 
In this section, the main parameters of this study, namely 
relative density, fiber length, and fiber ratio effects on the 
excess pore-water pressure development is presented 
and discussed. It should be noted that all the outcomes of 
this study belongs to the experiments which were 
performed under 100 kPa effective confining pressure. 
The liquefaction criterion of the tests was to achieve the 
number of cycles when the specimen developed a 
double-amplitude axial strain (DA) of 5%. 

The specimens were categorized into two groups, first 
group constitutes of loose specimens with a relative 
density of 30% and the second group constitutes of 
medium dense specimens with relative densities of 50% 
and 70%, representing the lower and the upper limits of 
relative density used to define medium dense soils. An 
increase in fiber length increases the number of cycles 
needed to cause liquefaction for all specimens regardless 
of relative density. However, this outcome is more 
prominent for specimens with 30% relative density. In 
Figure 2, variations of the cyclic stress ratio (CSR) with 
the number of cycles of fiber reinforced soils with relative 
densities of 30% and 50% percent are shown as a 
comparison. For specimens having a relative density of 
50% and fiber length of 6 mm, lowest liquefaction 
resistance was obtained from specimens having a fiber 
ratio of 0.25%. 
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Figure 2. Variation of CSR with the number of cycles 
considering the effect of fiber length (a) FL= 6 mm; Dr = 
30% (b) FL= 12 mm; Dr = 30% (c) FL= 6 mm; Dr = 50% (d) 

FL= 12 mm; Dr = 50% (FR: fiber ratio and 0 = 100 kPa.) 
 

The specimens with a fiber ratio of 0.5% and the ones 
without fibers showed a similar liquefaction resistance. 
The highest resistance was achieved in specimens that 
contain 1% of fibers. Among the specimens having a 
relative density of 50% and fiber length of 12 mm, 
specimens that contain no fiber, 0.25%, and 0.5% showed 
a liquefaction resistance varying in a narrow band. The 
most remarkable improvement against liquefaction was 
obtained in specimens with 1% fiber content. For medium 
dense specimens, at a constant fiber ratio the effective 
length of fiber available to mobilize shear strength 
increased with the increase in fiber length. In this 
condition, the probability of slippage occurring in fibers 
was reduced with an increase in fiber length, leading to 
better performance of fibers in soil. 

In order to model the generation of excess pore-water 
pressure in fiber reinforced specimens two stress-based 

models were considered and () coefficients of these 

models are achieved by calculating the smallest mean 
square error in each model.  
 
4.1 Excess pore-water pressure model by Seed et al. 

(1976) 
 
The model proposed by Seed et al. (1976) can be stated 
in a closed-form solution in “Eq. 1”. 
 ru = {12 + 1π sin−1 [2 ( NNliq)1/α − 1]}     [1] 

 
where ru is the excess pore-water pressure ratio, N is the 
number of equivalent uniform loading cycles, and Nliq is 
the number of cycles required to produce initial 
liquefaction (ru = 1.0). It is recommended that α should be 
stated as a function of the soil properties and test 
conditions. 

In this study the model offered by Seed et al. (1976) is 
used to evaluate the excess pore-water pressure ratio 

data. () coefficients are calculated with a confidence 
interval of 95% by using the bootstrapping, which allows 
assigning measures of accuracy to sample estimates of 

fiber reinforced sand specimens. () coefficients are 
presented as individual points along with lower limit, 

average, and upper limit values of all sample data. () 
coefficients versus test numbers are given in Figure 3. 
 
 

Figure 3. Lower limit, average, and upper limit values of 

all () coefficients. 
 

The relationship between the excess pore-water 
pressure ratio and number of cycles required to initiate 
liquefaction for the samples having 30%, 50%, and 70% 
relative densities which were consolidated under 100 kPa 
of overburden pressure are given in Figure 4. Figure 4.a 
shows the curves where pore-water ratio values are 
normalized with cycle number ratio values, while Figure 
4.b shows the curves obtained by calculating the smallest 

mean square error  for () coefficient and using Eq. 1. () 
coefficient is 3.66 on the average, which is higher than the 
upper limit value offered in the work of Seed et al. (1976). 
In Figure 3(a), it is seen that when the excess pore-water 
pressure ratio is 30%, the cycle number ratio is 10%. 

However, if Eq. 1 is used to calculate () coefficients, then 
the pore-water ratio becomes 50% at the same point 
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where the cycle number ratio is 10% (Figure 3b). As () 
coefficients are highly dependent on soil conditions, fiber 

reinforced medium resulted in much higher () 
coefficients, which is depicted as curve arcs with steep 
slopes, than the curves observed for the clean sands. 
 

 

Figure 4. (a) Excess pore-water pressure ratio (PWP) 
versus cycle number ratio (N/NL) obtained from the results 
of experiments (b) Excess pore-water pressure ratio 
(PWP) versus cycle number ratio (N/NL) obtained by 

using () coefficients from the model proposed by Seed et 
al. (1976) 
 
 
 
 
 
 
 

4.2 Excess pore-water pressure model by Booker et 
al. (1976) 

 
Booker et al. (1976) proposed an alternative equation 

(Equation 2) to Seed’s model of excess pore-water 
pressure. 
 ru = {2π sin−1 [( NNliq) 12∗α]}      [2] 

 

Model parameters such as ru, N, Nliq, and  have the 

same definitions with Equation 1. () coefficients are 
calculated with a confidence interval of 95% by using the 
bootstrapping methodology to provide comparison with 

the results of Seed’s equation. () coefficients are 
presented as individual points along with lower limit, 
average, and upper limit values of all sample data in 
Figure 5.  
 
 

Figure 5. Lower limit, average, and upper limit values of 

all () coefficients calculated by using Booker et al. model 
(1976) 
 

The same procedure explained in Seed et al. (1976) 
methodology is also followed for the model suggested by 
Booker et al. (1976) to derive the curves of excess pore-

water pressure ratio-cycle number ratio. () coefficient is 
derived as 3.66. Figure 6(a) shows the curves where 
pore-water ratio values are normalized with cycle number 
ratio values, while Figure 6(b) shows the curves obtained 

by calculating the smallest mean square error  for () 
coefficient and using Eq. 2. For the initial 10-20% of the 
cycle number ratio, the excess pore-water pressure 
development is relatively quick and pore pressure ratio is 
in the range of 50-60%.  
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Figure 6. (a) Excess pore-water pressure ratio (PWP) 
versus cycle number ratio (N/NL) obtained from the results 
of experiments (b) Excess pore-water pressure ratio 
(PWP) versus cycle number ratio (N/NL) obtained by 

using () coefficients from the model proposed by Booker 
et al. (1976) 
 
5 CONCLUSIONS 
 
The presence of fibers has a significant effect in reducing 
the liquefaction susceptibility. It was found that the 
number of cycles causing liquefaction increased with an 
increase in fiber ratio and fiber length. Maximum 
improvement in liquefaction resistance was obtained for 
sand specimens reinforced with 1% fibers (with a length 
of 12 mm). The results clearly showed that fiber 
reinforcement is an effective technique in increasing the 
liquefaction resistance of sand.  

CSR values increased with the increase of fiber 
length. This is attributed to the development of a better 
mesh structure in the soil matrix as more grains can 
interrelate with a longer fiber. 

The liquefaction resistance of Izmir sand increases 
with an increase in relative density. The effect of 
reinforcement in medium dense specimens was found to 
be more significant than that of loose specimens. 

In this study, model parameters (), mean square 

error of () coefficients are obtained for the excess pore-
water pressure models offered by Seed et al. (1976) and 
Booker et al. (1976). Mean square errors of both models 
were assured to be less than 0.02.  

Seed et al. (1976) and Booker et al. (1976) were 
preferred due to the similar nature and to provide a 
comparison to the findings of this study. The accuracy of 
the models of Seed et al. (1976) and Booker et al. (1976) 
are checked by mean square errors. These values were 
found very close to each other. However, the 
experimental results of fiber reinforced sand specimens 

showed that () coefficient is affected from the relative 
density of the reinforced medium, cyclic shear strength 
ratio, and the properties of fibers such as length and ratio. 
Obtaining higher coefficients for the reinforced soil should 
be interpreted in this manner. 
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