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ABSTRACT

Themost important parametersin evaluation of dynamic behavior of soil structures
such as highways, retaining walls, and embankments are shear modulus and
damping ratio. A fiber reinforced soil behaves as a composite material in which
fibers of relatively high tensile strength are embedded in a matrix of soil. Shear
stresses in the soil mobilize tensile resistance in the fibers, which in turn imparts
greater strength to the soil. This study deal swith assessment of fine sand reinfor ced
with carpet and geotextile strips when subjected to dynamic loading by perform-
ing two sets of cyclic triaxial test- large scale and small scale. In these tests the
influences of various parameters such as confining pressure, mixtureratio, and the
ratio of strip length to its thickness which will herein bereferred to as aspect ratio
on the dynamic behavior of reinforced fine sand were studied. The results demon-
strate that the effects of thiskind of reinfor cement on shear modulusin low confining
pressures (less than 100kPa) are negligible and in high confining pressures are
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1. Introduction

Previous studies have proposed several im-
provement methods to increase tension and shear
strength of soils. Soil reinforcement is one of the
improvement methodsin which tensile elementsare
set into the soil body to compensate the soil weak-
ness in tension. In general reinforcing elements
can be placed either in regular arrangements like
latticed plates and textile ribbons, or in arandomly
pattern like amixture of textile stripsand soil. Dueto
smplicity and applicability of mixing fiberswith soil,
several investigationsin both |aboratory and numeri-
cal fieldsin the70's have been conducted. The focus
of these studieswas mainly on longitudinal elements
utilization in regular arrangements.

Theideaof randomly distributed fiber reinforce-
ment was firstly presented in early 70's and soon
became the subject of several investigations. The
results generally revealed that soil reinforcement

using various types of fibers increases the strength
and bearing capacity of soils. Thisfinding ismainly
reportedin Leeet a [1], Gray and Ohashi [2], Gray
and Rafea [3], Maher and Gray [4], Wang et d [5],
Michalowski and Cermak [6], and Ghiassian et a [7]
among others.

It should be noted that these studies were focused
on static loads. However, to obtain an estimation of
the performance of this type of reinforcement, the
problem should also consider the effect of dynamic
loadings. Comparing to the studies performed in
static loading, less investigations have been carried
out for cyclicloading, especially on randomly distrib-
uted fiber reinforcement. Among such studies are
Boominathan et a [8], Krishnaswamy and Isaac[9)],
and Vercueil et a [10] which mostly concentrate on
evaluation of thedynamic behavior of soilsreinforced
with plane elementsusing cyclic triaxial test, torsion
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shear test, and resonant column test. Other studies
such as Noorany and Uzdavines [11], Maher and
Woods[12], Feng and Sutter [13], Li and Ding [14],
and Boominathan and Hari [15] were focused on
dynamic behavior of soilswith randomly distributed
fiber reinforcement. Despite the fact that Maher
and Woods [12], and Feng and Sutter [13], mainly
considered shear modulus and damping ratio
variation of samples. With the same line of thought,
in the present study the behavior of fine sand
reinforced with randomly distributed carpet and
geotextile strips subjected to cyclic loading | exam-
ined utilizing cyclictriaxial tests.

2. Material Properties
2.1. Soil Type

Two different types of sand have been used in
thisstudy. The soil typeusedinthe small scalecyclic
triaxial test isfine silty sand with low plasticity index
having a specific gravity of 2.69 and particle average
diameter (D50) equal to 0.26. According to the
Unified Classification System, the soil is classified
as SM. The optimum water content of this soil is
10% and its maximum dry density is 16.2kN/m®.
Figure (1) showsthe particle size distribution curve
for this soil. The second soil type used in the large
scale cyclic triaxia test is the standard Toyoura
sand whose material properties are summarized in
Table (2).

2.2. Reinforcing Material

Thereinforcing elements are short narrow strips
of carpet and geotextile. The strips are constituted
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Figure 1. The particle size distribution curve for soil used in
the small scale cyclic triaxial test.
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Table 1. The properties of the standard Toyoura sand [16].

Maximum Grain Diameter (mm) Dmax = 0.42
Mean Grain Diameter (mm) Dso=0.19
Fines Content (L ess than 0.074mm) F.C.=0%
Specific Gravity Gs=2.65
Plasticity Index P.I.=16.8 (%)
Maximum Void Ratio €nax = 0.98
Minimum Void Rétio €min = 0.60

from polyethylene or polypropylene maximum
tension strength and the initial modulus of elasticity
are 800kPa and 730kPa, respectively [17]. The
section of stripsis squarewith 5mmin sideswhilethe
length of stripswas selected 15.5mm and 45mm. The
stripswere mixed with sand by theratio of 0.5and 1
percent of the soil dry weight.

3. The Standard Compaction Test

The standard compaction tests were conducted
on plain samples aswell as reinforced samples with
amixture ratio of 1 percent and aspect ratios of 1
and 3. The results are presented in Figures (2)
and (3).

It can be observed that adding the strips leads
to increasing the optimum water content and de-
creasing the dry density of samples. It might be due
to the high water absorption and low density of
strips comparing to soil materials. Since the values
chosen for the side and mixture ratio of strips are
the maximum values, the curves also specify the
range of variation in the dry density of reinforced
samples.
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Figure 2. The compaction curves for plain samples and

reinforced samples with 1% mixture ratio and 5mm
long strips.
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Figure 3. The compaction curves for plain samples and
reinforced samples with 1% mixture ratio and 15mm
long strips.

4. Small Scale Cyclic Triaxial Test

To evaluate the dynamic behavior of fine sand
reinforced with carpet strips, several stress-controlled
cyclictriaxial testswere performed. Thesetestswere
carried out to study the effects of mixture ratio (W)
and side ratio (AR) on the stress-cyclic strain curve,
cyclic strength, pore pressure variation, shear modu-
lus, and damping ratio in different confining stresses
under undrained conditions. The mixture ratio of
sampleswas0, 0.5, and 1 percent with the sideratio
of 1 and 3. The samples were firstly saturated and
consolidated in the confining stresses equal to 20,
100, 400 and 700kPa and then tested in undrain
condition. These tests were performed in the Sail
Mechanics Laboratory of the International Institute
of Earthquake Engineering and Seismology, (I1EES)
of Iran. Tests were examined according to ASTM
D 3999-91 applying a constant cyclic loading. The
deviceisshownin Figure(4).

The pneumatic loading system of the device is
provided by a 14 bar air compressor. The vertica
load and deformation as well as pore pressure and
volume changes are measured by several electronic
transducersin terms of voltage variation. These data
are transmitted into a voltage amplifier. A data
acquisition system interprets and records the infor-
mation received from the voltage amplifier. The
general specifications of the device are summarized
in Table(2).

4.1. Sample Preparation and Testing Procedure

Since the carpet strips prevent the bottom layers of
the sample to be extra compacted, applying the
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Figure 4. A general overview of the cyclic triaxial test.

Table 2. The general specification of the cyclic triaxial test.

The capacity of Lifting Jack 5tonf
Maximum Vertical Force +200K gf
Maximum Confining Pressure 1000kPa
Loading Frequency 0.001 ~ 100Hz
Maximum Sample Diameter 70mm

reduced compaction method is not appropriate; so,
the wet tamping method is applied in this study. It
can be deduced from the compaction curve presented
in Figure (3) that for samples reinforced by 15mm
long strips, the maximum dry density is14.53kN/m®,
This value which is an average compaction and
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refers to 50 percent of the standard compaction is
chosen for remolding samples. Samples with diam-
eter of 70mm and height of 140mm are compacted in
5 layers at the moisture content of 10% to reach the
dry density of 14.53kN/m>. Figure (5) shows the
procedure of samples preparation.

Figure 5. The procedure of preparing the samples.

The samples were saturated and consolidated
in confining stresses equal to 25, 100,400, and 700kPa
before applying the dynamic load. The dynamic load
was a sinusoidal load with the frequency of 0.5Hz
which was applied in severa steps, see Figure (6).
During each loading step the draining valves|ocated
at the top and bottom of the cell are closed. These
valves opened at the end of loading in each step to
allow the induced water pressure to be dissipated.
This procedure has been performed in each loading
step (ASTM D 3999). The water content of each
sample was measured after the test. The histories
of pore pressure at the top and bottom point of
the sample, axial displacement, shear strain, and
deviatoric stress as well as the stress path were then
obtained. The test results performed on a sample
reinforced by carpet strips with side ratio of 1 and
mixture ratio of 0.5 percent at the confining stress of
100kPa after the 10" loading step are presented in
Figures(6) to (8).
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Figure 6. The loading history (W= 0.5%, AR= 1, S 3=100kPa).
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Figure 7. The history of axial strain (W, =0.5%, AR=1, S 3=
100 kPa).
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Figure 8. The hysteresis loops (W;=0.5%,AR =1, S 3=100kPa).

4.2. Determination of Shear Modulus

At the end of each test, the stress-shear strain (or
axial strain) hysteresis loops are developed to
determine the shear or axial modulus as depicted in
Figure (9) [18]. It should be mentioned that these
parameters can be also determined in each loading
cycle. However, Kukusho [19] and Ishihara [20]
have recommended to use the 10" loading cycle

JSEE /Fall 2009, Val. 11, No. 3
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because after around 10 cycles the hysteresis loops
reach the steady state. According to this recom-
mendation, the 10" [oading cycle has been adopted
asthe basis of such calculations. The MATLAB soft-
ware has been utilized to facilitate the calculations.
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Figure 9. The stress-strain hysteresis loop [18].

5. TheLarge Scale Cyclic Triaxial Tests

In addition to the aforementioned small scale
triaxial tests, some large scale tests were examined
on Toyoura sand reinforced by geotextile strips.
These tests were performed on dry samples with
mixture ratios of 0, 0.5, and 1 percents and the side
ratios of 3 and 9 at the confining pressure of 50kPa
using the large triaxial test device at the Soil
Mechanics Laboratory of the University of Tokyo,
see Figure (10). Since this device could not apply
the confining stress by liquid pressure, the desired
confining stresswas provided in vacuum condition.

Theloading system applied in thisdeviceisof the
gear-clutch typewhichis controlled by an AC-Servo
motor. This loading system is a strain-control type
capable to induce strain rate up to 0.1% per minute.

The main problem in using this loading system
was that the data logger was not fast enough to
perform well in high loading rates. Therefore, the
amplitude of the induced load became greater than
the desired value. To avoid this inaccuracy, the
loading rates were kept below a value which was
determined in some preliminary tests. Figure (11)
showsthe overshooting error.

5.1. Sample Preparation and Testing Procedure
Since the strips cannot be uniformly distributed

JSEE /Fall 2009, Val. 11, No. 3

Figure 10. The gear-clutch type loading system at the labora-
tory of soil mechanics in the University of Tokyo.
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Figure 11. The gear-clutch type loading system errors.

in sand using common mixing methods such as dry
faling or sedimentation in water, the only available
method is dry or wet compaction. In the large scale
tests, the samples had to be dry; so, the dry compac-
tion method has been used to remold the sampl es.
Theinternal diameter of the mold is300mmwhile
its height is 600mm. The exact amount of sand
and stripe required to prepare each sample was
determined before making the samples. The samples
were then remolded in 6 layers each 100mm thick.
Tomakealogical comparison between the behavior
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of reinforced and plain samples, the density of
samples should be equal. However, sincethe volume
of strips subjected to significant changes during
compaction, the density of the sand fraction can not
be precisely controlled. Therefore, the weight of
sand amount was kept constant for all samples and
then the weight of strips was computed based on
the desired mixture ratio. As mentioned before, the
geotextile strips were manualy mixed in sand at a
dry condition to achieve a homogeneous material.
Figure (12) illustrates the different stages of prepar-
ing asample.

Figure 12. Samples preparation for large scale tests.

5.2. Determination of Axial Modulus

As stated before the cyclic load is applied in 10
cycles but the first and the last two cycles were
omitted and the remaining 7 cycles were considered
as the basis of determination of damping and shear
modulus. Figure (13) shows a stress-axia strain
curve obtained from alarge scale triaxial test. Since
the volume changes can not be exactly measured,
the calculations were mainly based on axial strain.
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6. Test Results
6.1. The Results of Small Cyclic Triaxial Test
6.1.1. The 25kPa Confining Pressure

Figures (14) and (15) present the variation of
shear modulus (G with respect to the shear strain
for different mixtureratios (W,) and sideratios (AR).
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Figure 13. The stress-axial strain loops for a large scale
triaxial curve.
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Figure 14. The effect of mixture ratio (W) on variation of shear
modulus (confining stress =25 kPa).
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Figure 15. The effect of side ratio (AR) on variation of shear
modulus (confining stress = 25kPa).
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6.1.2. The 100kPa Confining Pressure

Similar to the results for 25kPa confining pres-
sure, it can be observed that adding strips will lead
to decrease the shear modulus of samples. Figures
(16) and (17) confirm this statement.

The test results show that as the mixture ratio
increases, the shear modulus decreases illustrated
a good agreement with what previously found out
from static triaxial tests. The static tests show that
the elastic modulus of reinforced samples is less
than that of plain samples. The elastic modulus of
reinforced samples decreases while the mixture
ratio or side ratio increase. In other words, increas-
ing themixtureratio or sideratio resultsinincreasing
the ductility of the reinforced mass and therefore
higher strain rate will occur at thefailure point [17].
The results also reveal that by increasing the side
ratio, and consequently increasing the volume of
strips in a sample, the induced energy will be more
dissipated and the failure strain will increase, and
therefore the shear moduluswill reduce.
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Figure 16. The effect of mixture ratio (W) on the variation of
shear modulus (confining stress =100kPa).
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Figure 17. The effect of aspect ratio (AR) on the variation of
shear modulus (confining stress=100kPa).
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6.1.3. The 400kPa and 700k Pa Confining Pressures

Contrary to the results obtained from the tests
performed in low level confining stresses (up to
100kPa), it became clear that the shear modulus of
reinforced samplesishigher than that of plain samples
inhighlevel confining stresses. Figures (18) and (19)
present the variation of shear modulus versus shear
strain for different mixture ratios and aspect ratios.

This fact can be explained by assuming larger
shear strength between soil and stripsin higher stress
levels. Since developing the shear strength between
soil and strips depends on the confining stressval ue,
then the shear strength can not be fully developed.
Indeed, the axia strength of samples reduces dueto
the replacement of soil with strips. In high confining
stresses, however, the shear strength between the
soil particles and strips are completely developed so
the stiffness of sampleswill increase. Thisfindingis
consistent with previous studies[12].

It can be seen that by increasing the mixtureratio
from 0.5to 1 percent, the shear modulus decreases.
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Figure 18. The effect of mixture ratio (W) on the variation of
shear modulus (confining stress=400kPa).
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Figure 19. The effect of mixture ratio (W) on the variation of
shear modulus (confining stress=700kPa).
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Thereasonisclear asby assuming an optimum value
for mixture ratio, the strips will constitute a large
fraction of the sample and consequently an effective
contact between the soil body and therefore the
reinforcing element can not be well devel oped.

6.2. The Results of Large Scale Cyclic Triaxial
Test

Figures (20) and (21) demonstrate the effects of
mixture ratio and side ratio on the variation of axial
stiffness in both plain and reinforced samples. It
can be concluded that by increasing the mixture
ratio, the axial modulus decreases. This finding is
similar to the results of the small scale cyclictriaxia
tests. Since the confining stress level in the large
scaletestis low, the performance of the reinforcing
elements is inadequate and the replacement of stiff
sand particles with soft strips leads to reducing the
average stiffness of the sample.

The test results also show that by increasing
the side ratio or in other words by increasing the
length of stripsin aconstant mixture ratio, the axial
stiffness of the sample decreases significantly. The
reason can be found in decreasing the effective
contacting area between soil particles and strips due

to increasing the stripe length. It means that in a
constant mixture ratio and alow confining stress, if

shorter strips are used, the reducing effects of rein-

forcing on axial stiffness will decrease and a better

soil-stripe contact will be developed. On the other

hand, by using long strips, some soft deformable
points will be developed in the sample which their

effects lead to decreasing the genera stiffness of

the sample.

7. Conclusions

Both small and large scaletriaxial tests performed
on fine sand reinforced by strips of carpet and
geotextile revealed negligible effect of reinforcement
in low confining stresses (less than 100kPa) and
high influence of reinforcement in high confining
stresses. The obtained results are summarized
below:
<+ The presence of strips leads to increasing the

deformability of reinforced samples comparing

to plain samples. Consequently, the straininduced
in the reinforced samples at the failure point will
be higher than that of plain samples.

+ The axial and shear modulus of the reinforced
samples will decrease in low confining stresses

160 T — TT T T N —— == = ¢ T =TT
! T 2 ! ' + ) | =#= Unreinforced Model R.O=50% |; ! &1
B ot : = A L
% H R S —— A
P MRS SR S ¢ Sk ]
b= .
2 ApOf- et
= i i i
= H i -
‘E, ] 1] AR S e ;‘:...‘
E B0 :
§ ¥
108

40
10°

10+ 10°%]

Figure 20. The effect of mixture ratio (W) on the variation of axial modulus (confining stress =50kPa).
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Figure 21. The effect of side ratio (AR) on the variation of shear modulus (confining stress=50kPa).
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(less than 100kPa) and increasein high confining
stresses comparing to plain samples. It isobvious
since the shear strength between the soil and
strips will be increased by enhancing the stress
level. On the other hand the shear strength of
strips does not fully developed in low stress
levels.

In a constant mixture ratio, by increasing the
aspect ratio from1 to 3, shear modul us decreases.
By increasing the mixtureratio from0.5to 1 per-
cent the shear modulus of samples decreases for
a constant aspect ratio at high stress level;
therefore, an optimum value for mixtureratio can
be determined. When the mixture ratio goes
further than the optimum value, the contact of
soil and strips decreases and consequently the
performance of reinforcement reduces.
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