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Abstract: In this study, it was aimed to investigate the potential
advantages of the use of geotextiles as a reinforcing material, and
an evaluation of their effects on mechanical behavior of clayey
soils was made, including a comparison of the experimental
results obtained with those from earlier studies concentrated on
the same topic. As a result, a series of unconfined compression
tests were conducted to evaluate certain parameters which
possibly influences the behavior of geotextile reinforced clayey
soil. For this aim, parameters including geotextile type
(nonwoven, woven), water content, rate of loading and the
number of geotextile layers were analyzed .

Geotekstil Donatili Kil Zeminlerin Kayma Dayanimina Etki Eden

Faktorler

Anahtar Kelimeler (Qzet: Bu ¢calismada donatili zemin olarak geotekstil kullaniminin

Geosentetik,

Kil Zemin,
Serbest Basing
Deneyi,

Gerilme Sekil
Degistirme iliskisi

potansiyel avantajlarinin arastirilmasit amaglanmis ve kil
zeminlerin mekanik davranisina olan etkileri hesaplanmistir. Elde
edilen deneysel sonuglar ile ayn1 konuda daha 6nceki ¢alismalarin
karsilagtirmasi yapimistir.  Sonu¢ olarak, geotekstille
glclendirilmis kil zeminin davranisin1 etkileyebilecek bazi
parametreler tanimlanmis ve bir dizi serbest basin¢g deneyi
gerceklestirilmistir. Bu amagla, incelenen parametreler, geotekstil
tiri (orgild, orgiisiiz), su icerigi, yikleme hizi ve kullanilan
geotekstil katmanlarinin sayisini icermektedir.

*Sorumlu yazar: eyyubkarakan@kilis.edu.tr

1. Introduction

Soil reinforcement is a viable method
which  provides improvement in
engineering  properties of  soils.
Traditional geosynthetics, such as
geotextile is proved to be efficient, and
increasingly used in geotechnical

engineering practice [1]. Geotextiles are
used as reinforcing elements in many
civil engineering applications. Many
experimental studies were performed on
granular soils, while studies on cohesive
soils were fewer. Mechanical properties
of reinforced clayey soil, especially shear
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strength, is of utmost most importance in
practical applications.

As mentioned above, studies concerning
geotextile reinforced cohesive soils are
limited. Ingold [2] and Ingold and Miller
[3], performed a series of undrained
triaxial tests to study the behavior of a
reinforced highly plastic clay. They
reported the results of undrained triaxial
tests on a kaolin type clay reinforced by
aluminum plates. In study of Lafleur et al.
[4] non woven and woven geotextiles
were used to investigate the effect of
reinforcement on mechanical behavior of
cohesive soils by direct shear tests.
Consolidated undrained and
consolidated drained triaxial tests were
performed to investigate the behavior of
clay reinforced with geomesh by Al-
Omari et al.,)[5]. Additionally, Indraratna
et al.)[6] used the non-woven and woven
geotextiles to investigate the mechanical
properties of reinforced with silt clay
mixtures. Experimental and analytical
studies were carried out to assess the
behavior of reinforced cohesive soil by
Zornberg and Mitchell, [7]. Unnikrishnan
et al. , [8]questioned the effect of sand
layer thickness, moisture content and
reinforcement types. Noorzad and
Mirmoradi , [9] conducted a study to
evaluate the behavior of cohesive soil

reinforced with a geotextile, from
unconfined and unconsolidated-
undrained (UU) triaxial compression
tests.

Ghazavi and Roustaie, [10] investigated
the effect of freeze-thaw cycles on the
compressive strength of fiber-reinforced
clay. They used kaolinite clay reinforced
by steel and polypropylene fibers. The
results of the study show that for the soil
investigated, the increase in the number
of freeze-thaw cycles results in the
decrease of unconfined compressive
strength of clay samples by 20-25%.

Many investigators have used fiber to
improve various properties of sandy soil
(e.g., Maher and Gray [11]; Al-Rafeai
[12]; Consoli et al. [13]; Yetimoglu and
Salbas [14] ; Ahmad et al. [15]). These
investigations revealed that the strength
of reinforced soil is increased with
increasing fiber content, aspect ratio and
friction between soil and fiber.

Although majority of the published
literature on randomly oriented fiber
reinforced soils are focused on
reinforced cohesionless or granular soils,
results from a limited number of studies
emphasized that cohesive soils can also
be reinforced and such reinforced soils
can be beneficial in practice (e.g., Maher
and Ho 1994 [16]; Consoli et al
2002[17]; Mesbah et al. 2004 [18];
Kumar et al. 2006 [19]; Tang et al. 2007
[20] and Attom et al. 2009[21]).

This study aims to investigate the
characteristics of qu  (unconfined
compressive strength) ¢, ( axial strain at
failure) and Eso (modulus of elasticity) of
a geotextile reinforced clay. A series of
unconfined compression tests (UCT)
were carried out to evaluate the strength
and stress-strain properties. The effects
of geotextile layer, geotextile type,
loading rate, water content on qu, €, and
Eso are investigated.

2. Materials and Experimental
Program
In this study, 234 unconfined

compression tests were performed to
investigate the effects of varying soil
parameters on the mechanical behavior
of unreinforced and reinforced cohesive
soils. The samples were compacted by
application of standard Proctor effort.
The experiments were carried out on
specimens with a diameter of 50 mm and
a height of 100 mm. Two types of non-
woven geotextiles and two types of
woven geotextiles were used. The
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physical and mechanical properties of
these geotextiles are provided in Table 1.
Clay is obtained from the city center of
Balikesir in Turkey. The clay was
classified as low plasticity clay (CL)
according to the Unified Soil
Classification System. The particle size of
clay was determined according to the
ASTM D 422-63 [22].

The soil properties is shown in Table 2.
All the soil properties were determined
by testing as per relevant ASTM
standards. Ingold and Miller [3]
explained how to constitute a geotextile
reinforced sample for testing.
Preparation of clay sample is important
for laboratory studies. Firstly, the water
content of the clay was determined. Then
clay was mixed with water and placed
within desiccator and sealed for 48 hours
to obtain uniform water content.
Moisture content was checked after the
clay has been sealed. Insignificant
changes in water contents were
recorded. Samples were prepared in a
mold of diameter 50 mm and a height
100 mm. In sample were preparation,
equal number of layers were used and a
static compaction method was applied to
the soil layers.

Four different geotextile types are used
in this study as shown in Figure 1. In
addition to the routine experimental
program, some randomly selected test
cases are re-applied to check the
validation of sample preparation and
same loading conditions and to verify the
repeatability and the accuracy of the
results (Figure 2). A series of tests were
performed on  unreinforced and
reinforced samples. The rate of loading
was kept at a constant rate of 5 mm/min.
The average axial stress on unreinforced
samples was nearly 180 kPa,
corresponding to an average axial strain
of 5.4%. The experiments were
conducted on specimens at six different
moisture contents: 2% and 4% percent

below the optimum moisture contents,
optimum moisture content and 2%, 3%,
4 % above the optimum moisture
contents. Three different loading rates
were selected (0.1 mm/min, 1 mm/min,
5 mm/min) to investigate the loading
rate effects. During loading, continuous
records were obtained for the axial load
(F), axial strain (€), and the axial stress
(o) applied to the specimen. The
specimens were prepared using the
standard proctor effort and subsequently
tested according to ASTM D2166 [10].

3. Evaluation of Test Results and
Discussions

Typical test results obtained from an
unreinforced clay sample in unconfined
compressive testing with a loading rate
of 1 mm/min. are illustrated in Figure 3.
Figure 3a shows the variation of the
corresponding axial stress versus axial
strain. When vertical load is applied
incrementally, the axial strain is also
increased. The variation of shear stress
(r) with axial stress (o) is shown in
Figure 3b. The undrained shear strength
is half of the unconfined compression
strength as shown in Figure 3b.

The calculated values of Is and Eso are
summarized in Table 3. The definition of
Eso is, as expressed below:

ey

where, 61/2=stress corresponding to half
of the strain at failure obtained from the
Unconfined Compression Test (UCT). The
strength ratio, S can be defined as the
axial stress to unreinforced axial stress.

S = Oreinforced (2)

Ounreinforced

Likewise, dimensionless inverse aspect
ratio, p, can be defined as the diameter of
the sample, d, is divided by the height, h,
of clay between consecutive reinforcing
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layers. Another parameter is the
brittleness index, Is, in which;

_ Peak Strength — Residual Strength
h Peak Strength

3)

B

It is also shown that the brittleness index
decreased with increasing number of
geotextile layer. The secant modulus
decreased with increasing number of
geotextile layers as shown in Table 3.

3.1. Effect of Number of Geotextile
Layers on the Stress Strain Properties
Axial stresses are plotted versus axial
strain for the results of unconfined
compression  tests performed on
unreinforced and reinforced the samples
which were compacted at optimum
water content of (Figure 4). In this part,
all the tests are examined on G1 type
(non woven) geotextile. The curves in
Figure 4 were achieved for optimum
water content (wopt=24.5%) under
constant loading rates of 1 mm/min.
Similar curves were achieved for the 0.1
mm/min. and 5 mm/min. loading rates
that show the variation of the axial
stress versus the axial strain for the
samples prepared at their optimum
water contents. The curves in Figure 4
are for four types of geotextile layers.

The number of geotextile layers has
greater influences on stress-strain
curves, in comparison with the effect of
loading rates. The stress strain curves of
these samples are quite similar and
significance of loading rate is relatively
low, in comparison with other
parameters (Figure 4). The curves
provide evidence of an improvement in
the mechanical properties of clay with
the addition of the geotextile. Stress
strain behavior of soil improved with an
increase in the number of geotextile

layers. For example, sample including
four layers of geotextile is failed under
250 kPa axial stress, however,
unreinforced sample has 145 kPa axial
stress. Similar results were also reported
by Ingold ,[2] and Ingold and Miller
[3]Indraratna et al, [6]. Another
explanation for such behavior could be
that the geotextile layers intercept the
failure plane within the specimen,
distributing the stresses evenly within
the soil and hence, inceasing the overall
strength of the reinforced soil (Figure 4).

As illustrated in Figure 4, the reinforced
samples failed under higher axial
stresses in comparison with the
unreinforced soil, and as the number of
geotextiles further increases the axial
stress increases.

3.2. Effect of Loading rate on the Stress
Strain Properties

The effect of loading rate is illustrated in
Figure 5. All the comparisons are made
by use of single layer on reinforced soils,
which was compacted at optimum
moisture content. As illustrated in Figure
5, the 5 mm/min. loading rate have
higher peak strength in comparison to
that of 0.1 mm/min. loading rate. The 0.1
mm/min. loading rate figured out the
minimum axial stress. When the loading
rate increased 10 times, the axial stress
increased only 0.1 times. Therefore, the
loading rate does not have a great
influence on sample strength. In addition,
it is also seen clearly that four different
geoxtile types gives the similar results as
shown in Figure 5. These outcomes are in
agreement with the findings of Noorzad
& Mirmoradi (2010),[12].
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Table 1. Types of geotextile used in the present study (provided from the suppliers technical

brochures)
Geotextile Geotextile Nominal | Thickness Tensile Elongation at Opening
label type mass per (mm) strength .failure (%) size (mm)
unit area (kN/m) height width
(g/m?)
Izoteknik Non- 100 1 2.5 80 80 0.17
1000-G1 woven
Izoteknik Non- 250 2.50 8 50 80 --
2500-G2 woven
SUNJUT/ Woven 80 19 15 0.12
PP/80/80-
G3
SUNJUT/ Woven 60 17 13 0.18
PP/60/60-
G4

Table 2: Properties of clay used in experiments.

Unified soil classification system (USCS) CL
Passing percent No. 200 sieve, % 90
Liquid limit, wi (%) 48
Plastic limit, we (%) 27.50
Plasticity index, I, (%) 20.50
Specific gravity of solids, Gs 2.63
Maximum dry unit weight, ps (Mg/m3) 14.50
Optimum moisture content, wopt (%) 24.50

Figure 1. Differént types of geotextiles used in the experiments (from left to right: the non-
woven geotextiles G1, G2; the woven geotextiles, G3 and G4)
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Table 3: The brittleness index and Secant Modulus

Test . Water Loading Rate Geotextile
No Geotekstil Type Content (%) (mm,/min.) Layers Ib Eso (kPa)
1 Unreinforced 24.5 0.1 0 0.807 5697.20
2 G1 24.5 0.1 1 0.435 3543.93
3 G1 24.5 0.1 2 0.398 2929.16
4 G1 24.5 0.1 3 0.206 2884.43
5 G1 24.5 0.1 4 0.093 2732.71

3.3. Effect of Geotextile Types on the 6). The stiffnesses of reinforced

Stress Strain Relationship

The stress-strain curves in Figure 6
were evaluated for one and two layers
of geotextile reinforcement and under
constant loading rate of 1 mm/min. The
peak stress values for four types of
geotextile follows order of G2, G4, G1
and G3. From Figure 6, clay reinforced
with G2 type geotextile (non woven) is
failed under highest axial stress: since
nonwoven geotextiles (G1, G2) have the
higher thickness. As shown in Figure 6
the woven geotextiles (G3, G4) with
reinforced clay gets the lowest axial
stress. It is also shown that the
nonwoven geotextiles (G1, G2) have a
greater influence on the strength
parameters. It can be said that non
woven geotextiles provide more
strength and flexibility for reinforced
samples than woven geotextiles (Figure

specimens were found to be lower than
that of the unreinforced specimen. This
fact is more clearly seen when the
number of geotextile layers increased.
This behavior may be justified by the
load elongation curve of the geotextile,
which is readily provided by the
manufacturer (Table 1). The load
elongation curves of the two types
(nonwoven- woven) of geotextile used
in the present study were different, as
the failure strains for the nonwoven and
woven type geotextiles were reported
as 80 and 15 percent, respectively by
the manufacturer. This is why it is
observed in Figure 6 that the stiffness of
the samples reinforced with the
nonwoven and woven type geotextile is
dissimilar.
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Figure 2. Repeatability of test results
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Loading rate 1 mm/min.
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Loading rate 1 mm/min.

Axial Strain, & (%)
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Axial Stress (o)
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Figure 3. a) Typical stress strain curves for an unconfined compression test for clay b) Mohr-
Coulomb plot for an unconfined compression test for clay

3.4. Effect of Water Content on the
Stress Strain Relationship

In this study, to illustrate the conditions
in the field five different water contents
are considered, 2 and 4% above
optimum water content, optimum water
content and 2% and 4% below water
content. Shear strength of soils vary also
depending on the water content of
compaction. In this case, the effect of
change in water content on the stress-
strain behavior of reinforced soils were
tried to be determined experimentally.
The stress strain curves for reinforced

samples with one layer of geotextile are
shown in Figure 7.

As can be seen in Figure 7, axial
deformations at failure are lower for the
specimens prepared at the wet of
optimum than for the other specimens.
On the contrary, axial deformations at
failure are recorded to be relatively
higher. Greatest strength is observed by
testing specimens at their optimum
moisture content.
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Figure 4: Stress-strain curves for unreinforced and reinforced clay with several layers of G1
type geotextile for the water content (Wopt= 24.5%).
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Figure 5. The effect of loading rate on stress-strain relationships for reinforced clay with one
layer of geotextile (specimens are prepared at wopt= 24.5%).
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Figure 6. The effect of geotextile type (G1-G2-G3-G4) on stress - strain curves for reinforced
clay with one and two layers of geotextile for a moisture content of wopt= 24.5%.

733



E. Karakan. / Mechanical Behavior of Clay Soils Reinforced with Geosynthetics

200

a) Loading rate:1 mm/min.
G1 Type, one layer

[EEY
()]
o

[HEN
N
o

Axial Stress, o (kPa)

w=20.5%
- -w=22.5%
—w=24.5%
---w=26.5%
— -w=28.5%

12 16

Axial Strain,e (%)

Figure 7. The effect of moisture content (Wopt-4, Wopt-2, Wopt, Wopt+2, Wopt+4), stress - strain
curves for reinforced clay with one layer of geotextile (G1) for the constant loading rate.

3.5. Effect of Residual Strength on the
Stress Strain Relationship

Former studies show that the number of
geotextile layers is one of the most
important parameter affecting the
residual shear strength of reinforced
soils [12]. This behavior is clearly seen

in the stress strain behavior of
geotextile-reinforced clay.
The stress strain relationships of

unreinforced specimens were compared
with those of one or two layers of
reinforcement. Unconfined compression
test results including residual strength
behavior were obtained, as shown in
Figure 8. It should be emphasized that,
similar stress-strain relationships were
obtained for specimens tested under 0.1
mm/min. and 5 mm/min. loading rates.
As a result, the reinforced samples have
higher residual strength in comparison
to the unreinforced soils, and as the
number of geotextiles increases, the
residual strength increases further

(Figure 8). While a residual strength of
200 kPa is obtained for clay reinforced
with two layers of geotextile, a 40 kPa
residual axial stress is recorded by
testing unreinforced specimen. The
results clearly show that as the number
of geotextile layers was increased,
residual stress also increased.

3.6 Maximum Stress Strain-Water
Content Relationship

The effect of water content on stress-
strain behavior of geotextile reinforced
clay is shown in Figures 9 and 10. It was
observed that when the water content
increases, the maximum axial stress
decreases and axial stress at failure also
increases. This approach can be
explained by the structure of the clayey
soils. When compacted soils are
analyzed at the microstructural level,
soil is in the form of flocculated
structure onthe dry side of the optimum
water content The structural
arrangement on the wet side of
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optimum water content is dispersed.
Specimens compacted on the dry side of
the optimum are more rigid and
stronger than those compacted at the
wet of optimum. This difference is seen
clearly in the results of present study.

As can be seen in Figure 10, there is a
bare increase in axial deformation at
failure with increasing water content. In

tests performed on  specimens
constituted using G1 type soils, greatest
axial deformation at failure was

observed in specimens including two
geotextile layers. Although unreinforced
specimens demonstrated a more brittle
behavior, increase in the number of
geotextile layers caused a more ductile
behavior. Regardless of water content,
greatest axial deformation at failure was
observed by testing specimens
constituted using two geotextile layers.

3.7 Unconfined Compressive Strength
- Water Content Relationship

It can be seen from Figure 11 that qu
increases with increasing the number of
geotextile layers. The effect of water
content on the behavior of the
reinforced clay is also considered with
reference to unconfined compressive
strength. The increase in the unconfined
compressive strength also indicates that
the reinforcement effect on the dry side
of the optimum water content is less
than that of wet side. However, the
difference in the unconfined
compression strength between the dry
and wet side of the optimum water
contents is more significant with more
geotextile layers. Increasing number of
geotextile layers cause an increase in qu,
regardless of the water contents.

Figure 12 presents the relationship
between  unconfined compressive
strength (qu) and number of layers (N)
of the soils prepared with G1 type

geotextile and optimum water content.
It can be seen that most values of qu
obtained from this study fall in the
range of 144 to 228 KkPa, and qu
increases with increasing number of
layers. With the wuse of regression
analysis, the relationship between qu
and N of the soils obtained from this
study is well presented by a linear
correlation expressed by:
qu = 13.92 * N + 166.69 4)
A fairly  acceptable correlation
coefficient, R, (R?=0.82) suggests that
the derived linear correlation can be
used as a useful engineering tool to
characterize the relation between qu
and N of the geotextile reinforced clay
soils.

3.8 Relationship between qures and
Number of Layers (N)

Figure 13 presents the relationship
between residual strength and number
of layers of the soils prepared with G1
type geotextile and compacted at
optimum water content. It can be seen
that most values of residual strength
obtained from this study are within the
range of 20 to 225 kPa, and residual
strength increases with increasing
number of layers. By using regression
analysis, the relationship between
residual strength (qures) and number of
layers (N) of the soils obtained from this
study is well presented by a linear
correlation expressed by:

Qures = 38.60 * N + 45.45 (5)
A relatively high correlation coefficient,
R, (R2=0.905) suggests that the derived
linear correlation can be used as a
useful engineering tool to characterize
the relationship between qures and N of
the geotextile reinforced clay soils.

The influence of residual strength
changes on sample behavior is also
assessed. As the number of geotextile
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layers increases, the residual strength of
the reinforced sample also increases.
The interesting point here is that when
the water content increases, the
residual strength does not increase. This
means that the sample with higher
water content does not have higher
residual strength than the sample with
lower water contents.

Figure 14 presents the relationship
between strain at failure and
unconfined compressive strength of
unreinforced, G1, G2, G3, G4 samples
with water contents of 20.5, 22.5, 24.5,
26.5, and 28.5%. It is obviously seen
that highest values of &f obtained from
this study are scattered from 2 to 12%
and &r decreases with increasing qu. The
relationship between & and qu by
equation 6;

g = 65.97 * q; 0447 (6)
The variation of strength ratio with
water content for G1 type geotextile for
different numbers of geotextile layers is
illustrated in Figure 15. The water
content increases, strength ratio also
increases indicating the reinforcement
effect of geotextiles on dry side of the
optimum water content is less than the
higher water contents. This result is also
agreement with the Fabian & Fourie
(1986), [13]; Noozard & Mirmoradi
(2010)[12]. The maximum strength
ratio is obtained at 285% water
content. The two layers of geotextile
reinforced clay have greater strength
ratio.

4. Conclusions

A series of unconfined compression
tests were performed to investigate the
development of stress-strain, strain at
failure and residual strength-water
content relations with reference to
effects of loading rate, geotextile type
and number of reinforcement layers.
The effect of number of geotextile layers

is more pronounced than that of the
loading rate change. The results reveal
that the number of geotextile layers
have significant influence on unconfined
compressive strength and strain at
failure of the soils. Reinforcing improves
the mechanical properties of soil, the
reinforcing increases the peak strength.
Increase in water content decreases the
unconfined compressive strength in
both reinforced and unreinforced soil
specimens, soil specimens with non-
woven geotextile reinforcement show a
ductile behavior when compared to
unreinforced  soil  specimens. A
simplified empirical equation was
proposed for predicting the strength of
the reinforced soils. The predicted
values were in good agreement with the
measured ones showing the accuracy of
the method.
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Figure 8. Stress - strain relationships for unreinforced clay and reinforced clay with
single and two layers of geotextile (G1).
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Figure 9: Variations of maximum axial stress with water content for G1 geotextile by
considering effect of number of geotextile layers.
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Figure 10. Variation of axial strain at failure based on water content for G1 type geotextile for
different numbers of geotextile layers.
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Figure 11: Variation of unconfined compressive strength based on water content for G1 type
geotextile for different numbers of geotextile layers.
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Figure 12: Variation of unconfined compressive strength based on optimum water content for
G1 type geotextile for different numbers of geotextile layers.
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Figure 15: Variation of strength ratio with water content for G1 type geotextile for
different numbers of geotextile layers.
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