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ABSTRACT: Developing technology diversifies and improves the applications of geotechnical
engineering as well as all other engineering fields. In the context of this study, an experimental program
was conducted to investigate the effect of geotextile, which has been used in remediation works for a long
time, and the recently increasingly popular geopolymer coated geotextile elements on the behavior of
cohesionless and cohesive soil underloads. Firstly, the optimum geotextile embedment depth for
cohesionless and cohesive soil was investigated. Then, geotextile elements coated with geopolymers with
different mixture ratios were placed at the optimum depth and were subjected to load with vertical
loading tests. Load-displacement curves of the experiments were generated; failure load values were
obtained and compared. When the results of experimental studies were evaluated, it was observed that
uncoated geotextile and coated geotextile components improved the behavior of both cohesive and non-
cohesive weak soil underloads. The obtained increases reached up to 279% compared to the weak soils,
however, amounts of increase were variable for both soils. It was predicted that the results obtained from
the study can provide inspiration and guidance for the further usage of geopolymer coating applications
in field and literature studies.

Keywords: Coated geotextile, Cohesionless soil, Cohesive soil, Geotextile, Soil stabilization.
1. INTRODUCTION

Before construction, a series of investigations are required to determine whether the foundation soil
is geotechnically adequate. These investigations include observational and experimental studies and are
required by directives/regulations in many regions [1]. As a result of geotechnical investigations, it is vital
for the pre-construction process to take the necessary measures when it is determined that the foundation
soil is inadequate against the loads from the structure. The foundation soil may be inadequate in terms of
bearing capacity, have different settlement amounts and/or liquefaction potentials. At this point, soil
improvement studies are conducted to eliminate these inadequacies [2-4]. While different improvement
projects can respond to different problems, some methods can provide answers to more than one problem
at the same time [5]. In this context, geotextiles can be placed in the ground to both increase the strength
of the soil against incoming loads and reduce the amount of settlement by concentrating the loads on it
[6-8]. Geotextile applications can be made as a single layer or placed in the soil in several layers [9]. It has
a woven structure and is mostly powered by the friction force formed with soil layers between which it
remains. Thus, while its axial capacity resists, the soil layers restrict its movement [6,7]. Although it can
be subjected to abrasion/degradation due to in-ground effects, its service life in the soil can be increased
with different methods [10,11]. At this point, geotextiles can be coated with chemical mixtures, but while
geotextiles on their own do not cause damage to the environment, the presence of these chemicals can
eliminate this advantage [10].

Previous studies [11-13] have shown that cement coated geotextiles can both withstand environmental
impacts for longer periods of time and increase the load capacity of the geotextile. However, cement
threatens the ecosystem due to the components it contains. In addition, the impact of the cement industry
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on the environment is often destructive and steps are being taken to reduce activities [14]. On the other
hand, the formation of a rigid coating layer on the geotextile element, unlike the geotextile, can
significantly increase the resistance to the loads transferred to the soil [11]. At this point, it is seen that
geopolymer mixtures have been used as coating mixtures in recent studies [5,10,15]. Geopolymers, which
can be formed with the use of alkaline activator and different binders, are considered to be more
environmentally friendly than cement. In addition, the use of blast furnace slag and fly ash, which are
waste materials as binders, contributes to waste recycling. The usage of these mixtures in different
structural elements has been stated that the strength values obtained can be quite high [16]. In this context,
it has been seen that the performance of the geotextile can be increased by coating with geopolymer. The
geopolymer mixture also fills the pores of the geotextile, forming a rigid plate and increasing the resistance
of the soil against loads [5]. Different binders, mixing ratios and layer thicknesses directly affect the
efficiency of the coated geotextile. Geotextile coated with geopolymer resists the loads transferred to the
soil and takes the loads on itself. Thus, the geotechnical properties of the soil can be improved [5,10].

When studies in the literature were evaluated, it was seen that there were studies on coated and
uncoated geotextiles, but there were not enough studies on geopolymer coating and the effect of
geopolymer coating on the behavior of weak soils underloads. In this context, within the scope of this
study, to investigate geopolymer coating effect on this behavior, experimental studies were conducted by
applying vertical loads with coated and uncoated geotextiles placed in cohesive and cohesionless weak
soil. In order to obtain maximum performance from the reinforcement elements, the optimum depth was
investigated, and recommendations were made for both soils. In addition, the deformations of the coated
geotextile elements under load were also observed and interpreted. It is thought that, with coating process,
geotextile elements will become preferable not only in slope applications but also in subbase projects such
as geogrids in soil improvement solutions.

2. MATERIALS AND METHODS

In the experimental studies, the cohesive soil, placed in a test tank to create a weak soil, was obtained
from an un-constructed area in the Kiltepe region of Malatya, Tiirkiye. The cohesionless soil was obtained
from a sand quarry operating in Malatya. The soils were oven dried by heating at 110 (+5) degrees in the
laboratory. The cohesive soil was crushed to reduce the grain size and sieved for classification and ease
of processing. The engineering properties of the soil were determined by traditional laboratory tests.
Based on the laboratory studies, the properties of the cohesive and cohesionless soils are presented in
Table 1 and 2, respectively.

Within the scope of the study, the cohesionless soil was used as in its loose state. For the cohesive
soil, the water content was chosen as 40 percent to create a weak soil environment [17]. The tank was
divided into equal parts of 5 cm, and the soils were placed in the test tank as layers by calculating the
required soil mass for each 5 cm height. The properties of the geotextile used in the study are as shown
in Table 3 and the diameter of the geotextile element (15cm) selected for the experimental study was
chosen according to the surface area of the application. The geotextiles used in the experimental studies
were placed at 5 different depths (0.17, 0.33, 0.67, 1 and 1.33 times the diameter (D) of the model rigid
foundation) [18-20]. After the geotextile placement, the soil remaining above the geotextile was again
weighed and placed in layers. The optimum embedment depth and maximum bearing strength values
were experimentally determined by vertical loading tests conducted at different depths (Figure 1).

In the first stage, a 5 cm diameter model rigid foundation was placed on the unreinforced soil and
subjected to loading. In the following experiments at different embedment depths, the cohesionless soil
mass was kept constant and geotextile reinforcements were placed at the determined depths, and the
results were obtained by performing vertical loading experiments with a loading rate of 1.0 mm/min [28].
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Table 1. Properties of cohesive soil [20]

Parameters Units  Values Standards
Natural unit volume weight (yn) kN/m®  16.80 [21]
Specific gravity (Gg) - 2.65 [21]
Classification - ML [22]
Maximum unit volume weight (yamax) ~ kN/m3 15.30 [23]
Optimum water content (wopt) % 25.5 [23]
Plastic limit (Lr) % 29.83 [24]
Liquid limit (Lv) % 45.16 [24]

Table 2. Properties of cohesionless soil [5]

Parameters Units Values Standards
Specific gravity (Gg) - 2.74 [21]
Classification - SP [22]
Minimum dry unit volume weight (ydmin) kN/m3 14.50 [25]
Maximum dry unit volume weight (ydmax) kN/m3 16.50 [25]
Coefficient of curvature (C.) - 0.926 [26]
Coefficient of uniformity (C,) - 2.375 [26]
Angle of internal friction (¢) Degree (°) 40 [27]

Model rigid foundation D

\—

Coated or un.-coated Embedment depth
geotextile N
| et

Cohesive or cohesionless
soils S|

H

Figure 1. Weak soil deposits, vertical loading test set-up and schematic illustration (D= diameter of
footing, H= depth of the experimental tank)

The same procedures were repeated for cohesive weak soil environments. Based on these studies, the
optimum geotextile embedment depth was determined separately for both cohesionless and cohesive
soils. At all depths beyond these depths, it was observed that the bearing capacity obtained in weak soil
environments decreased and the geotextile reinforcement did not perform sufficiently. Based on these
experiments, after determining the optimum depths, the behavior of geotextile reinforcement coated with
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geopolymers prepared at different w/s ratios at these depths was investigated in weak soil environments.

Table 3. Properties of geotextile [28]

Parameters Units Values
Raw material - Polypropylene
Type - Unwoven
Tensile strength kN/m 13/15
Unit weight g/cm? 500
Pore opening vl 120
Thickness u 1500
Elongation at break % 50
Dynamic puncture strength v 20000
Static puncture strength kN 2.5
UV resistance % 70
Liquid permeability m/s 0.06

The geopolymers prepared at optimum mixing ratios of (0.35-0.40-0.45) w/s (alkali solution/binder
material) as recommended by Gupta et al. [10] for the experimental studies were placed in the cohesionless
and cohesive weak soils at the optimum depth determined and loading experiments were conducted. The
mixture ratios used to form geopolymer elements are shown in Table 4. Before starting the experiment,
solutions were prepared by mixing the determined amounts of sodium hydroxide, sodium silicate and
water and the solution was kept for 24 hours since the reaction was exothermic and then blast furnace slag
(BFS) was added to obtain the geopolymer mixture. It was mixed until the agglomeration disappeared
and applied to the pre-cut geotextile surface with a brush at a rate of approximately 0.5 g/cm2. Then, the
surface was cured in air for 7 days and the experimental results obtained at the end of the curing period
were analyzed to determine the optimum w/s content. The properties of components of alkaline activated
solution (AAS) were shown in Table 5. The experimental program for the experimental studies conducted
with different soils and variables shown in Table 6.

Table 4. Geopolymer mixture ratios [10]

wi/s Mixture amount Binder Sodium Hydroxide Sodium Silicate Water
ratio (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
0.35 0.2497 0.1583 0.058 0.706 0.498
0.40 0.2229 0.1358 0.00356 0.0439 0.0389
0.45 0.1997 0.1176 0.00312 0.0382 0.0407
Table 5. Properties of AAS [29]
Parameter Sodium Hydroxide Sodium Silicate
Density (g/cm?) - 1.381
BOME (Be) (20°C) - 40
Na,O (%) - 10.11
5i0, (%) - 28.45
Module - 3.11
Molecular formula NaOH -
Molecular mass (g/mol) 40 -
Color White -
Ph 13-14 -
Relative density (g/cm?) 2.13 -
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Table 6. Experimental study program

Soil type Embedment depth w/s ratio
Cohesionless  0.17/0.33/0.67/1/1.33D -
Cohesionless 0.33D 0.35/0.40/0.45

Cohesive 0.17/0.33/0.67/1/1.33D -

Cohesive 0.67D 0.35/0.40/0.45

3. RESULTS AND DISCUSSION

3.1. Cohesionless soil

In the first stage, geotextiles were placed at various depths in weak soils and analyses were conducted
with a model loading setup to determine an optimum embedment depth. The load value corresponding
to 5% and 10% of the foundation diameter was selected as the failure load [5]. The load and displacement
curves of the experimental studies with cohesionless soil are shown in Figure 2 and the failure load values
are shown in Figure 3.

In Figures 2 and 3, SGT-U is the unreinforced cohesionless soil, SGT-017 is 0.17D deep geotextile
placement, SGT-033 is 0.33D deep geotextile placement, SGT-067 is 0.67D deep geotextile placement,
SGT-100 is 1D deep geotextile placement, SGT-133 is 1.33D deep geotextile placement.

When Figure 2 is evaluated, it was observed that the inclination of the load-displacement curve was
constant up to a deformation of approximately 4 mm and then changes were observed in the following
displacements. While the load-displacement behavior was the same for SGT-U, SGT-017, SGT-033 up to
4 mm displacement, a significant increase was obtained in the use of SGT-067 with increasing
displacement. When the failure loads given in Figure 3 were also evaluated, it can be clearly seen that the
best performance was obtained using SGT-033 placement. It was thought that a deformation of 4 mm was
required for the cohesionless soil placed in its loosest state to compress underload and then transfer the
load to the geotextile.

70 |
=== SGT-U
60 SGT-017
SGT-033
50 - SGT-067
== SGT-100 l

Bearing capacity (kPa)

Displacement (mm)

Figure 2. Load-displacement curves of unreinforced and reinforced cohesionless weak soil deposit at
different embedment depths
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Figure 3. Failure load values for different geotextile embedment depths in cohesionless weak soil

However, in the layout after SGT-033, it was observed that stress areas were formed in the
cohesionless soil before the stresses were transferred to the geotextile. At this point, the geotextile
separates the soil layers from each other and since the stresses do not reach the geotextile, the soil
responds to the loads through an area as much as the layer above the geotextile. This leads to smaller
failure load values even in the unreinforced condition of the cohesionless soil. Therefore, 0.33D was
chosen as the optimum depth at which the soil stresses were transferred to the geotextile and the
efficiency of the geotextile was the highest among all applications.

After determining the optimum embedment depth, the geotextile surface was coated with
geopolymers prepared at w/s ratios of 0.35 (SGP-030), 0.40 (SGP-040) and 0.45 (SGP-045). The coated
geotextiles were placed at optimum depth between the soil layers and model loading tests were
conducted. Results of the vertical loading tests are given in Figure 4 and bearing capacities are presented
in Table 7.

When Figure 4 and Table 7 are evaluated, the maximum performance was obtained with the
specimens prepared at a w/s ratio of 0.45 (SGP-045) among the different geopolymer coated geotextiles
placed at a depth of 0.33D. When the distance between the geotextile and the soil surface was very small,
the incoming stresses forced the cohesionless soil to heave and created a soil deposit at a lower depth
because the geotextile with coating behaved as a stiffer volume in the middle of the cohesionless soil [5].
However, it can be clearly seen that much higher load values can be achieved with coated geotextile
applications compared to uncoated geotextile. Therefore, coating the geotextile element significantly
improves the performance of the geotextile in cohesionless soil. In fact, this improvement was doubled
with the use of SGP3 compared to SGT-033. It was also seen that the amount of improvement varies when
different mixture ratios were evaluated. Therefore, it was clearly seen that the binder ratio in geopolymer
blends directly affected the behavior under loads. Images of the coated geotextiles after the experiments
performed are given in Figure 5.

When Figure 5 was evaluated, it was observed that the amount of deformation decreased
significantly as the w/s ratio increased. The reason for this is thought to be the formation of a more rigid
plate due to the enhancement of the geopolymerization reaction. The longer it takes for the plate to fail,
the longer the load transfers to the geotextile element. In addition, considering that the loads transferred
to the soil first come on the coating element, the effect of this layer on the behavior underload is quite
high [5]. In addition, the fact that the stresses in the cohesionless soil under load are concentrated from
the bottom of the foundation towards the center of the coated geotextile can be understood by the
concentration of cracks in the center of the coated geotextile. According to Figure 5, it is predicted that
more rigid coating leads to better bearing performance.
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Figure 4. Load-displacement curves of reinforcement application using geopolymer coated
geotextile

Table 7. Bearing capacities of coated geotextile applications

Name Soil type Embedment depth  w/s ratio Bearing capacity (kPa)
0/05D O/OlOD
SGP-035  Cohesionless 0.33D 0.35 53.17 77.20
SGP-040  Cohesionless 0.33D 0.40 25.61 37.74
SGP-045  Cohesionless 0.33D 0.45 17.42 51.79

Figure 5. Post-experiment images of geopolymer-coated geotextiles with different w/s ratios, 0.35,
0.40 and 0.45, respectively

3.2. Cohesive soil

Experimental studies were conducted to investigate how uncoated and coated geotextiles change the
behavior of cohesive weak soil underloads. Figure 6 shows the load-displacement curves of the geotextile
usage, and the failure load values are given in Figure 7. Figure 6 shows that the best performance was
obtained with CGT-067. Considering the failure load values given in Figure 7, 1.72 times more failure
load could be obtained with CGT-067 usage compared to the unreinforced cohesive weak soil. Since the
maximum performance was obtained with CGT-067, 0.67D was selected as the optimum embedment
depth. It was observed that at depths higher than this depth, the behavior of the cohesive weak soil under
load changed and only after very long deformations, CGT-100 and CGT-133 reached the load values of
the cohesive unreinforced soil. Cohesive soil, which has a very low resistance potential due to its high-
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water content, had less soil volume interacted due to the interruption between the layers and therefore
could not create sufficient resistance [10].

In the Figures 6 and 7, CGT-U is the unreinforced weak soil, CGT-017 is the geotextile application at
0.17D depth, CGT-033 is the geotextile application at 0.33D depth, CGT-067 is the geotextile application
at 0.67D depth, CGT-100 is the geotextile application at 1D depth, CGT-133 is the geotextile application
at 1.33D depth.

== CGT-U
== CGT-017
4 A= CGT-033

CGT-067
== CGT-100
== CGT-133

Bearing capacity (kPa)

Displacement (mm)

Figure 6. Load-displacement curves of unreinforced and geotextile reinforced cohesive weak soil at
different embedment depths
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Figure 7. Load-displacement curves of unreinforced and geotextile reinforced clayey weak soil at
different embedment depths

Then, the effect of the coated geotextile on the behavior of cohesive soil under loads were
investigated. In this context, geotextiles were coated with geopolymers prepared at w/s ratios of 0.35
(CGP-035)-0.40 (CGP-040)-0.45 (CGP-045). The coated geotextiles were placed at an embedment depth of
0.67D and subjected to vertical loading. The load-displacement curves are presented in Figure 8 and
bearing capacities are presented in Table 8.
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Figure 8. Load-displacement curves of geopolymer coated geotextile application on cohesive soil

Table 8. Bearing capacities of coated geotextile applications
Name Soil type Embedment depth  w/s ratio Bearing capacity (kPa)

%5D %10D
CGP-035 Cohesive 0.67D 0.35 1.68 2.44
CGP-040  Cohesive 0.67D 0.40 1.63 2.19
CGP-045 Cohesive 0.67D 0.45 244 3.26

Figure 8 and Table 8 show that the highest improvement is achieved with CGP-045 at a w/s ratio of
0.45. The improvement in value obtained was lower than using CGT-067. At this point, it was thought
that the high-water content of the cohesive soil was an important factor. Even if the geotextile divides the
soil layer, it interacts more with the soil layers due to its woven structure and its lower stiffness. However,
obtaining a very rigid layer in the geopolymer coating process can cause the loads to be met in the layer
above the coated geotextile. In fact, the soil, which is quite weak, fails in this upper layer and therefore
less soil volume is trying to resist the load. As the rigid foundation penetrates into the soil, the cohesive
soil tries to form a denser form, but due to the high-water content, the soil around the foundation
projection can take the load to be transferred downwards. At this point, it is predicted that the
distribution of the vertical resistance areas to be collected against the vertical load reduces the bearing
capacity to be obtained. Figure 9 shows the post-experiment images of the coated geotextiles.

Figure 9. Post-experiment image of geotextiles coated with geopolymer at different w/s ratios, 0.35, 0.40
and 0.45, respectively

When Figure 9 is evaluated, similar to the cohesionless soil, more rigid plates were obtained, and less
deformation was observed as the geopolymerization enhancement increased. Distribution of the vertical
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resistance areas to be collected against the vertical load reduces the bearing capacity to be obtained.
Therefore, increased stiffness resulted in higher bearing capacities and less damage to the coating.

3.3. Literature comparison

In the last stage, the experiments performed on cohesionless soil in this study and the and study
performed by Oztiirk et al. [11] were compared in terms of improvement ratios. Oztiirk et al. [11]
performed loading experiments by placing geotextile and cement coated geotextile on cohesionless soil
with 70% relative density. In both studies, coated and un-coated geotextiles were placed at determined
optimum embedment depth. In this context, the failure load values obtained with coated and uncoated
geotextile were ratioed to the failure load of the unreinforced soil and the improvement ratio values were
obtained for both studies [20]. Figure 10 shows the improvement ratios obtained for both this study and
Oztiirk et al. [11].

5
Oztiirk et al.[11]

2% 1 A ThisStudy
&
23 1
[«F]
&
2
52
3
[l 1 .

0 T T T

Unreinforced  Geotextile Coated

Geotextile

Figure 10. Comparison of improvement ratios

When Figure 10 is evaluated, it is seen that significant increases in bearing capacity can be obtained
by using both geotextile and coated geotextile in cohesionless soil. The improvement ratio values were
calculated as 1.2 and 1.69 for the usage of un-coated geotextile, 4.48 and 3.25 for coated geotextile for this
study and Mitat et al. [11], respectively. Even though the density values for the cohesionless soil and the
coating element were different, the improvement trend is similar for both types of coatings. However, a
higher rate of improvement was achieved with the geopolymer coating process compared to the cement
coating.

Considering the production waste (blast furnace slag) usage in geopolymer structure, coating process
contributes to recycling and provides economic benefits. Also, geopolymer structures are more eco-
friendly than cement-based elements. In addition, using geotextile elements reduces the thickness of
embankment layers, with contribution of coating process, more gain can be achieved. In this context, more
contributions can be made in terms of sustainability. For field applications, considering a road
embankment, after geotextile placement on the desired layer, geopolymer mixture can be transported to
project area and be applied similar to concrete applications. Since geopolymerization process is faster than
hydration, possible time gains should also be considered. In this context, coating geotextiles with
geopolymers has a high usability as an alternative to cement.
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4. CONCLUSIONS

In order to investigate how uncoated and geopolymer-coated geotextile with different mixture ratios
placed in cohesive and cohesionless soil change the behavior of weak soil under load, vertical loading tests
were conducted. In the first stage of the experimental studies, the model rigid foundation was placed on
the unreinforced soil, and the load was applied with the model loading test setup, and the results were
recorded. Then, the optimum embedment depth was investigated by placing geotextile at different depths
(0.17D, 0.33D, 0.67D, 1D and 1.33D). After determining the optimum geotextile embedment depth,
geopolymer mixture was prepared and geotextile surface was coated with geopolymer prepared at
different mixture ratios (0.35, 0.40 and 0.45 w/s). The coated geotextiles were placed at the optimum
embedment depth in both cohesive and cohesionless soil and model loading tests were performed. Results
obtained from the experimental studies revealed that:

e Usage of geotextile improves the behavior underloads for both cohesive and cohesionless soils. In
the cohesionless soil, an increase of 16% in the failure load value was observed with the geotextile usage.
However, this difference increased with increasing deformation due to the working principle of the
geotextile. Such that, when a deformation of 8 mm was reached, an increase of 64% was achieved with the
geotextile. In cohesive soil, while the failure load value increased by 72%, this value was 102% with
increasing deformation.

* The use of coated geotextiles significantly improved the performance of weak soils within the
scope of experimental studies. In cohesionless soil, an increase of 279% in failure load was obtained with
coated geotextiles placed at optimum depth (0.33D). In cohesive soil, a 52% increase in the failure load
was obtained with the coated geotextile placed at the optimum depth (0.67D). The difference in the
reinforcement ratio was predicted to be due to the difference in the interlocking between the geopolymer
coated geotextile and the soil.

* It was observed that the different mixture ratios used to form the geopolymer had a direct effect
on the performance obtained. It was observed that the best performance was obtained with 0.45 w/s in
coated geotextiles placed at the optimum depth for both soils. It is thought that this gain was achieved
due to the increased mixture ratio increasing the stiffness of the coating. It was also observed that the
deformation was less in coated geotextiles with 0.45 w/s ratio compared to 0.35 and 0.40 w/s ratios in both
soils.

* This study aims to improve capacity gain where geotextile is suitable or chosen for application. In
addition, the proposed method can be used in civil engineering projects where underground leakages are
considered as dangerous considering separation capabilities of coating process. In addition, excessive pore
pressures should be considered for soils with water presence to prevent possible failures. Pervious coating
elements (e.g.: pervious concrete) may be investigated in future studies to eliminate pore pressure effects.

* Findings of this study are valid for cohesive/non-cohesive soils, geotextiles and geopolymers
whose properties are described in the previous sections and cannot be used alone in design.
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