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Abstract:

The use in irrigation construction of geotextile soils reinforced (strengthened) with fibrous materials,
including cotton fibers waste of textile materials, requires strength assessment of these soils under
tension and bending. Due to the low tensile and bending strength of soil, the load is born by the fibers
reinforcing the soil. Direct methods to test tensile and bending geotextile soils are complex. It was
proposed to evaluate the strength of geotextile materials through the strength characteristics of their
components. Soils reinforced with textile waste cotton fibers are considered in the paper. To determine
the strength of cotton fibers experimentally under the action of friction force only, a tensile test of cotton
yarn consisting of cotton fibers was conducted. The diagrams of cotton yarn stretching obtained
experimentally and the known diagrams of sandy soil compression are given in the paper. It was found
that in the process of strain, both cotton yarn and soil change structurally. These changes are described
by the change functions of their strain moduli, determined from considered experimental results in the
form of graphs. Based on them, a method for assessing the strength of geotextile soils based on the
general law of cotton yarn and soil strain is proposed. The possibility of using the formula obtained from
this law for a particular case when determining and evaluating the strength of cotton yarns under tensile
forces is shown. Therefore, it is recommended to use this formula in calculating the tensile strength of
geotextile soils reinforced (strengthened) with waste textile materials used in innovative and modernized
construction of irrigation reservoirs, canals, ditches, and reservoirs.

1 Introduction

One of the innovative building materials of our time is geotextile. Geotextiles are the materials
consisting of soil and textile fibers. In the case under consideration, textile fibers are the wastes of textile
production and other wastes in the form of fibrous materials. At that, strength and other mechanical
characteristics of geotextile materials are of great interest. The determination of mechanical
characteristics of building materials reinforced with textile fibers and materials has been the subject of
many publications [1 - 27]. In [6], geosynthetic clay (clay reinforced with synthetic fibers) was considered
as an anti-filtration material in irrigation reservoirs. The strength and filtration characteristics of the
material were determined in [6]. Geosynthetic material inevitably includes the interconnected behavior of
various materials and fibers [7]. Dependences of strength characteristics of the geosynthetic material on
mechanical properties of reinforcing additive are determined by moisture-content, stress-strain state,
chemical, and thermal conditions of fibers [7]. The strength characteristics of the concrete reinforced with
recycled textile waste (old clothes, jeans, etc.) were studied in [8]. It was found that the strength of the
concrete improved up to 40% under compression and up to 7% under bending compared with
unreinforced concrete [8].

The strength of black cotton soil, reinforced with the addition of processed sawdust and lime, was
studied in [9]. The strength of the reinforced soil with nylon fibers 15-20 mm long was defined in [10]. The
influence of the reinforcement type on the behavior of sand stratum was considered in [11].

The strength of geotextiles reinforced with various fibrous materials was considered in [13-16].
Environmental issues of geotextile materials were investigated in [16, 17]. The effect of jute fiber on the
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mechanical properties of concrete was determined in [18]. Mechanical and chemical properties of
geomaterials reinforced with textile and other fibers were investigated in [19-21]. Dynamic properties of
geotextile materials were studied in [22, 23].

The use of innovative geotextiles to protect the banks of drainage channels and ditches was
considered in [24]. Seismic characteristics of geosynthetic sand (longitudinal wave propagation and
seismic strength) were determined in [25]. The stability of dumps reinforced with textile fibers waste was
investigated in [26]. A wide review of publications on geotextile materials devoted to the study and
determination of their mechanical and strength characteristics under static and dynamic loads was given
in [27].

As can be seen from the above brief analysis, the strength of geotextile materials was mainly
evaluated through testing of soils reinforced with textile or other fibers. They are widely used in irrigation
construction.

It is obvious, that the strength of reinforced soil directly depends on the strength of fibers.

The purpose of this work is to develop the methods for determining and evaluating the strength of
geotextile material components that serve as the tools to improve the strength of soils and building
materials used in irrigation systems.

The objectives of the study are:

* to determine the basic indices of the strength of soils and textile fibers and materials used in
geotextiles;

* to determine experimentally and theoretically the strength of soils, textile fibers and materials;

* to develop a method for determining the strength of geotextile materials used in irrigation systems.

2 Methods and materials

The basis of geotextile material is soil. To strengthen the geomaterials, many varieties of textile
fibers are used. In this paper, cotton fibers and soils are the objects of study. With the addition of cotton
fibers obtained from textile waste into soil, the strength of soil increases [19-21]. As is well known, soils
work in compression. They practically cannot bear tensile loads.

Cotton fibers added to soil increase the tensile strength of soil. Obviously, the tensile strength of
the soil is mainly determined by the fiber strength under tensile loads.

The fiber arrangement in soil is randomly chaotic. The main forces acting on fiber are the friction
forces that occur between the fiber and soil. Under tension or bending, the fibers in soil stretch due to
friction. The greater the amount of fibers in soil, the more tensile it is. The maximum strength of fibrous
materials is achieved in a yarn consisting of fibers interlaced in a complex manner.

A similar situation is with a cotton yarn. In a yarn, the fibers are also randomly arranged [28-32].
Under cotton yarn stretching, the fiber is exposed to an external friction force between the fibers [28].
Mechanical behavior of fibers in soil and a cotton yarn is similar. The strength and mechanical
characteristics of yarn were studied in [29-32]. The friction forces between the soil and the rigid body
were investigated in [33].

Here, based on the mechanical characteristics of cotton yarn and soil, we consider the actual
problem of determining and predicting the strength of geotextile material.

3 Results and their analysis

Using the method of experimental study of the yarn strength [29-32] and the interaction forces
between the fibers [28] in a rigid body and soil [33], we determine the tensile strength of cotton fibers
under friction.

To conduct experiments on stretching, a ready-made cotton yarn with a linear density of N/m was
selected. The experiments were carried out at the factory installation "Statimat C", designed for tensile
testing of textile yarns.

3.1 shows the results of experiments on cotton yarn stretching to a break as a dependence of
tensile strength on strain. The tensile strain rate was 0.015 s™*. The replication of experiments shown in
3.1is 50. The spread of experimental data in 3.1 is about 30%. According to the curves in 3.1, the yarn
strain occurs nonlinearly.
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Figure 3.1 — Dependence of tensile stresses on the relative strain of cotton yarn
According to 3.1, the value of the maximum load at which the cotton yarn breaks off is Fy,, =9.5

N. The linear density of cotton fibers which compose the yarnis y¢ =1.1.10°N/m. The breaking load of

a cotton fiber is F¢ 5 =0.35 H [32]. The strength of materials is characterized by specific stresses,
determined from the formula

|:ymax |:f max
O'y = y Gf =
St

where Sy is the cross section of a cotton yarn, S; is the cross section of the cotton fibers which compose

(3.1)

the yarn (S = 5.10%m?, Ss =107° m?).
The tensile strength of cotton yarn and fiber, according to (3.1), in this case, are oy =190 MPa

and oy =350 MPa, respectively. The strength of yarn is almost twice less (45.7%) than the strength of

cotton fiber. This means that under cotton yarn stretching, the fiber does not tear, but slips out of the
yarn. A similar situation occurs at the tension and bending of geotextile materials. Depending on the
moisture-content (wetness) of geotextile materials under stretching or bending, the strength of the fiber-
reinforced material is equal to the fiber strength or the half of the fiber strength. The first case occurs
when the reinforcing fiber has sufficiently strong bonds with soil along its entire length and under
stretching and bending, it breaks. Since the bonds between the soil particles are weaker than between
the particles of the reinforcing fiber, the strength of the geotextile material is equal to the fiber strength.

The second case occurs when the reinforcing fibers slip out of soil. In this case, the fibers do not
break and the strength of the geotextile material is determined by the value of friction force between the
fiber and soil particles along the entire length of the fiber. These options naturally depend on the density
of reinforcing fibers in soil. The maximum density of the fiber material is achieved when the entire material
consists of reinforcing fibers, i.e. in yarn. Therefore, the yarn strength is the maximum that can be
achieved for geotextile soil.

It should be noted that the yarn strength depends also on the technology of its manufacturing.
Depending on the manufacturing methods and the types of cotton fiber yarn, its strength ranges from
150 MPa to 200 MPa [30, 31]. When assessing the strength of a geotextile material, it is necessary to
use the lower limit of the yarn tensile strength.

Now consider the results of experiments on strain in fine sandy soil with a density of Vg = 1.63-10%

N/m3 and moisture-content W =4.8% under uniaxial cyclic compression [34]. In reliable experiments

[34], the loading of a sample of sandy soil was of static nature. As can be seen from 3.2, the compression
of the soil sample occurs nonlinearly. Repeated loadings occur along the parallel trajectories (curves 1-
5, 3.2). The maximum load under sand compression reaches 6 MPa. Note that soil unloading also occurs
along the curved trajectories (3.2).
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Figure 3.2 — Dependences of compressive stresses on the relative displacements of fine sandy soil

A comparative analysis of curves in 3.1 and 3.2 shows that the trajectories of cotton yarn stretching
and sandy soil compression differ qualitatively. In the first case (3.1), the material softening occurs, and
in the second case (3.2), the reinforcement occurs. However, as noted in [29], the nonlinearity of
diagrams is caused by a change in soil structure under strain. In the case of cotton yarn, its structure
begins to change under stretching and finally breaks. And in the case of soil under compression, its
structure changes before reinforcement.

In both cases, following [29,30], the laws of yarn and soil strain can be described by the equation

do_, .2 -9, e 3.2
Egdt “Es dt " (3-2)

where o is the longitudinal (axial) stress, & is the longitudinal (axial) strain, Ep is the dynamic

deformation modulus at de/dt — o, Eg is the static deformation modulus at de/dt >0, u is the

volume viscosity parameter (internal friction), t is the time.
The volume viscosity parameter is determined from the relation
__ EpEs
H (ED—ES)U (3.3)
where 7 is the coefficient of volume viscosity.

Equation (3.2) is a well-known law of a viscoelastic standard linear body [29]. It applies to the
description of the straining process in both cotton yarn and soil. However, it is necessary in law (3.2) to
take into account the difference in their strains.

Obviously, under strain, the structure consisting of the fibers of cotton yarn and the structure
consisting of particles of sand change. Therefore, their physicomechanical and mechanical properties
change: density, deformation moduli Eg and Ep, and viscosity coefficient 7. Based on the diagrams

(3.1 and 3.2), it is possible to determine the changes in the secant deformation modulus Eg under the
yarn strain. Methods for determining the secant modulus Eg and the actual modulus Eg¢ are discussed
in [35-37].
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Figure 3.3 — Changes in the secant tensile modulus of cotton yarn depending on the value of tensile
strain
3.3 shows the change in the secant modulus Eg depending on the tensile strain values ¢ defined
from the diagram in 3.1. As can be seen from 3.2, the change in the modulus Eg of cotton yarn under
stretching is quite complicated. At the beginning of the deformation process, the modulus Eg decreases

rapidly, and then increases to a maximum and remains almost constant until the yarn breaks.
A similar dependence is shown in 3.4 for sandy soil. Here, also at the beginning of the deformation

process, the modulus Eg drops and then grows. In all loading cycles, with the exception of the first one,
the change in modulus can be considered almost the same.
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Figure 3.4 — Changes in the secant modulus of deformation of sandy soil caused by compression strain

In the first cycle, there is a more intensive change in the soil structure and, accordingly, a change
in module Eg differs from other cases.

According to the results shown in 3.3 and 3.4, the modulus Eg for cotton yarn and soil is a complex

nonlinear function of the form Eg = Eg (5) Determining the specific form of these functions for the

curves in 3.3 and 3.4 is a matter of perspective. In this study, it is proposed to use equations (3.2) to
describe the process of geotextile soil tension and compression. However, under tension and bending,

the functions Eg (&), Ep (&) and u(¢) are determined from the tensile diagrams of cotton yarn, and

under compression - from the compression diagrams of soil. Further, the strength of geotextile material
is determined based on the law of strain. In the simplest case, the strength of a geotextile material is
evaluated as follows. For permissible strain ¢ =gy, the secant modulus of cotton yarn or soil is

Es = Esk - Epk =7k Esk » and the value of 1y is determined from (3.3), at 77 =77 . From equation (3.2)
at ¢ =g, and de/dt = const, the formula for determining cotton yarn tensile strength is obtained in the

form

de

oy =Ec | —+upe
y SK(dt HK K)

1—exp(—uk 7ty )
Hk

(3.1)

Where 7/K = EDK/ESK .
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Based on the analysis of experimental results on yarns stretching, the values of parameters
entering equation (3.4) are proposed for determining the strength of geotextile soil reinforced with cotton

fiber waste: Egy =2.10° MPa; g =100s?; g =0.05; y¢ =2; tx =3.5s. The value of strain rate

under tension de/dt is set depending on the load acting on geotextile soil.

According to (3.4), the maximum strength of geotextile soil reinforced with cotton fiber wastes under
tensile loads is determined taking into account the rate of stretching (the strain).

In cases of using geotextile materials reinforced with cotton fiber wastes in irrigation engineering,
when reinforcing the sides of reservoirs, canals, ditches, and reducing the filtration properties of soill, it is
proposed to have a safety margin of two for reinforced soil. In this case, the tensile strength of geotextile
soil at the safety factor K, =0.5 is determined by the formula

Similarly, the strength of geotextile material under compression is determined by the formula (3.4).
In this case, the values of parameters Egy , px . &x. 7k . tx and dg/dt are determined for soils.

Thus, based on the analysis of experimental studies results to determine the tensile strength of
cotton yarns and soil under compression, calculation formulas are proposed for determining the strength
of geotextile soil reinforced with cotton fiber waste. The proposed formulas can be used to assess the
strength of soils reinforced with cotton fibers under tension and bending.

4 Conclusions

1. Based on the analysis of strength characteristics of soils and textile yarns, the similar character
of mechanical behavior of cotton fibers in the soil as in a geotextile material and cotton yarn consisting
of cotton fibers was established.

2. The causes of strength loss in geotextile soils under tension and bending were analyzed. It has
been established that due to the low strength of soils under tension and bending, the strength of geotextile
soils is determined by strength characteristics of reinforcing cotton fibers.

3. To use geotextile soils reinforced with waste textile materials from cotton and to evaluate their
tensile and bending strengths in modernized irrigation engineering, a calculation formula was proposed
that takes into account the loading rate (the strain) of external load.
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