Chapter 7 )
Numerical Simulation of Coir Geotextile Check or
Reinforced Soil Under Cyclic Loading
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and Beena K. Sarojiniamma

7.1 Introduction

Coir fibers are permeable natural fibers that are developed from the husk of the
coconut. The coir fibers degrade very slowly compared to other natural fibers (e.g.,
jute), and the longevity of these fibers in the field is around 2-3 years (Dutta and
Rao 2008). The limited use of non-renewable resources and the low cost of coir
geotextiles have attracted attention toward using them as an alternative to synthetic
geotextiles for infrastructure development (Sarsby 2007; Subaida et al. 2008, 2009;
Chauhan et al. 2008; Vinod and Minu 2010; Hejazi et al. 2012; Balan 2017). In the
recent past, many studies have been carried out on the bearing capacity of soil using
synthetic polypropylene materials (Unnikrishnan et al. 2002; Bueno et al. 2005;
Hufenus et al. 2006; Basudhar et al. 2008; Rawal and Sayeed 2013). Unnikrishnan
et al. (2002) showed that the efficacy of placing reinforcement in soil is related to
the stress transfer from the soil to the reinforcement. Basudhar et al. (2008)
developed a linear elastic model using the finite element method on synthetic
geotextile reinforcing sand under strip loading. A parametric study was conducted
to investigate the geotextile’s reinforcement depth. Many studies are reported on the
bearing capacity of coir geotextile reinforced soil during monotonic loading
(Noorzad and Mirmoradi 2010; Bhandari and Han 2010; Lal et al. 2017; Sridhar
and Prathap Kumar 2018). Rashidian et al. (2018) studied the effect of the depth of
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placement of coir geotextiles and reported that the bearing capacity varies with the
geotextile’s position. In addition, the number of layers has an insignificant effect on
the bearing capacity of soil. Kurian et al. (1997) presented a 3D nonlinear finite
element model of a sand foundation reinforced with coir rope. A significant
reduction in the settlement was observed for the coir reinforced foundation com-
pared to the unreinforced model.

Performance under cyclic loading is considered to be crucial for the design of
infrastructure for transport and seismic loading. Many studies reported the cyclic
behavior of geosynthetic reinforced soil (Das and Shin 1994; Naeini and
Gholampoor 2014; Sreedhar and Goud 2011). Raymond and Williams (1978)
conducted a repeated triaxial test and indicated that the deformation under repeated
loading is higher than the magnitude of deformation under static loading. Cunny
and Sloan (1962) studied the dynamic loading effect on footing to establish a
criterion for designing foundations under cyclic loading. Vesic et al. (1965) have
concluded that the bearing capacity of footing under cyclic loading is less than the
bearing capacity under static loading. Brumund and Leonards (1972) studied the
behavior of circular footing on sand under dynamic loading and presented a linear
relationship between footing settlement and peak acceleration. Al-Qadi et al. (2008)
presented the efficiency of using geogrid in low-volume flexible pavements under
dynamic loads. They showed that placing the geogrid between the subbase and
subgrade layers gives the best performance for thin-layered base courses, while
placing the geogrid at the depth of one-third of the base layer is the best for
thick-based layers. Perkins et al. (2011) developed a two-dimensional model for
geosynthetic reinforced unpaved roads to study the rutting deformation of flexible
pavements. Sridher and Prathap Kumar (2018) investigated the behavior of coir
geotextile reinforced sand under cyclic loading and concluded that placing the coir
geotextile improves the sand’s bearing capacity and reduces its settlement.
However, only limited research studies focused on the cyclic behavior of coir
geotextile reinforced soil (Sridhar and Prathap Kumar 2018).

The main objective of this research is to evaluate the mechanical behavior of coir
geotextile reinforced soil during cyclic loading using a finite element method. The
effect of different parameters influencing the performance of coir geotextile rein-
forced soil under cyclic loading is investigated and reported.

7.2 Numerical Model for Coir Geotextile Reinforced Soil
Under Cyclic Loading

The finite element model for cyclic loading was created using Plaxis 2D. The soil
bed has two soil layers: The first layer (layer I) is classified as (GW) crushed stone
with high-quality material based on the unified soil classification system, and the
second layer (layer II) is classified as (CH) clay with low-quality material. These
two soils layers with different strengths were selected to understand the interaction
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between various soils and coir geotextiles. The test tank model has dimensions of
800 mm length x 500 mm width. The model dimensions are similar to the labo-
ratory experimental program reported by Subaida et al. (2009). Figure 7.1 shows
the test conditions used for this study. The vertical load was applied on the left
corner of the model by a 100-mm-diameter plate having a thickness of 25 mm.
Only a half portion of the test bed was modeled considering the symmetry of the
test bed. The hardening soil model with small strains (HSsmall) which is an
advanced model designed by Schanz et al. (1999) has been considered for all soil
layers. The material parameters used for the model were evaluated using laboratory
tests reported by Subaida et al. (2009) and Sridhar and Prathap Kumar (2018).
Table 7.1 presents the soil properties for layer I, layer II and sand soil for the
hardening soil with small strains model (HSsmall).

The physical properties such as dry unit weight, saturated unit weight and
Poisson’s ratio (Bowles 1996) have been defined inclusive of strength parameters
like lateral earth pressure, friction angle and dilatancy angles (Das et al. 2016) and
the stiffness properties Eq.q, E5o and Eur (Brinkgreve et al. 2014). In this study, the
soil layers were considered to be dry.

The coir geotextile was modeled as a linear elastic plate element and assigned a
bending stiffness (EI) value of 0.15E—9 kNm?/m, and the elastic stiffness (EA) is
500 kN/m. The lateral deformation is restricted on the left and right boundary walls,
and both lateral and vertical deformations are restricted for the bottom boundary of
the model. The coir geotextile in the model represents woven coir geotextile with
1286.56 g/m® mass/unit area, 20.7 and 36 kN/m weft and warp tensile strength,
respectively.
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Fig. 7.1 Test models; a unreinforced soil (UR), b reinforcement in the middle of layer (I) and
c reinforcement at the interface between layers (I) and (II)
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Table 7.1 Layer I, layer II and sand soil properties (hardening soil model with small strains)

General, stiffness and strength Symbol | Unit Value

parameters Layer I Layer II Sand*
Dry unit weight Yd KN/m® |18 12 17.4
Saturated unit weight Psat kN/m® |21 16.95 19.96
Void ratio e - 0.46 1.02 0.5
Tangent stiffness for primary Eoea kN/m? | 10,000 350 75,00
oedometer loading

Secant stiffness in standard drained | Esq KkN/m? 12,500 700 10,000
triaxial test

Unloading/reloading stiffness Eur KN/m? | 45,000 2100 30,000
Power for stress-level dependency | m - 0.5 0.5 0.5125
of stiffness

Shear strain level, where the secant | 705 - 2x107% 0.1 %107 0.1 x 1073
shear modulus reduced to 70% of

Go

Initial shear modulus Go KN/m? | 140,000 | 8400 120,000
Coefficient of earth pressure Ko - 0.253 - 0.293
Friction angle ¢ 0 48.3 - 45
Dilatancy angle V] 0 19 - 15
Cohesion c kN/m* |- 19.5 -

“The sand soil layer used in the dynamic load validation

A typical sinusoidal cyclic loading with variant frequency and cyclic stresses
(o.) is used to study the cyclic behavior of coir geotextile reinforced soil. In this
investigation, number of cycles (N), cyclic stress amplitudes (o.= 50, 100,
150 kPa) and frequency (f = 0.5, 1, 1.5 Hz) were varied during cyclic loading.

7.3 Results and Discussion

7.3.1 Calibration of FE Model

Calibration of the finite element model for cyclic loading was carried out on a
model having dimensions of 500 mm length and width (See inset of Fig. 7.2). The
cyclic load was applied through a 50 mm circular footing (Sridhar and Prathap
Kumar 2018). Figure 7.2 shows the settlement of sand with the number of cycles
during cyclic loading. The model was subjected to a cyclic stress of 100 kPa and
f=0.5 Hz. It is evident from Fig. 7.2 that the numerical model captures the set-
tlement of sand during cyclic loading similar to the laboratory experiment reported
by Sridhar and Prathap Kumar (2018). The sand properties are found in Table 7.1
and the model geometry in Fig. 7.2. The footing settlement increases with the
increase of the number of cycles, and the significant increase in the settlement of
footing was observed for N > 2000.
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Fig. 7.2 Calibration of FEM model for cyclic loading

7.3.2 Behavior of Coir Geotextile Reinforced Soil During
Cyclic Loading

Figure 7.3 shows the variation of s/B with N for UR, RI and RM for ¢.= 150 kPa
and f = 0.5 Hz, where s/B is settlement over plate width ratio. It is evident from
Fig. 7.3 that the inclusion of coir geotextiles reduces the s/B of soil during cyclic
loading, and it is interesting to note that the initial stiffness increases with the
inclusion of coir geotextiles. The coir geotextiles placed in the middle of layer I
(RM) exhibits lower settlement compared to RI. For a particular value of N (say
N =10,000), the UR shows an s/B of 23% compared with 14% and 19% for RM
and RI, respectively.

7.3.3 Effect of Cyclic Stress on the Settlement of Coir
Geotextile Reinforced Soil

Figure 7.4 shows the effect of cyclic stress on the settlement behavior of UR, RI
and RM. As expected, the settlement increases with the increase in cyclic stress. At
10,000 cycles, s/B increased from 5.5 to 24% when the cyclic stress increased from
50 to 150 kPa for UR. For RM, s/B decreased to 15.6% at 150 kPa cyclic stress and
3.4% at 50 kPa cyclic stress. For RI, s/B decreased to 20.1% at 150 kPa and 4.2%
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Fig. 7.3 Number of cycles—s/B relationship of unreinforced and reinforced soil with coir
geotextiles

at 50 kPa. The maximum performance reduction in settlement was observed when
the geotextile is placed in the middle of layer I (RM). The decrease in the footing
settlement due to the placement of coir geotextiles at RI and RM for g.= 150 kPa
was 16.3% and 35%, respectively. Nevertheless, for g.= 100 kPa, there is a 27.8
and 37.5% reduction in settlement for RI and RM, respectively. Table 7.2 sum-
marizes the footing settlement under different o. for UR, RI and RM.

Figure 7.4 also shows the relationship between s/B and N for different fre-
quencies (f) of cyclic loading. It is evident from Fig. 7.4 that the s/B increases with
firrespective of the location of coir geotextiles. In fact, for UR s/B increases from
14.3% to 48.3% when f increases from 0.5 to 1.5 Hz for N = 10,000. For RI, s/B
decreased to 10.4% at 0.5 Hz and 46.2% at 1.5 Hz, and for RM, s/B decreased to
9.6% at 0.5 Hz and 33.3% at 1.5 Hz. The optimum performance of coir geotextiles
in reducing settlement was observed for RM for the . and f considered for this
study.

The potential of the geotextile in controlling the settlements of the footing can be
clearly seen in Table 7.2. Increasing the cyclic stress increases the footing settle-
ment, while incorporating coir geotextiles at (RI) and in (RM) enhances soil per-
formance and reduces settlement. The footing experienced a 23.6 and 38.2%
reduction in settlement for RI and RM under 50 kPa and 27.8% and 37.5%
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Fig. 7.4 Number of cycles—s/B curve; a various cyclic stresses and b various frequencies on
unreinforced and reinforced soils

respectively, under 100 kPa cyclic stresses. While under 150 kPa cyclic stress, the
coir geotextile at RI shows a 16.3% reduction in settlement and a 35% for RM. This
shows that placing the coir geotextile in the middle of layer I results in an optimum
performance of the geotextile in controlling settlements.
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Table 7.2 Effect of cyclic stress on geotextile performance

Test | Amplitude Number of cycles s/B % Reduction in settlement
(kPa) ) (%) (%)
50 55 -
UR 100 10,000 14.4 -
150 24 -
50 42 23.6
RI 100 10,000 10.4 27.8
150 20.1 16.3
50 34 38.2
RM 100 10,000 9 375
150 15.6 35

Table 7.3 Effect of frequency on geotextile performance

Test Frequency (Hz) Number of cycles (V) s/B (%) % Reduction in
settlement (%)
UR 0.5 14.3 -
1 10,000 26.4 -
1.5 48.3 -
RI 0.5 104 27.3
1 10,000 25.6 3
1.5 46.2 4.3
RM 0.5 9.6 329
1 10,000 21 20.5
1.5 333 31.1

Table 7.3 summarizes the footing settlement under different f for UR, RI and
RM. The ability of the geotextile to reduce the settlement of the footing can clearly
be recognized, and the optimum performance occurred when the geotextile is
placed in the middle of layer I (RM). The inclusion of a coir geotextile at RI and in
RM enhanced the performance of soil and reduced settlement. For f= 0.5 Hz, a
27.3% and 32.9% reduction in s/B was observed for RI and RM, respectively. For
f =1 Hz, percentage reduction in s/B is 3% and 20.5% and for f= 1.5 Hz per-
centage reduction in s/B is 4.3% and 31.1% for RI and RM, respectively. These
reductions in settlement indicate that placing the coir geotextile at RM has shown
higher performance in terms of reducing settlement for the ¢, and f considered for
this study.
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7.3.4 Spatial Distribution of Stresses on Soil
and Reinforcement During Cyclic Loading

Figure 7.5 shows the spatial stress distribution during cyclic loading for UR, RM
and RI. The peak stress were captured when the assembly reaches a settlement of
40 mm. It is evident from Fig. 7.5 that peak stress for UR is 51.61 kN/m>.
However, for RM and RI the peak stress reaches 91.56 and 89.58 kN/m” respec-
tively. The peak stress increases with the inclusion of coir geotextiles. The increase
in the peak stress is mainly due to the additional axial tensile forces developed in
the coir geotextile and has shown higher due to higher interface friction angle
between soil and coir geotextiles.

Figure 7.6 shows the axial tensile force that developed in the geotextiles for RI
and RM at N = 10,000 cycles. The maximum axial force for RM is 1.09 kN/m and
for RI is 0.24 kN/m. The axial force observed in the coir geotextile for RM is about
four times compared to RI. The frictional interaction between the coir geotextile
and the soil generates interface shear stress in the coir geotextile. The axial tensile
force developed in the coir geotextile is due to that interaction between the soil and
the reinforcement during cyclic loading. The maximum axial force for RM gen-
erated at the middle of the footing decreases along the width of the footing.
However, for RI, the axial force is found to distribute along the width of the footing.
Moreover, a small amount of negative axial force is also seen to develop along the
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Fig. 7.5 Spatial stress distribution in unreinforced and reinforced soils with coir geotextiles under
cyclic loading
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Fig. 7.6 Axial force developed in coir geotextile during cyclic loading

reinforcement for the case of RM. The negative value represents the generated shear
force in coir geotextiles and soil in the direction opposite to the soil movement. The
interface shear stress is mainly due to frictional interaction between the coir
geotextile’s surface and soil particles, thus aiding the geotextile to generate axial
forces during cyclic loading as presented in Fig. 7.6. This observation is consistent
with the experimental study, reported by Nguyen et al. (2013). Nguyen et al. (2013)
report on the generation of shear stress in coir geotextile and soil in the transverse
direction of the soil movement.

7.4 Conclusions

The numerical model captures the behavior of soil in the same way as the laboratory
experiments reported by Sridhar and Prathap Kumar (2018). Coir geotextiles were
installed at the interface between layers I and II (RI), and in the middle of layer I
(RM). The inclusion of coir geotextiles in the middle of layer I yielded their best
performance during cyclic loading. The inclusion of coir geotextiles in soil during
cyclic loading reduces settlement and thus improves the performance of soil. The
cyclic stress and frequency have a significant influence on the settlement of footing.
The s/B was found to be increasing with the increase in the cyclic loads and
frequency. Placing the coir geotextile in the middle of layer I (RM) has shown the
best performance in term of the load carrying capacity of soil and may be due to the
development of the interface shear stress in the coir geotextile. The interface friction
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between the soil and the coir geotextile generates an interface shear stress, and an
axial force in the geotextile and consequently increases the load carrying capacity
and reducing the settlement.
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