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Abstract

During the past decades, reinforced soil has normally been constructed by coarse grained soil. Recently, low quality
and locally accessible materials have been successfully used in reinforced soil due to economic observations.
Loading speed is one of the effective factors in soil-geosynthetic interaction. In order to determine the impact of this
factor, we carried out a pullout test on the samples with dimensions of 30x30x17 cm under four strain rates of 0.75,
1.25, 1.75 and 2.25 mm/min and three vertical stress rates of 20, 50 and 80 KN/m?. The results of this study indicated
that the mobilization of geosynthetic strength in contact area depends on the amount of vertical stress. The increased
vertical stress results in the increased shear strength in clay-geogrid contact area. Furthermore, the increased strain
rate results in the reduced shear strength.
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1. Introduction

Soft clay soils have low bearing capacity and tend to settle under the influence of external loads. In order to prevent
excessive settlement, they must be improved before construction process. This paper aims to determine the impact of
geo-synthetic coarse-grained reinforcement on bearing capacity of soft clay. The advantages of grain materials
include good drainage, high friction resistance, and good stability against humidity and time (Elias, V., Barry, P. E.,
& Christopher, R. 1997). Reinforced-soil structures are often constructed by coarse-grained materials because
fine-grained soils have poor drainage and friction resistance and tend to change under the influence of humidity and
time (Lin, H., & Atluri, S. N. 2001). Normally, membranous and confinement impacts are considered in soil
reinforcement. In membranous impact, foundation and soil move downward and reinforcement layers are gradually
tensioned. To bear the load, the deformed reinforcement exerts a force upward. The reinforcement under tension
needs a specific amount of settlement to mobilize membranous effect. Furthermore, the reinforcement must have
sufficient length and stiffness. The upward force is developed at the conjunction of reinforcement and failure surface
(Wang, Z., Jacobs, F., & Ziegler, M. 2014; Ze, L., & Yong, L. 2014). Patra et al (2006) conducted a series of studies
on geo-grid reinforced sand with eccentric loading and reported that the increased layers of geo-grid resulted in the
increased bearing capacity (Patra, C. R., Das, B. M., Bhoi, M., & Shin, E. C. 2006). In 2001, Alawaji conducted a
study on settlement and bearing capacity of geo-grid reinforced sand located on weak soil. He reinforced the sand
using a geo-grid layer and found that the optimal depth of geo-grid placement for reaching the maximum bearing
capacity was 10% of foundation diameter. This result was in line with the studies of other researchers such as Khing
(Khing et al., 1993)

Alawaji conducted a series of studies to determine the impact of geo-grid diameter change on load-settlement
behavior of samples. He reported that the increased diameter of geo-grid resulted in a significant reduction of
settlement in equal capacities (Alawaji, H. A. 2001). Sharma et al. (2009) examined the foundations placed on
geo-grid reinforced soil and found that the first layer of reinforcement must be close to foundation with an optimal
depth range of 0.5B-2B in which B is the footing width. They also reported that the length of reinforcement must be
between 2B and 8B (Sharma, R., Chen, Q., Abu-Farsakh, M., & Yoon, S. 2009). Nazir and Sawwaf (2010)
conducted a study on the behavior of rectangular foundation located on geo-grid reinforced sand. They reported that
the increased soil density resulted in the increased impact of geo-grid layers on bearing capacity (El Sawwaf, M., &
Nazir, A. K. 2010). Basudhar et al. investigated the behavior of circular foundation located on geo-grid reinforced
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sand. They found that the increased number of geo- grid layers resulted in the increased bearing capacity. They also
reported that the increased density of sand led to failure in higher settlements (Basudhar, P. K., Saha, S., & Deb, K.
2007).

This paper aims to determine the impact of strain rate and loading speed on geogrid-reinforced soil. This is the first
paper to conduct a comprehensive study on this subject.

2. Materials and Methods
2.1 Shear Strength

The shear strength between reinforcement and soil is provided by 1) the shear strength in the contact area between
reinforcement and soil and 2) the shear strength between soils in open meshes of the geo-grid.

Equation 1 represents total direct shear strength (F;) (Sreekantiah, H. R., & Unnikrishnan, N. 1992):
Ft =
opA[agstan(s + (1 — ays)tangpAlawaji conducted a study on settlement and bearing capacity of geo —

grid reinforced )] €))
0: Internal friction angle of soil in direct shear

&: Apparent friction angle of shear surface of reinforcement and soil
0. The ratio of shear surface of reinforcement to total shear surface
o,.: Vertical stress in shear surface and A: total shear surface

Many researchers have recognized bond coefficient as an important parameter in reinforced-soil design (Liu, C. N.,
Ho, Y. H., & Huang, J. W. 2009; Wang, Z., & Richwien, W. 2002; GHIASIAN, H., & Jahannia, M. 2004). They have
defined bond coefficient as the ratio of soil-soil contact area strength to soil-reinforcement contact area strength. In
this definition, soil-soil contact surface strength is the direct shear strength of the soil, provided that shear surface is
soil-reinforcement shear surface (Das, B. M., Cook, E. E., Shin, E. C., Yen, S. C., & Puri, V. K. 1993).

If the bond coefficient is bigger than unit number, a powerful bond exists between soil and geo-grid and
soil-reinforcement contact area strength is higher than soil-soil contact area strength. If it is smaller than 0.5, there is
a weak bond between soil and geo-grid (Jewell, R. A., & Wroth, C. P. 1987).

2.2 Bond Coefficient

So far, many researchers have studied the friction behavior of soil-geo-grid contact area, with an emphasis on the
parameters of humidity percentage, soil type and density, geometry, stiffness of geo-grid, and vertical stress
(Sridharan, A., Murthy, B. S., Bindumadhava, & Revanasiddappa, K. 1991). They have compared the friction
angle mobilized in soil-geo-grid contact area with internal friction angle of soil and defined factor C; (effective bond
coefficient) in the form of equation 2:

C, + o,tand,

et optand @
C,: Bond between soil and geo-grid
8,: Apparent friction angle of contact area
C: Soil bond
¢: Internal friction angle of soil
o,: Vertical stress
If the tested soil is sand, bond coefficient is simplified as follows:

tand,
P tand ®

Bond coefficient of the reinforcement depends on geo-synthetic surface, bearing capacity of transverse members,
bearing capacity of surrounding soil, type of soil, and the length of buried sample. In soil-reinforcement direct shear
bond mechanism, the shear strength of contact area is a combination of soil-soil direct shear strength and
soil-reinforcement direct shear strength. If bond coefficient is smaller than 0.5, a weak bond exists between soil and
geo-grid. If it is bigger than 1, a strong bond exists between soil and geo-grid.
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2.3 Materials

We carried out the tests using kaolinite clay. The Clay was a mixture of three types of uniform with grain sizes of
0.7-1.2, 1-2 and 2-4 mm. Figure 1 illustrates the information of clay mixture based on ASTM standards. Figure 2
illustrates the compaction curves. Based on unified soil classification system (USCS), clay is classified in CL group
(clay with low plastic property) and sand is classified in SW group (finely grained sand). The tests were carried out
using a large direct shear device with some modifications for connecting the geo-synthetics to lower shear box by
clamp (according to D5321 ASTM) (Unnikrishnan, N., Rajagopal, K., & Krishnaswamy, N. R. 2002). Tables 1
contains the properties of geogrid used for the purpose of this study.

Table 1. Properties of geogrid used in this study (GEO_GRID 1, CE121)

Properties Value

Liquid limit (%) 26.5

Plastic limit (%) 4.5

Plasticity index (%) 22

Optimum moisture (%) 17

Maximum dry density (g/cm3) 1.78

Cohesion (kPa) 11.7

Internal friction angle 22.5

Weight (kg/m2) 0.73

Thickness (mm) 2.2

Aperture shape Square

Color Black

Tensile strength (KN/m) 8.2

Type HDPE

Aperture size (mm) 8x8

CLAY
s 18
oM 178
E 1.76
B
i
S L
5 1.62
= g 10 2 1 16 13 20

Moisture Content(%)

Figure 1. Clay compaction curve
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Figure 2. Clay gradation curve
2.4 Test Method

We first poured the soil into the lower part of the shear box in three layers with optimum moisture content. Each layer
was compacted by a rubber mallet with 30 blows (10 blows at the center and 5 blows at each side) so that its dry
density reached the maximum dry density obtained from standard proctor test. In all pullout tests, the clay samples
compacted in the shear box had equal optimum moisture and compaction. We fixed the geogrid sample by the clamp
with a length-to-width ratio of 2 in a fully horizontal manner so that the distance between the end of geogrid sample
and shear box reached 7.5 m. Next, we filled the upper part of the shear box with the compacted soil (Mohiuddin, A.
2003; Biswas, A., Ansari, M. A., Dash, S. K., & Krishna, A. M. 2015).

After placing the upper plate of the shear box, we applied a vertical load of 20, 50 and 80 KN/m?. Two gauges were
attached to the device to measure the displacement and horizontal force applied to geogrid sample. Next, we started
the horizontal displacement generator with the speeds of 0.75, 1.25, 1.75 and 2.25 mm/min. For each 0.5 mm of
horizontal displacement, we read the dynamometer to determine the tensile horizontal force. The test was continued
until the horizontal displacement of 2 cm. This amount of displacement was equal to initial displacement of geogrid
sample (close to the clamp). We determined the pullout force based on the figures shown on the gauge and the width
of geogrid sample.

In order to measure the change of reinforcement length, we marked the longitudinal coordinates by inserting needles
into the soil at the specified points. At the end of test, we measured the new coordinates based on the marked needles
and determined the tensile displacement of geogrid. This method was used instead of strain gauge method (Bhat, S.,
& Thomas, J. 2015).

3. Results and Discussion

Horizontal displacement rate is an effective factor in soil-geogrid contact area. In the following paragraphs, we
present pullout test results for clay samples reinforced by CE121 geogrid with longitudinal tensile strength of 7.68
KN/m under normal stress of 20, 50 and 80 Kpa and horizontal displacement rates of 0.75, 1.25, 1.75 and 2.25
mm/min. Based on the Figure 3, a slight increase of shear displacement (approximately 1 mm) has led to a severe
increase in pullout force. Moreover, the increased shear displacement has led to the reduced shear stress. The
noticeable point is that the pullout force has incrementally increased after the severe increase in shear force in the
initial steps of the test. This behavior is almost in line with Zhang’s (Zhang et al,. 2016) pullout tests using geogrid
reinforcement.

The comparison of the curves shown in figures 2, 3 and 4 for normal stresses of 20, 50 and 80 Kpa indicates that the
highest pullout-displacement curve of the geogrid under normal stresses of 20, 50 and 80 Kpa belongs to strain rate
of 0.75 mm/min. As shown in the diagrams, the higher the strain rate, the less the difference between the results of
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clay-geogrid shear strength.
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Figure 3. Geogrid pullout force-displacement diagram

Figure 4 illustrates the failure envelopes of clay-geogrid samples obtained from pullout tests. The apparent cohesion
coefficient (C,) has decreased from 54.05 to 44.36 KN/m and the apparent friction angle (da) has decreased from
47.12 to 41.47 (Figure 4).
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Figure 4. Maximum pullout force and normal stress of geogrid

In the pullout force-displacement diagram, the highest shear strength is obtained in the strain rate of 0.75 mm/min.
The increased strain rate results in the reduced shear strength of clay-geogrid sample. Furthermore, the increased
normal stress in contact area results in the increased pullout shear strength.

Demir reported that the increased normal stress led to the increased shear stress (Demir, A., Yildiz, A., Laman, M.,
& Ornek, M. 2014) and the increased geosynthetic tensile strength led to the increased apparent friction angle. These
results are in line with the results of the present study. Figure 5 illustrates pullout force-strain diagrams and shows
that the increased strain rate up to the value of 0.01 has led to a severe increase in pullout force. In higher strain rates,
the increasing trend significantly declines.
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Figure 5. Pullout force-strain diagram
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Figures 6-8 contain the strain rates, normal stresses, maximum pullout stress, Fr and the corresponding strain rates
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We obtained C, and 8, from normal stress-pullout force diagrams and determined fi,,,, by using equation 1. Figure 9
illustrates the changes in interaction coefficient based on optimum moisture content which indicates the increased
normal stress has led to the increased interaction coefficient in all strain rates. It should be noted that interaction
coefficient is inversely associated with strain rate.

The increased normal stress has led to the increased interaction coefficient, which indicates that CE121 geogrid
offers a relatively good cohesion. Under real conditions, the shear failure would exceed the lowest shear strength, in
which case the interaction coefficient cannot be bigger than 1. In effect, an interaction coefficient of bigger than 1
means that soil-geogrid contact area can provide the minimum shear strength.
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Figure 9. Interaction coefficient-normal stress diagram based on optimum moisture content

In this test, the sample has optimal moisture and maximum dry density. Figure 10 illustrates the deformations in
different points of CE121 geogrid with the distance of 2.5 cm from the edge of shear box after completion of the test.
Total displacement in the beginning of geogrid is 20 mm and due to elasticity of geogrid, the deformations along the
length of geogrid has declined in a nonlinear manner. Consequently, there is a nonlinear distribution of shear stress
along the length of geogrid.
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Figure 10. Deformation in different points of CE121 geogrid along the length of sample in comparison with the edge
of shear box in clay sample

4. Conclusion

In this paper, we studied the impact of strain rate and loading speed on geogrid-reinforced soils. Loading speed is one
of the effective factors in soil-geosynthetics interaction. In order to determine the impact of this factor, we carried out
a pullout test on the samples with dimensions of 30x30x17 cm under four strain rates of 0.75, 1.25, 1.75 and 2.25
mm/min and three vertical stress rates of 20, 50 and 80 kg. The results of this study confirmed that:

Clay-geogrid sample showed a fully hardening behavior and there was no softening behavior during the test.
Mobilization of geogrid strength in contact area depends on the amount of vertical stress. In higher vertical stresses,
geogrid shows a higher strength.

Shear strength is inversely associated with strain rate. The highest shear strength belongs to strain rate of 0.75
mm/min and the lowest shear strength belongs to the strain rate of 2.25 mm/min.

The diagrams for different points of the geogrid samples indicate that the displacement of the points at which pullout
force is applied (close to the clamp) is equal to initial displacement (20 mm). As we get away from the clamp, the
deformation declines in all normal stresses. Moreover, the curves indicate that the increased normal stress results in
the increased deformation along the length of geogrid sample.
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