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Abstract. In the present study, the laboratory triaxial compression tests were
carried out on soil specimens reinforced with steel and aluminium solid plates in
horizontal layers. The percentages of reinforcement used were 5%, 4%, 2%, 1%
and 0.5%. The solid plates were placed horizontally in five layers in all the tests.
Again the triaxial compression tests were repeated by using the perforated cir-
cular aluminium plates as horizontal reinforcement instead of solid plate, but the
quantity of reinforcements was kept the same as in the previous case. The
diameter of the plate in all the cases was 25 mm. To alter the percentages of
reinforcement, thickness of layers were varied in each case but thickness in all
the five different layers were kept the same. The results show that improvement
in strength of soil was not proportional to the increase in the percentage of
reinforcement and residual strength ratio was also found to be less. It was also
observed that there was an increase in the tangent modulus with increase in
percentage of reinforcement at higher confining pressure when aluminium was
used as a disc shaped plate reinforcement.

1 Introduction

The beneficial effect of using different reinforcing material largely depends on the form
in which it is used as reinforcement. When exactly the same quantities of reinforcing
material are used in different form like planer layers or discrete fibers, the strength
improvement are different for different forms. Again if the same quantities of rein-
forcement having the same shape are used for different material, strength improvements
will be different. This difference in strengths achieved is mainly due to difference in
mechanism of failure in the soil reinforced with different form/material. Horizontal
layers improve the strength mainly by friction and interlocking between soil and
reinforcements whereas the randomly oriented fibers improve the strength by friction
and coiling around the soil particles. Much research has been carried out to understand
the beneficial effects of planar form of geosynthetic reinforcement in sand and ran-
domly oriented discrete geofibers to reinforce the sand (Haeri et al. 2000; Venkatappa
Rao et al. 2005; Madhavi Latha and Murthy 2007; Choudhary et al. 2010; Jha et al.
2014, 2017; Butt et al. 2016). Limited studies are also available on sand reinforced with
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galvanized iron sheet and hard plastic sheets (Verma and Char 1978; Zhang et al.
2006). This paper reports the relative efficiency of solid circular plates made of steel
and aluminium when the reinforcement quantity remains the same by conducting
systematic series of triaxial compression tests on reinforced sand with these two forms
of circular plates reinforcements. Again the triaxial compression tests were repeated by
using perforated circular aluminium plate as horizontal reinforcement instead of solid
plate, but the quantity of reinforcements was kept the same as in the previous case. The
percentages of reinforcement used for both series of tests were 5%, 4%, 2%, 1% and
0.5%. The results were analysed to compare the form of reinforcement and to study the
effect of reinforcement type on the strength properties of sand.

2 Materials and Methods

2.1 Steel and Aluminium

Aluminium sheet having a thickness of 0.45 mm and mild steel sheet having a
thickness of 0.16 mm procured from the local market were used as the reinforcing
material. Circular plates were cut from these sheets. The stress-strain curve shown in
Fig. 1 was used to determine the modulus of elasticity of the materials.

2.2 Sand

Standard Ennore sand was used in the present investigation. The average particle
diameter (D50) was 0.68 mm. The uniformity coefficient (Cu) and effective size (D10) of
the sand used were 1.408 and 0.49 mm, respectively. Grain-size distribution of the
Ennore sand is given in Fig. 2. The friction coefficients between the Ennore sand and
the two materials (mild steel and aluminium) obtained from direct shear tests were
0.445 and 0.404, respectively.
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Fig. 1. Stress strain behaviour of reinforcing material
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2.3 Triaxial Compression Test

Triaxial compression tests for both series were performed on air-dried sand. In the first
series, experiments were conducted using solid circular plates (mild steel and alu-
minium) whereas in the second series, perforated plates (aluminium) were used. The
plates were kept horizontally in five layers in all the tests for both series. The diameter
of the plates in all the cases was 25 mm. To alter the percentage of reinforcement,
thickness of the each layer was varied but the thickness in all the five different layers
was kept constant. Five plates of 25 mm dia. having 0.16 mm thickness gave 0.5% of
reinforcement by volume for mild steel plate. 1% of reinforcement was obtained by 10
plates, 2% by 20 plates, 3% by 30 plates, 4% by 40 plates and 5% by 50 plates. Since
each time 5 layers of reinforcements were to be used, the plates were fixed in groups of
2, 4, 6, 8 and 10 by araldite adhesive. This was done to avoid the sliding of plates
among themselves when subjected to external stresses. The required thickness for
aluminium plates were also computed for different percentages of reinforcement and
the number of layers of reinforcement in this case was again kept at five. All tests were
conducted on samples of 38 mm diameter with an aspect ratio 2. The test specimens
were prepared by a procedure similar to that adopted for preparing specimens of sand
for conventional unconsolidated undrained triaxial tests. The sand was filled in the split
mould in six layers and each time 50 tampings were given with 6.35 mm diameter
glass rod. To get the fairly uniform density for all the samples, this tamping method
was used several times for sample preparation before running the tests. The weight of
the total amount of sand was used to determine the density. The density for different
sample was 1.5 g/cm3 and this was maintained constant for all cases. The amount of
sand to fill one sixth of the split mould was measured in a container and the same was
used to fill the sand in the sampler. This container was used to place the sand in six
layers. After putting the first layer required number of tamping was given by the glass
rod. The plate reinforcement was placed horizontally on the sand layers and the next
layer of sand was poured. The same procedure was repeated till the split mould was
filled in six layers. All tests were conducted at a strain rate of 1.25 mm/min for three
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different confining pressures [0.70 kg/cm2 (70 kPa), 1.40 kg/cm2 (140 kPa) and
2.80 kg/cm2 (280 kPa)] and the observations were continued up to at least 20% strain.
The experimental set up showing the experiment in progress is shown in Fig. 3 and the
variables of study are given in Table 1.

3 Results and Discussion

The stress strain behaviour of the unreinforced sand at confining pressures of 70, 140
and 280 kPa is shown in Fig. 4. The shear strength parameters of unreinforced sand are
c = 0 and ø = 36˚. Typical stress-strain relationships of sand reinforced with an equal
amount of reinforcements for the three different forms of reinforcements (A- Solid Disc
Circular Plate Mild Steel, B- Solid Disc Circular Aluminium Plate, C-Perforated Disc
Circular Aluminium Plate) are shown in Fig. 5. Quantity of reinforcement considered
in all the three cases is 4%.

Comparing the stress strain behaviour of reinforced case (Fig. 5) with unreinforced
case (Fig. 4), it can be observed that all reinforced specimens, exhibited improved
stress–strain response in terms of increase in peak deviator stress and increased failure
strains. Some typical peak deviator stress value at different percentage of strain has

Fig. 3. Experimental set up

Table 1. Variables of study

Reinforcement type Percentage of
reinforcement

Confining pressure
(kPa)

Solid circular plate - A (mild steel) 0.5, 1, 2, 3, 4, 5 70, 140, 280
Solid circular plate - B (aluminium) 0.5, 1, 2, 4, 5 70, 140, 280
Perforated circular plate - C
(aluminium)

1, 2, 4 70, 140, 280
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been given in Table 2 and it can be observed that at a given confining pressure, the
peak deviator stress and corresponding strain for unreinforced case was always less
than their corresponding value for the reinforced case.

Table 3 shows the variation of strain at failure, peak deviator stress and the strength
ratio for sand reinforced with different forms of reinforcement at a given percentage of
reinforcement with increasing confining pressure. The strength ratio is defined as the
peak deviator stress of reinforced specimen to the peak deviator stress of unreinforced
specimen. The peak deviator stress for unreinforced sand at 70 kN/m2, 140 kN/m2 and
280 kN/m2 are 205 kN/m2, 405 kN/m2, 790 kN/m2 respectively. Now comparing this
value with reinforced case, It can be observed from Table 3 that the improvement in
peak deviator stress ranges from 2.75–3.68 for A (Solid Disc Circular Plate Mild Steel),
2.46–3.55, for B (Solid Disc Circular Aluminium Plate) and 2.42–2.98 for C (Perfo-
rated Disc Circular Aluminium Plate) respectively. Similarly the strength ratio ranges
from 1.44–2.25 for A (Solid Disc Circular Plate Mild Steel), 1.84–2.60, for B (Solid
Disc Circular Aluminium Plate) and 1.85–2.77 for C (Perforated Disc Circular Alu-
minium Plate), respectively. Result of strength ratio shows that aluminium as rein-
forcement is more effective in improving the strength ratio as compare to mild steel,
despite the fact that it has high tensile strength than aluminium. Hence it can be
concluded that improvement is not dependent on tensile strength alone, but other
factors like ductility and confining stress also plays a significant role in enhancing the
strength ratio and peak strength.

The shear strength parameters have been determined from the p–q diagram at
failure for sand reinforced with different form of reinforcements. The values of c and ø
obtained from p–q plots for various forms and different types of reinforcing materials
are summarized in Table 4. As observed from the table, the shear strength parameters
varied for different form and types of reinforcing materials. The difference in the
friction angle is marginal. But the c value is observed to be quite sensitive to the
reinforcement form and type. As can be seen from the table that when the same amount
of reinforcement is used, the perforated aluminium is found to give the value of
cohesion ‘c’ in the range of 1.4–2.4 times more than that of mild steel which has
comparatively a very high tensile strength though the increase in friction angle is
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marginal. The possible reason of the improved performance of the perforated alu-
minium inclusion is related to the presence of the perforations which allow soil-to-soil
frictional resistance.
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Fig. 5. (a) - Stress-strain behaviour of reinforced sand (A-Solid Disc Circular Plate Mild Steel).
(b) - Stress-strain behaviour of reinforced sand (B-Solid Disc Circular Aluminium Plate). (c) -
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Table 2. Peak deviator stress (kN/m2) at different %age of strain for different type of
reinforcement

Confining
pressure (kN/m2)

Unreinforced Strain (%) - 8 Strain (%) - 10 Strain (%) - 12

Type of
reinforcement

Type of
reinforcement

Type of
reinforcement

A B C A B C A B CStrain
(%)

Peak
stress

70 6 205 527 380 562 530 295 580 530 240 585
140 8 405 625 770 780 590 640 660 565 595 595
280 6 790 1185 1410 1320 1050 1385 1215 910 1350 1090

A (Solid Disc Circular Plate Mild Steel).
B (Solid Disc Circular Aluminium Plate).
C (Perforated Disc Circular Aluminium Plate).

Table 3. Strength characteristics of reinforced sand

Percentage of
reinforcement

r3

kPa
Percentage strain
at failure

Peak stress (r1–r3) kPa Strength ratio

Reinforcement
type

Reinforcement type Reinforcement type

A B C A B C A B C

1.0 70 4.0 3.5 3.4 410 620 650 1.73 2.60 2.77
140 3.6 3.6 4.8 605 900 1050 1.44 2.14 2.54
280 5.5 5.0 3.5 1130 1680 1570 1.40 2.08 1.85

2.0 70 3.4 3.4 2.5 535 420 550 2.25 1.76 2.31
140 4.0 3.6 3.4 815 820 1040 1.94 1.95 2.47

280 5.5 3.8 5.0 1414 1490 1640 1.75 1.84 2.02
4.0 70 2.4 3.4 3.2 430 615 650 1.81 2.58 2.73

140 3.2 3.3 4.0 895 1005 1050 2.13 2.39 2.50

280 3.3 4.1 3.9 1580 1510 1570 1.96 1.87 1.94

A-Solid Disc Circular Plate (Mild Steel), B-Solid Disc Circular Plate (Aluminium), C-Perforated Disc
Circular Plate (Aluminium), r3 – Confining Pressure.

Table 4. Shear strength parameters of reinforced sand

Percentage of reinforcement c (kPa) ø˚

Reinforcement type Reinforcement type
A B C A B C

0.5 40 60 39 44
1.0 40 60 96 39 45 42
2.0 45 60 65 43 45 45
3.0 45 44
4.0 55 80 80 44 42 44
5.0 27 80 47 44
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Initial tangent modulus is the slope of the line which is tangent to the stress-strain
curve at zero load, and it gives an idea of initial stiffness and the elastic range of the
material. It can be observed from Table 5 that when the same amount of reinforcement
is used, the initial tangent modulus increases with an increase in confining pressure for
all the type and form of reinforcement. Secant modulus is the slope of the line which is
joined by any point on the stress strain curve with the origin was determined at the
maximum deviator stress. For a given amount of reinforcement, the secant modulus
also increases with an increase in confining pressure. With few exceptions, it can be
observed from the result of Table 5 that the value of moduli depends on amount of
reinforcement/confining stress or both and aluminium reinforcement was found to be
far more effective than the mild steel despite having low tensile strength. The possible
reason for such result is due to the high ductility of aluminium.

The ratio of residual stress to the peak deviator stress is the residual strength ratio
and has been tabulated in Table 6. Residual strength ratio ranges from 0.32–0.81 for A
(Solid Disc Circular Plate Mild Steel), 0.29–0.71 for B (Solid Disc Circular Aluminium
Plate) and 0.24–0.75 for C (Perforated Disc Circular Aluminium Plate) respectively. It
also depends on confining pressure and percentage of reinforcement. Since surface of
mild steel is more rough as compare to aluminium, it is observed that solid circular
plate mild steel is more effective in retaining the residual strength than aluminium. The
loss in strength is also partially due to destruction of frictional bonds and reorientation
of particles. Again it is observed from Table 6 that at a given amount of reinforcement,
the equivalent confining stress increase (Dr3) was not found to be effective at low
confining pressure but starts increasing with increases in confinement which increases
with increase confining stress.

Table 5. Elastic moduli of reinforced sand

Percentage of reinforcement r3 kPa Initial tangent modulus
(kPa)

Secant modulus at
failure (kPa)

Reinforcement type Reinforcement type
A B C A B C

1.0 70 45000 51250 50000 10250 17714 19412
140 46250 75000 58330 16806 25000 22292
280 55000 88333 100000 20545 33600 42857

2.0 70 40000 38120 44440 15735 12353 22000
140 70000 78570 75000 20375 22778 30588
280 52220 108333 80000 25709 31042 32800

4.0 70 50000 50000 42857 17917 18088 20313
140 72000 80000 58570 27969 30455 26250
280 95000 120000 83330 47879 36829 40256
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4 Conclusions

Based on the experimental results, the following general conclusions can be drawn.

1. All reinforced specimens exhibited improved stress-strain response compared to
unreinforced sand at all confining pressures and forms in terms of improved peak
deviator stress and increased strength ratio.

2. Improvement in peak deviator stress and strength ratio is not proportional to the
increase in reinforcement amount. These results show that despite being low tensile
strength of aluminium, its performance in improving the peak stress and strength
ratio is comparable to the performance of mild steel which has comparatively high
tensile strength.

3. The cohesion value is observed to be quite sensitive to the reinforcement form and
type. When the same amount of reinforcement is used, the perforated aluminium is
found to give the value of cohesion ‘c’ in the range of 1.4–2.4 times more than that
of mild steel, but the increase in friction angle is marginal.

4. For a given amount of reinforcement, the initial tangent modulus and secant
modulus increase with an increase in confining pressure. Despite being low tensile
strength, aluminium reinforcement was found to be far more effective than the mild
steel in both the cases.

5. At a given amount of reinforcement, the equivalent confining stress increase (Dr3)
was not found to be effective at low confining pressure but starts increasing with
increases in confining pressure.

6. Residual strength ratio ranges from 0.32 to 0.81 depending on the type and form of
reinforcement. Solid circular plate mild steel was found to be most effective in
retaining the residual strength among the type of reinforcement used.

Table 6. Residual strength ratio and equivalent confining pressure increase for reinforced sand

Percentage of
reinforcement

Confining pressure
r3 kPa

Residual strength
ratio

Equivalent confining
pressure increase
Dr3 kPa

Reinforcement type Reinforcement type
A B C A B C

1.0 70 0.51 0.29 0.24 0.68 0.98 1.07
140 0.45 0.49 0.43 1.38 1.25 1.68
280 0.54 0.63 0.75 2.30 2.25 1.79

2.0 70 0.36 0.50 0.62 0.48 0.46 0.80
140 0.36 0.70 0.50 1.23 1.04 1.61
280 0.81 0.56 0.49 2.00 1.77 2.15

4.0 70 0.64 0.32 0.56 0.67 0.96 0.95
140 0.65 0.32 0.50 1.38 1.52 1.68
280 0.32 0.56 0.40 2.30 1.82 1.97
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