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Abstract: Two-dimensional model tests combined with PIV technology were conducted to study the
failure behavior of strip footing on geosynthetic-reinforced granular soil foundations on a mesoscale.
The results showed that geosynthetic reinforcements improve the bearing capacity of granular soil
foundations; however, the effectiveness of the reinforcement was affected by the position, length, and
number of geosynthetics. The mesoscale factor affecting the reinforcement effectiveness was the size
of the sliding wedge in the foundation, which was changed by the embedded geosynthetics. As the
depth, length, number, and vertical spacing of the reinforcements varied, three possible failure modes
occurred in the reinforced foundations: failure above the top reinforcement layer, failure between
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1. Introduction

Geosynthetics make infrastructure more sustainable. They extend the service life of the
foundation of the roads, reduce the use of aggregates and minimize land disturbance [1-4].

Therefore, geosynthetics have been widely used in retaining walls [5-7], foundations [8,9]
and slopes [10,11].

As a result of the large amount of experimental data accumulated around the
world [12-15] and available computational capacity [16-18], the ultimate bearing capacity
and the corresponding macroscopic failure modes of reinforced foundations have been
investigated and verified with sufficient credibility using continuum mechanics. How-
ever, investigations on the responses of foundation systems, particularly the mesoscopic
response of the underlying soil, have been relatively sparse and may be of great importance
in deepening our understanding of macroscopic behavior.

Particle image velocimetry (PIV) has improved with the development of computers
and signal processors. This technique can correlate two consecutive images and obtain
their relative displacement. Therefore, it has been used to obtain the mesoscopic movement
of soil particles in backfills around piles and slopes and behind walls [19-22]. In this
study, a series of 2D model tests combined with PIV technology were conducted on
granular soil foundations reinforced by geosynthetics of different lengths, top layer spacing,
number of layers, and vertical spacing to investigate the mesoscopic responses of reinforced
foundations. The responses included (i) the movement of underlying soil particles in a
foundation, (ii) the mesoscopic failure mode of a reinforced soil foundation, and (iii) the
effect of the position, length, and number of geosynthetics on the failure mode.
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2. Experimental Investigation
2.1. Test Setup

Figure 1 shows a schematic diagram and photo of the 2D model tests performed in a
containing box, measuring 120 x 10 x 100 cm (length x width x height), formed by three
1 cm thick iron walls, which were rigid enough without deformation. An assembly of 10 cm
long aluminum rods was arranged to simulate the underlying soil particles of a foundation.
As the aluminum rod assembly can stand on its own, and to avoid friction on the front and
back, there is not a baffle at the front and the back of the containing box. The aluminum
rods used have two diameters: 3 and 6 mm. The ratio of the mass of 3 mm rods to that of
6 mm rods is 3:2. The aluminum rod mass has a void ratio of 0.24 and a dry unit weight
of 21.4 kKN /m? [23]. The internal friction angle ¢ of the aluminum rod mass obtained from
biaxial shear tests is 21.6°. The advantages of modeling soil particles using aluminum rods
include that (i) the specific gravity G of aluminum (2.69) is close to that of native soils [12],
(ii) there is no need to confine the front and back faces of the aluminum rods, and (iii) it
is easy to capture the movement of the rods using PIV technology [21,24]. Geosynthetics
made of polyethylene, with a weight of 87 g/m?, were embedded horizontally within the
aluminum rod foundation. Table 1 provides a summary of the geosynthetic properties with
wide-width tensile testing.

2
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Loading plate
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Figure 1. Schematic diagram and photo of 2D model test setup.

Table 1. Properties of geosynthetics.

Property Value

Ultimate tensile strength (kN/m) >11.2
Tensile strength @2% strain (kN /m) >3.1
Tensile strength @5% strain (kN /m) >6.2
Peak strain (%) <6.3

An aluminum plate with a width B of 30 cm was placed on the surface of the rod to
simulate the bearing capacity of a strip foundation. A vertical load was applied on a load
plate which was placed in the middle of the rod surface, and the rate of the applied load
was 6 mm/min. The applied load was increased until the vertical displacement reached
60 mm. A load cell was installed in the loading system to measure the load magnitude.
A camera was positioned at front of the model box to photograph the foundation at a
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frequency of 4 s. The photographs were post-processed using PIV technology to derive
the movement of the aluminum rods and the mesoscopic failure model of the foundation.
In the 2D model tests, if the aluminum rods were the same size, it would be difficult to
precisely capture the trajectories between them. Therefore, aluminum rods with diameters
of 3 and 6 mm were chosen for the tests.

2.2. Test Scheme

For a given geosynthetic and soil type, the length of reinforcement /, top layer spacing
u, number of layers N, and vertical spacing between geosynthetic reinforcements / (see
Figure 2) influence the foundation-bearing capacity. To investigate the factors influencing
the mesoscopic failure behavior of the reinforced foundations, four series of model tests
were carried out in this study, and the purpose of each group and the corresponding
conditions are summarized in Table 2. Having noted that the loading plate may contact the
geosynthetics during the loading process if the buried depth of the first layer of geosynthet-
ics is small, the value of 5 cm was chosen (i.e., 0.17 B) as the buried depth of the first layer
of the geosynthetic in this study. Abu-Farsakh et al. [25] and Gill et al. [26] performed tests
on geogrid reinforced foundations and suggested that the effective reinforcement depth
was 1.25~2.5 B. Therefore, to study the effect of the burial depth of the first geogrid layer
on the reinforced foundation-bearing capacity, the burial depth set in most documents was
less than 1.25 B, and 0.05~1.0 B was always used [17,27-29]. In our studies, the burial depth
of the first geogrid layer set was also in the range of 0.05~1.0 B.
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Figure 2. Geosynthetic-reinforced soil foundation parameters.

Table 2. Test group purposes and conditions.

Title 1 Title 2 Title 3
T0 Basic case for particle movement Unreinforced
Reinforced: u=5cm, h=5cm, [ = 60 cm,
TN Influence of layer number N=1,2 and 3
Reinforced: u =5cm, h =5 cm, [ = 40, 60, and
Tl Influence of length 80 cm, N = 1
Tu Influence of ton laver spacin Reinforced: u =5,10,and 15cm, h =5 cm,
player spacing I=40cm, N =1
Th Influence of vertical spacing Reinforced; u =5cm, h=5,7.5, and 10 cm,

[=40cm,N =3
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3. Test Results
3.1. Unreinforced Foundation

Figure 3 shows a plot of the applied load versus the settlement ratio (s/B) obtained
from the tests on the unreinforced foundation. The load—settlement curves obtained from
two separate tests were nearly identical, indicating the repeatability of the test system. The
point at which the load—settlement relationship changed its inclination was defined as the
bearing capacity of the foundation. The ultimate bearing-capacity value for strip footing,
according to Terzaghi, was calculated as g, = 25.9 kPa, using the formula g, = 0.5yBN~, [30].
The ultimate bearing-capacity value obtained from the test results (Figure 3) was close to
the calculated value, indicating that the tests on the unreinforced foundation yielded true
results. The cumulative displacement distributions of the soil particles without geosynthet-
ics under an applied load of 25.9 kPa are plotted in Figure 4. A general shear failure mode
that occurred in the soil specimen was similar to that of the DEM modeling results reported
by Fu et al. [31]. This verified the reliability of the test system.
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Figure 3. Vertical pressure versus settlement of the unreinforced foundation.
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Figure 4. Cumulative movement of underlying particles in unreinforced foundation.
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3.2. Influence of Layer Number

Generally, the bearing capacity of a foundation is enhanced by geosynthetics and
increases with the number of reinforcement layers. Similar results were also obtained in
this study (Figure 5). The ultimate bearing load of the reinforced foundation increased
from 32.3 to 35.6 kPa as the layer number N increased from 1 to 2 and until 60.9 kPa,
when N = 3. To analyze this result, the cumulative displacement distributions of soil
particles in the reinforced foundations with different geosynthetic-layer numbers were
investigated as the load approached the ultimate bearing load, as shown in Figure 6. The
movement law of the aluminum rods in the reinforced foundation was the same as that
in the unreinforced foundation; however, the displacement increased. To compare the
displacement differences of the reinforced and unreinforced foundations, red lines were
drawn where the displacement of the aluminum rods was equal to 1 mm, which is regarded
as the failure surface of the foundation. Because of the pressure transfer behavior from
the soil to the geogrids, the sliding wedges in the reinforced cases (N =1, 2, and 3) were
significantly larger than those in the case of N = 0 (see Figures 4 and 6). This resulted
in an ultimate reinforced foundation-bearing load significantly larger than that of the
unreinforced foundation. In other words, geosynthetics increased the size of the sliding
wedge, and more force was required to push the wedge. Because the size of the sliding
wedge in the N = 2 reinforced case was slightly greater, its ultimate bearing pressure was
slightly greater. In the N = 3 reinforced case, the size of the sliding wedge was far greater
than that of the N = 1 reinforced case, and the ultimate bearing pressure was far greater.
It can be concluded that the micro mechanism of the increasing bearing capacity of the
reinforced foundation caused by the increased number of geosynthetics is the increase in
the size of the sliding wedge in the foundation.
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Figure 5. Load-settlement curves of reinforced foundations with different numbers of geosyn-
thetic layers.
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Figure 6. Effect of number of layers on failure models of reinforced foundations.

3.3. Influence of Length

Shahin et al. [17] studied the effect of reinforcement length ! on the bearing capacity of
reinforced foundations. They stated that a significant increase in the bearing capacity could
be achieved if the geosynthetics were placed at an optimum length, and no significant
change in the bearing capacity occurred when the reinforcement length was [/B > 2. In
this study, the ultimate bearing load of the reinforced foundation increased from 28.3 to
33.1 kPa as ] increased from 40 to 60 cm and increased to 36.3 kPa when [ = 80 cm, as shown
in Figure 7. Owing to model size limitations, tests on reinforced foundations with longer
geosynthetics were not carried out.
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Figure 7. Effect of length I on load—settlement curves of reinforced foundations.

Figure 8 shows the sliding wedge of the foundation reinforced with geosynthetics
of different lengths. With an increase in the length of the geosynthetics, the width of the
sliding wedge increased, but the depth remained substantially unchanged. This is because
the increase in the length of geosynthetics can only transfer the force to a wider range,
not to a deeper range. Still, the ultimate bearing load increases with the increase in the
sliding width. Because the increment of sliding width as [ increases from 40 cm to 60 cm is
greater than that from 60 cm to 80 cm, the increment of ultimate bearing load decreases
from 4.8 kPa to 3.2 kPa.
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Figure 8. Effects of length I on failure models of reinforced foundation.

3.4. Influence of Top Layer Spacing

The sliding wedge and load—settlement curves for the model tests with one layer of
reinforcement placed in different spaces are presented in Figures 9 and 10, respectively.
When the top-layer spacing was relatively small (u/B = 0.17 and 0.33), a sliding wedge
occurred in the unreinforced zone (purple and green lines). However, when the top layer
spacing increased to 15 cm, the sliding surface slid directly along the contact surface
between the geosynthetics and the soil, and a sliding wedge occurred in the reinforced
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zone (red lines). Because the size of the sliding wedge increased, the ultimate bearing load
increased from 33.1 to 37.9 kPa as u/B increased from 0.17 to 0.33. Whereas the ultimate
bearing load decreased to 20.3 kPa (even less than that of the unreinforced foundation)
when u/B increased to 0.50 as the result of the decrease in the size of the sliding wedge.
This finding was similar to that reported by Shin et al. [32] It has been noted that the friction
at the soil-reinforcement interface in 3D model tests may be larger than that in 2D model
tests; thus, the ultimate bearing load in the 3D model tests may increase even if the size of
the sliding wedge decreases.
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Figure 9. Effect of top layer spacing u on failure models of reinforced foundations.
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Figure 10. Effect of top layer spacing u on load—settlement curves of reinforced foundations.

3.5. Influence of Vertical Spacing

Figures 11 and 12 show the sliding wedge and load—settlement curves for the model
tests with three layers of reinforcement placed at different vertical spacings. When the
vertical spacing was relatively small (#/B = 0.17), a sliding wedge occurred in the unre-
inforced zone (purple line); however, the sliding wedge also occurred in the reinforced
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zone with /1/B = 0.25 and 0.33 because the sliding surface slid directly along the contact
surface between geosynthetic and soil. Because the size of the sliding wedge decreased as
h/B increased from 0.17 to 0.25, the ultimate bearing load decreased from 60.9 to 32.4 kPa,
whereas it increased from 32.4 to 38.1 kPa as //B increased from 0.25 to 0.33.
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Figure 11. Effect of vertical spacing  on failure models of reinforced foundations.
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Figure 12. Effect of vertical spacing / on load-settlement curves of reinforced foundations.

3.6. Summary of Failure Model of Geosythetic-Reinforced Foundations

Based on the above 2D model test results, three possible failure modes are summarized
for reinforced soil foundations as illustrated in Figure 13: failure above the top reinforce-
ment layer, failure between reinforcement layers, and failure similar to footings on the
unreinforced foundation. The first two failure modes should be avoided in engineering
practice to fully exploit the reinforcement effect of geosynthetics. Abu-Farsakh et al. [33]
conducted experimental studies and claimed that the first two failure modes can be avoided



Sustainability 2022, 14, 16583

10 of 12

when the top layer spacing and vertical spacing are less than 0.5 B. Because 2D model tests
were carried out in this study, the value of 0.5 B was not applicable here.

| Ilqul 1 (a) Failure model 1

j : : i Slid surface

Geosynthetics

IIIqI"I i (b) Failure model II

\ A surface

S S

Geosynthetics

i

| I?I“I T (c) Failure model II1

Geosynthetj

Slid surface

Figure 13. Failure models of reinforced foundation.

4. Conclusions

A series of 2D model tests were conducted to investigate the movement of soil particles,
the failure models, and the bearing capacity of strip footing on unreinforced and reinforced
foundations. Two-dimensional model tests on unreinforced foundations were conducted,
and good agreement was observed between the test measurements and the Terzaghi bearing
capacity theory for strip footing on unreinforced sand foundations. Tests on reinforced
foundations were performed using different reinforcement depths, lengths, numbers, and
vertical spacings. The conclusions are as follows:

(i)  The reinforced micro mechanism of the embedded geosynthetics in improving the
bearing capacity of the foundation is that the size of the sliding wedge in the founda-
tion was changed.

(ii) When the buried depth and number of geosynthetics are within a certain range, they
increase the depth of the sliding wedge in the foundation, whereas the length of the
geosynthetics broadens the width of the sliding wedge.

(iii) Three possible failure modes may occur in reinforced foundations: failure above the
top reinforcement layer, failure between reinforcement layers, and failure similar to
footings on the unreinforced foundation.
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Nomenclature
l length of reinforcement (m)
u  top layer spacing (m)
N number of layers
h  vertical spacing between reinforcements (m)
gu ultimate bearing capacity value for strip footing (kPa)
B width of the aluminum plate
s  settlement of the aluminum plate
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