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Abstract

This paper presents the results of 135 laboratory model tests performed on square footings resting on the nonwoven geo-
textile-reinforced sand. Unlike in most previous investigations, in this study, the vertical spacing between the geotextile
layers was not constant. On the other words, 12 different arrangements with three relative densities and with two plates were
examined. At the first step, the effect of the first layer thickness of geotextile, the width of geotextile, as well as vertical
spacing and number of geotextile layers on the bearing capacity of footings were investigated. As a result, the experimental
results comprehensively exhibited that nonwoven geotextiles increase the bearing capacity of footings in all cases. It was
found that the optimum values of vertical spaces between geotextile layers with different distances from the upper layer are
ranging from 0.3 to 0.4B. Additionally, the results suggested that the bearing capacity ratio increases gradually with the

increase in the relative density.
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List of symbols

U The first layer depth of geotextile

w Geotextile width

zZ Vertical spacing between geotextile layers

N Number of geotextile layers

B Width of the plate

BCR The ratio of the bearing capacity of reinforced sand
to that of the unreinforced sand

Introduction

As defined by ASTM D-4439, a geosynthetic is a planar
product manufactured from a polymeric material used with
soil, rock and other geotechnical engineering-related mate-
rials as an integral part of a human-made project, structure
or system [1]. The primary advantages of geosynthetics
are low cost, lightweight, ease of transportation and easy
installation [2]. As a commonly used geosynthetic material,
geotextiles are prepared in various sizes. They can be used
in many applications including reinforcement, separation,
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drainage and filtration. Specifically, nonwoven geotextiles
can increase soil strength in lower strain and reduce soil brit-
tleness [3—7]. Geotextile must deform before its reinforcing
benefit is realized [8].

Woven and nonwoven geosynthetics are pragmatic and
economic materials that can increase the bearing capacity
of shallow foundations, which has been proven in numerous
studies [9-15]. For example, Fragaszy and Lawton [12] eval-
uated the bearing capacity of footings on reinforced sandy
soil using laboratory model tests. They concluded that the
load-bearing capacity of footings increased as the width of
reinforcements was enhanced from 3 to 7B, in which B is
the plate width. Yetimoglu et al. [13] studied the bearing
capacity of footings on sandy soil reinforced with one layer
of geogrid, and they found that the optimum reinforcement
depth is 0.3B. In another research study, Akinmusuru and
Akinbolade [14] employed woven strips for reinforcement
and investigated the impact of the first layer depth of geo-
textile and the number of geotextile layers upon the load-
bearing capacity of square footings on reinforced sand. They
observed that using more than three layers of geotextiles did
not significantly increase the bearing capacity of footings;
therefore, they concluded that the optimum value of geotex-
tile layers was three. They also observed the optimum depth
of the first layer of geotextile was less than 0.5B within the
sand reinforced by three-layer geotextile. Ferrotti et al. [16]
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studied the interface bond strength of a reinforcement. They
found that the tensile bonding of reinforcements at the inter-
face was strongly influenced by the type of geosynthetics.
Guido et al. [15] compared the reinforcement mechanisms
of geotextiles and geogrids on sandy soil. They observed
that the reinforcing mechanisms of geotextiles and geogrids
were different. On the other hand, the reinforcing mechanism
of geotextiles which created tensile bonding was based on
the sand—geotextile friction, while the reinforcement mecha-
nism of geogrids was dependant upon the sand and geogrid
interlock.

Mosallanezhad et al. [17] used an anchor as a reinforcing
element, by connecting it to a geogrid to improve the pullout
resistance and the load-bearing capacity of square footings
placed on sand. The results suggest that a grid anchor is able
to increase the ultimate bearing capacity of the footing 3
and 1.8 times in comparison with unreinforced and geogrid-
reinforced soils, respectively. Hataf et al. [18] examined the
influences of applying geogrids and grid anchors for cyclic
loading conditions. For entire cases, the foundation was
tested initially under the effect of constant static loading.
Afterward, the cyclic load was applied as various amounts of
ultimate load. The results demonstrated that for a certain ini-
tial constant load, the number of loading cycles had to reach
a specific dimensionless settlement (ratio of settlement to the
width of plate) decreases with an increment in the number
of reinforcement layers. Lutenegger and Cerato [19] studied
five different sand samples within three square shear boxes,
each having different relative densities. The findings showed
that the friction angle increased by increasing the relative
density. They mentioned that the friction angle for different
densities at the interface of soil and reinforcement plays an
important role in improving the soil load-bearing capacity.

According to the previous studies which dealt with dif-
ferent types of geotextiles [20-22], this study focused on the
effects of different vertical spacing between the nonwoven
geotextile layers on bearing capacity. The plate load test was
employed to measure the bearing capacity of the reinforced
and unreinforced soils.

Laboratory model test
Test configuration

For the laboratory model test, a system was designed con-
sisting of a concrete foundation for the box of the test, a
box (135x 135x 100 cm?) and the main beam with the
features IPB 24 attached to two steel columns with diam-
eters of 45 mm to provide the predicted reaction load of
300 kN tons (Fig. 1). The end of the columns was threaded
to roughly 350 mm to adjust the distance between the main
beam and the plate for loading. The box sidewalls were made
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Fig. 1 Laboratory model test

by plexiglass to monitor the mechanism of failure during
the test. In this research, square plates 25 cm X 25 cm and
35 emx 35 cm and 2.5-cm thick were utilized for modeling
foundation. The selected dimensions were in the specified
range which suggested by ASTM D-1194. It is worth not-
ing that a 50-ton hydraulic jack was employed to apply the
load to the specimens. Three dial gauges were mounted on
reference beams to measure the displacement of footings
during the tests.

Test materials
Sand

The sand used in this study was classified as poorly graded
sand (SP) based on the Unified Soil Classification System
(USCS). The particle size distribution of the sand is shown
in Fig. 2. The values of the coefficient of uniformity (C,) and
coefficient of curvature (C,) are 1.40 and 1.14, respectively.

Nonwoven geotextile

The nonwoven geotextile used in this study is shown in
Fig. 3. The advantage of using nonwoven geotextile com-
pared to other types of geotextiles is its higher flexibility
which causes the increasing axial strain at failure and also
reduces the brittleness of reinforcement sand [23, 24].
Table 1 presents the physical and mechanical properties of
the nonwoven geotextile. The width of the geotextile (W),
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Fig. 3 Nonwoven geotextile

Table 1 Properties of nonwoven geotextiles

Parameter Value Method
Polymer Polypropylene -
Color Green -
Thickness (mm) 1.5 ASTM-D 5199
Mass per unit area (g/m?) 200.0 ASTM-D 5261
Tensile strength (kN/m) 8 ASTM-D 4595
Puncture strength (kN) 1.5 ASTM-D 4833
Elongation at failure (%) 54 ASTM-D 4632
Fig.4 Geometry of the model

Surface
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the depth of the first layer of geotextile (U) and the distance
between the geotextile layers (Z) are schematically illus-
trated in Fig. 4.

Test setup and programs

For each plate load test, the box height was divided into
different required parts. Then, sand poured into the box and
compacted in several steps. Each of the layers was com-
pressed using by a 10-kg steel plate, falling from a height of
200 mm to have a uniform compacted layer before pouring
the subsequent layer [25]. Given the weight of upper layers
on lower layers, the under-compaction technique was used
to compact all layers. Since the layers located at the bot-
tom of the box frequently compacted when the steel plate
compressed the upper layer, the sample had a relatively high
density at the bottom of the box [26]. Eventually, for uniform
compaction of all samples, the first layers, which are placed
at the bottom of the box, should be higher than the upper
ones, as argued by Ladd [27]. This compaction method is
different from the previous method used by other researchers
[28-30]. The standard deviation of density for each test was
in the range of +2%. Maximum and minimum void ratio of
free draining soils was obtained with vertically vibrating
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table according to ASTM D 4253 [1]. In this research, the
loading was exerted at a constant rate, i.e., vertical strain of
1.0 mm/min, for whole tests. After applying load at intervals
of 0.5, 1, 2, 4 and 8 min, their corresponding settlement was
measured.

The average loads were recorded by each of settlement
increments until the plate settlement reached to 10% of
diameter of the plate. Also the average displacements are
recorded using three dial gauges. Finally, the effects of width
and number of geotextile layers and vertical spacing between
the layers of geotextile with sand of relative densities of
55%, 65% and 75% were determined using plate load tests
based on BCR values (Table 2). After obtaining the optimum
conditions, the effect of vertical spacing between geotextile
layers considering the depth of the geotextile was examined
with sand relative densities of 55%, 65% and 75% (Table 3).

Results and discussion

The footings placed on nonwoven geotextile—reinforced sand
are tested by a laboratory to determine the ultimate bearing
capacity of footings from load to displacement curves. In
this study, the 0.1B method was used for determination of
ultimate bearing capacity of both reinforced sand and unre-
inforced sand. In this method, the ultimate bearing capacity

Table 2 First phase of testing program

B=25%x25cm

No. Test number U/B ZIB WIB N

01 P1-1 0.10 - 5.0 1.0
02 P1-2 0.15 - 5.0 1.0
03 P1-3 0.20 - 5.0 1.0
04 P1-4 0.25 - 5.0 1.0
05 P1-5 0.30 - 5.0 1.0
06 P2-1 0.20 - 1.0 1.0
07 P2-2 0.20 - 2.0 1.0
08 P2-3 0.20 - 3.0 1.0
09 P2-4 0.20 - 4.0 1.0
10 P2-5 0.20 - 5.0 1.0
11 P3-1 0.20 0.20 4.0 5.0
12 P3-2 0.20 0.30 4.0 5.0
13 P3-3 0.20 0.35 4.0 5.0
14 P3-4 0.20 0.40 4.0 5.0
15 P3-5 0.20 0.45 4.0 5.0
16 P3-6 0.20 0.50 4.0 5.0
17 P3-7 0.20 0.60 4.0 5.0
18 P4-1 0.20 0.30 4.0 3.0
19 P4-2 0.20 0.30 4.0 4.0
20 P4-3 0.20 0.30 4.0 5.0
21 P4-1 0.20 0.30 4.0 6.0
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Table 3 Second phase of testing program with four layers of nonwo-
ven geotextile

No. Test U/B Z1/B Z2/B Z3/B
01 P5-1 0.2 0.3 0.3 0.35
02 P5-2 0.2 0.3 0.3 0.4
03 P5-3 0.2 0.3 0.3 0.45
04 P5-4 0.2 0.3 0.35 0.35
05 P5-5 0.2 0.3 0.35 0.4
06 P5-6 0.2 0.3 0.35 0.45
07 P5-7 0.2 0.3 0.4 0.45
08 P5-8 0.2 0.35 0.4 0.45
09 P5-9 0.2 0.4 0.4 0.45
10 P5-10 0.2 0.4 0.35 0.3
11 P5-11 0.2 0.4 0.4 0.3
12 P5-12 0.2 0.4 0.45 0.30

at a settlement of 10% of the footing width is taken. Bearing
capacity ratio (BCR) was also investigated in the present
research [31]. The bearing capacity ratio (BCR) refers to the
ratio of the ultimate load-bearing capacity of a square foot-
ing relying on reinforced sand to the ultimate load-bearing
capacity of the same footing relying upon pure sand [32-34].

Optimal amounts of Uand W

The BCR with U/B (the ratio of the first layer depth of geo-
textile to the plate width) for a footing reinforced with one
layer of a geotextile is shown in Fig. 5. In order to avoid
the influence of the optimum width of the geotextile on the
results, 1350 X 1350 mm were chosen as the dimensions of
the geotextile. It should be mentioned that the optimum val-
ues of U/B were obtained from different sand relative densi-
ties (Fig. 5). The results suggested that the BCR was at the
maximum value when U/B =0.20.

For the case with U/B=0.10, in initial loading steps, the
stiffness of sand reinforced using a layer of geotextile was
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lower than that for unreinforced one. The amount of elastic
deformation which is allowed by the geotextile will govern
the deformation of the embankment [8]. In the early steps of
loading, the effective stress at sand and geotextile interface
was low, the tensile bonding between sand and the geotextile
was also weak. The amount of tensile bonding, that is related
to frictional properties, was at the largest amount when the
highest compressive stress of sand was perpendicular to the
reinforcement plane [35]. The geotextiles should be placed
in main strain direction in order to attain maximum use of
reinforcement [8]. Moreover, the amount of the friction
angle at the sand and geotextile interface was smaller than
the internal friction angle of soil [36-38].

For this reason, a footing reinforced using a single-layer
geotextile showed lower bearing capacity than an unre-
inforced one at the initial steps of loading. However, by
increasing the load, the stiffness of the reinforced footing
increased due to the generation of high effective stress at
the sand and geotextile interface, which causes higher bear-
ing capacity. Also, the results suggested that the relative
density between 55 and 75% has no significant effect on the
optimum value for depths of the first layer of the geotextile.

According to Fig. 6, after W/B =4, the load-bearing
capacity ratios are almost the same for different relative den-
sities, due to the mechanism of pressure distribution along
geotextile layers in order to reduce the transferring pressure
to the soil [8]. Although the trends of the graphs of differ-
ent densities are similar, the enhancement of the relative
density from 55 to 75% leads to an increased amount of
bearing capacity, especially after W=2B. Nonwoven geo-
synthetics are considered for improving stability, separation
and filtration. In many cases, it considerably improves the
service behavior of railways lines on the soft ground (note:
the nonwoven geosynthetics with reinforcement would be
used as a bridging structures above local weak points) [8].
Based on previous studies, the tensile behavior of geotextiles
would remarkably reduce the compressive stress applied on
the soil. This function is more evident for geotextile with
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Fig.6 Effect of W/B on BCR values

higher stiffness, on the other hand, the higher the stiffness,
the greater is the bearing capacity [39]. Moreover, geotex-
tiles can increase the bearing capacity of footings when
located within the internal radial zones beneath them. How-
ever, the impact of increased width of geotextiles on the
bearing capacity of footings is negligible as they are out of
these zones [40].

Optimum value of z

In this section, the effect of the vertical spacing between
layers of geotextile (Z) on load-bearing capacity of footings
was investigated using the optimum U/B and W/B values as
0.20 and 4, respectively. The variation in BCR, as the Z/B
is constant for the second, third and fourth layers, is shown
in Fig. 7. It was observed that the bearing capacity of the
reinforced footing shows the maximum value at Z=0.3B for
different relative densities and a constant vertical spacing
between geotextile layers.

Figure 8 presents the variation in compressive stress with
their corresponding displacement at the relative density of
55%. The curves do not exhibit any peak point since geo-
textiles have not reached their maximum tensile strengths.
Thus, the tensile strength of the geotextile had no effect on
failure. Namely, deformation at tensile strength of geotextile
is much higher than deformation at ultimate load-bearing
capacity. Also, the findings indicated that there was no sig-
nificant difference between the curves at the first steps of the
loadings (displacement lower than 5 mm), while at a higher
displacement the difference between curves was more obvi-
ous. Note that when z=0.3, the bearing capacity and confin-
ing pressure are at their highest and lowest values, respec-
tively. Moreover, it was observed that increasing the vertical
depth caused the increase in confining pressure; however,
no significant differences was observed for z=0.35-0.45B.

The deformation of geotextiles was not feasible to observe
during the test. Also, no rupture was observed after the
test for the nonwoven geotextile due to its high elongation
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Fig.7 Variation in BCR with Z/B

@ Springer



8 Page60of9

Innovative Infrastructure Solutions (2020) 5:8

0
:\(&‘ il Untreinforced
L . e 0.3 B
sk N 0358
N 0.4B
C e 0.45 B
s [ — 0.5 B
E 10p e 0.6 B
L
S0
2 15 r
50
QT
20 -
25 -
L 1 1 1 I 1 1 I 1 1 I 1 1 1 Il I 1 ]
30 50 100 150 200

Stress (kPa)

Fig.8 Variation in compressive stress with displacement for plate
load test with four layers (relative density =55%)

characteristic. Therefore, it was derived that the studied non-
woven geotextile could not reach its highest tensile strength
during the test. According to the previous studies, woven
geotextiles or geogrids used to reinforce the soil led to a high
post-peak strength loss which was more considerable when
steel reinforcement is utilized [35, 41].

Therefore, using nonwoven geotextiles under high strain
range relating to failure was a suitable technique to solve
the problem. However, given the load—elongation impact
of geotextiles on the reinforced sand stiffness, it is recom-
mended to use nonwoven geotextiles with a low elongation
to obtain higher BCR values. According to the EBGEO, the
load-extension behavior of nonwovens geotextiles would be
changed by different types of soil. The conducted research
has suggested that the load-extension behavior of nonwovens
is related to the soil and the surcharge [8].

Figure 9 shows that for constant vertical spaces between
the layers of geotextile (z=0.3B), the impact of using more
than four geotextile layers did not have a significant effect
on the growth of load-bearing capacity of footings. There-
fore, in this research, the optimal number of layers of geo-
textile was obtained 4. After obtaining optimum values of
vertical spacing, eight different cases as shown in Table 3
for relative densities of 55%, 65% and 75% were studied. A
well-known study proved that the all types of soil’s resist-
ance increase with the increase in confining pressure. The
effect of reinforcement on the BCR value was significant
for low confining pressures [5, 42, 43]. The bearing capac-
ity of the reinforced footing increased more consider-
ably when geotextiles were placed near the ground surface
(which generates low confining pressure). In this study, the
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density of sand is between 55 and 75%; however, local shear
occurs when a footing rests on sand with moderate density
(36% < Dr <70). A small bulge may occur, but considera-
ble settlement (0.5 the foundation width) is necessary before
a clear shear surface forms near the ground [8].

Figures 10 and 11 present the results of the plate load
test on different spaces of nonwoven geotextile with two
square plates with a side of 250 and 350 mm. The results
show that the maximum bearing capacity values of the
footings occur at different values of vertical spacing
between geotextile layers (Z) (Figs. 10 and 11). Thus, it
can be concluded that determining a single value of verti-
cal spaces between layers of geotextile to optimize load-
bearing capacity is not a correct procedure as reported by
previous studies [37, 38]. In the case that the first and sec-
ond layers had the lower space between layers, the bearing
capacity ratio (BCR) had a higher value. Furthermore, in
these tests the vertical space for the last layer was 0.4B.
For test numbers 1, 2 and 3, in the same relative density,
although vertical space for the first layers was smaller
than test numbers 4, 5 and 6, it was observed that bearing
capacity ratio (BCR) was reduced versus test numbers 4, 5
and 6, due to reducing the effective stress at the interface
of the soil and the geotextile, since vertical space between
layers was too low. Meanwhile, Figs. 10 and 11 illustrate
that for test numbers 9, 10, 11 and 12, a decrease in bear-
ing capacity versus the other test by increasing vertical
space between layers was observed, especially for the first
layers. On the other hand, either increasing or decreasing
vertical space between layers did not increase the bear-
ing capacity ratio for all cases. The results exhibited that
maximum bearing capacity was achieved with a system
that included four geotextile layers in which the spaces
between layers from top to bottom were 0.3B, 0.35B and
0.4B, respectively. This conclusion was achieved for two
plates in three relative densities of 55%, 65% and 75%.
Moreover, Figs. 10 and 11 show that for test numbers 4,
5 and 6, in which vertical spaces, especially for the first



Innovative Infrastructure Solutions (2020) 5:8

Page70f9 8

Fig. 10 Values of BCR using 165
25 cm X 25 cm square plate for ~—a—Dr=55% ——Dr=65% ~—a—Dr=75%
12 different cases according
to Table 3 (every box which is 1.60
below the test number shows
the vertical spacing between 155
geotextile layers from first layer
to forth layer) 4
& 150 L/
2.
145
140
135
1 3 B 5 6 7 8 9 10 11 12
038|038 03B [03B |03B | 03B (03B |0.35B [04B (048 |04B |0.4B
03B |03B] 03B | 0.35B[0.35B| 03581048 1048 1048 |035B/1048 (043
0.35B|0.4B 0.45§i 0.35B|0.4B | 0.45B|0.45B|0.45B [0.45B|0.3B | 0.3B|0.3B
TEST NUMBER
Fig. 11 Values of BCR using 1.60
35 cmXx 35 cm square plate for —+—Dr=55% —@—Dr=65% —%—Dr=75%
12 different cases according 155
to Table 3 (every box which is
below the test number shows the
vertical spaces between layers
of geotextile from first layer to
forth layer)
o
Q

layers, have a smaller value, improving the relative den-
sity led to a tangible difference for bearing capacity ratio
(BCR) compared to other cases. According to the EBGEO,
the vertical distance between the individual reinforcement
layers should be the smaller value of the two equations [8]:

0.15m<Z<04m €Y

Z <0.5B )

The maximum BCR was observed at the relative density
of 75%. Figure 10 shows that the ratio of the BCR values

1.20
1 2 3 - 5 6 7 8 9 10 11 12
038|038 03B | 03B 03B | 03B |03 |0.35B [04B |04B |04B [0.4B
03B | 03B]| 03B | 0.35B]0.35B]| 0.358B/048 1048 [048 103581048 1045
0.35B[0.4B 0.453‘ 0.35B[/0.4B | 0.45B|0.45B|0.45B |0.45B(0.3B | 0.3B|0.3B
TEST NUMBER

is in the very narrow limits for the same density, if the
vertical space between layers Z is ranging from 0.3 to 0.4B
where placing near the ground surface with lower confin-
ing pressure between layers.

Conclusions
High flexibility is one of the most important advantages of
nonwoven geotextile, in comparison with different woven

geosynthetic materials. No rupture was observed after the
test for the nonwoven geotextile due to its high elongation
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characteristic. Therefore, it was derived that the studied non-
woven geotextile was not reached to its maximum tensile
strength during the test. Nonwoven geotextiles improve sand-
bearing capacity, and the maximum BCR value obtained
with this type of nonwoven geotextile was about 1.6. In order
to obtain higher BCR values in this study, nonwoven geo-
textiles with low elongation (54%) were used. The optimum
values of the depth of the first geotextile layer (U) and geo-
textile width (Z) were found to be 0.2B and 4B (B represents
the width of the plate), respectively. The consequence of
geotextiles on the sand-bearing capacity was greater when
they were placed near the ground surface. Therefore, the
BCR value was the highest when geotextiles were close to
the ground surface. The maximum bearing capacity ratio
was obtained for optimum numbers of the fourth layer. The
ratios of the BCR are in the very narrow limits for the same
density, if the vertical space between layers Z is ranging
from 0.3 to 0.4B. However, it cannot be concluded that the
bearing capacity increased with the decrease in the distance
between geotextile layers in all cases. Furthermore, the
results indicated that BCR values increased with the rise
of sand relative density. However, the rate of the increase
in BCR became lower when the relative density increased.
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