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Abstract

The aim of this research is to increase the load-carrying capacity of the geotextile-
reinforced soils by making a series of modifications to the reinforcement. Labora-
tory model tests with various types of geosynthetics are evaluated: plane geotextile,
grid-geotextiles with a common rib size but having different apertures, grid-geotex-
tiles with varying rib sizes having an optimal aperture, and biaxial geogrid rein-
forcement layers. Irrespective of aperture and rib sizes, the tensile strength and stiff-
ness of the grid-geotextile reinforcement layers were 2 times lower in comparison
to the plane geotextile. In spite, the plate load test results revealed that the sand bed
reinforced with low tensile strength and stiffness of grid-geotextile showed 1.15
times improvement as settlement ratio enhanced in comparison to sand bed rein-
forced with high tensile strength and stiffness of plane geotextile. This improvement
is attributed to the interface and interlocking mechanism of the grid-geotextile rein-
forcement layers. The test results of grid-geotextile and biaxial geogrid-reinforced
sand beds are compared. Also, this paper highlighted the influence parameters of
geogrid reinforcements and accentuated their optimum ranges to the acquisition of
maximum reinforcement benefits. Simple correlations were developed and presented
along with the limits for the determination of the bearing capacity ratio of geogrid-
reinforced sand beds with the influencing factors.
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1 Introduction

Reinforced soil is a technique that strengthens the soil by including reinforcement
materials such as geotextiles, geogrids, geo-composites, and geocells (Shukla
et al. 2009). The effect of geogrid reinforcements on soil load-carrying capac-
ity has been studied by various researchers such as Sitharam and Sireesh (2004),
Brown et al. (2007), Latha and Somwanshi (2009a, 2009b), and Useche-Infante
et al. (2019), while a few researchers examined the effect of geotextile and geo-
composite reinforcements on soil load-carrying capacity, e.g., Hsieh and Mao
(2005), Brown et al. (2007), Tafreshi and Dawson (2010), Abu-Farsakh et al.
(2013), and Buragadda and Thyagaraj (2019). The improved load-carrying capac-
ity of the reinforced sand bed depends on the mechanism of the reinforcement
materials such as the frictional resistance mechanism (geotextiles) and passive
resistance mechanism (geogrids) (Guido et al. 1986; Guo et al. 2020). Moreover,
in the case of geogrid-reinforced soils, various parameters influenced the effect
of reinforcement on soil load-carrying capacities, such as soil properties, rein-
forcement properties, and foundation properties (e.g., footing size, shape, and
embedment depth) (Hsieh and Mao 2005; Mehrjardi and Khazaei 2017). Brown
et al. (2007) reported that the influence of aspect ratio, i.e., the ratio of aperture
size to the medium soil grains size (Ds), plays a significant role in the improve-
ment of soil load-bearing capacity in comparison to the reinforcement physical
and mechanical properties such as the geometry of apertures, tensile strength, and
junction strength (Gongora and Palmeira 2016). Also, they found the optimum
ranges of the influencing parameters in different ratio forms such as D/d;,, D/
Dsq, and d,;/Ds, by conducting the model tests under repeated loading condi-
tions (Brown et al. 2007). However, all these studies are limited to cyclic loading
and no studies for the cases of monotonic or static loading conditions.

Literature shows that the load-carrying capacity of the sand beds improved
extensively with the geogrid reinforcement layers rather than the geotextile rein-
forcements for the same reinforcement quantity (Guido et al. 1986; Hsieh and
Mao 2005; Abu-Farsakh et al. 2013). According to the authors’ cost observa-
tions, the sand beds reinforced with geogrid layers are more costly than the geo-
textile reinforcement layers because the unit area cost of the geogrid layer is 3.5
times more expensive than the same quantity of geotextile. Apertures present in
the geogrid reinforcement layers exhibit 1.12 times higher load-carrying capacity
improvement than the geotextile reinforced sand and 1.63 times higher in com-
parison with unreinforced soils (Guido et al. 1986; Abu-Farsakh et al. 2013).
Besides mobilizing the frictional mechanism in geotextile reinforcement layers,
it is possible to mobilize the interlocking mechanism in geotextile reinforce-
ment layers, such as the geogrid reinforcement layer, by creating small openings
through punching.

Therefore, the present study attempts to utilize the interlocking contribution
of geotextile layers in improving the load-bearing capacity of geotextile-rein-
forced sand beds by providing apertures (i.e., small openings) in the geotex-
tile reinforcements. The geotextile prepared with apertures is hereafter called

@ Springer



3426 Transportation Infrastructure Geotechnology (2024) 11:3424-3450

“grid-geotextile.” This paper presents the effect of the size of the apertures and
ribs of the reinforcement layer on improving the sand load-carrying capacity
based on laboratory model tests using grid-geotextile. Then, the effect of the
grid-geotextile reinforcement layer on load-carrying improvement was compared
with the results of plane geotextile and commercially available geogrid reinforce-
ment layer sand beds.

2 Material Properties

2.1 Sand

The laboratory model tests were performed using clean and dry sand, which
was collected locally from Chennai’s surrounding areas and grain size distribu-
tion (ASTM D6913 2017) is presented in Fig. 1. Based on Fig. 1, the test soil
consists of a higher percentage of sand-size particles, i.e.,<4.75 mm size and
according to the Unified Soil Classification System (USCS), the soil is classified
as poorly graded sand (represented by “SP”). Table 1 presents the physical prop-
erties of the soil used in the present study. The model tests in the present study
were performed by placing the sand bed at a relative density of 70%. The sand
shear strength properties of the angle of internal friction (¢) and cohesion at the
respective relative density (R;) of 70% were found as 40.20° and O kPa by per-
forming tests using standard small size (60 mm X 60 mm X 25 mm) direct shear
test apparatus.
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Fig. 1 Particle size distribution curve of sand
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Table 1 Properties of test sand

used in the present research Properties Value

Specific gravity, G, 2.69
Grain size distribution (%)

Gravel 0

Sand 97.4

Fines 2.6
D, (mm) 0.33
D5, (mm) 0.67
D5, (mm) 0.90
Dy, (mm) 0.86
C, 3.03
C, 1.36
Unified soil classification symbol (USCS) SP
Maximum dry unit weight (kN/m?) 17.96
Minimum dry unit weight (kN/m?) 15.80
Drygunit weight corresponding to 70% relative density (kN/  17.25

m”)

Shear strength parameters at 70% relative density
Angle of internal friction, ¢ (°) 40.20°
Cohesion (kPa) 0

2.2 Reinforcement Materials
2.2.1 Geotextile and Geogrid

The model tests are performed on the sand bed reinforced with synthetic polypropyl-
ene geotextile (PPGT) and synthetic polypropylene biaxial geogrid (GG) reinforce-
ment layers. The polypropylene geotextile (Techno Fabric TF—41) was collected
from Techno Fabrics Geosynthetic (P) Ltd., Gujarat, India. The polypropylene
biaxial geogrid (Strata Grid SG-40) was collected from Strata Geosystems (P)
Ltd., Mumbai, India. The photographic view of the geotextile (TF—41) and geogrid
(SG—40) is shown in Fig. 2. The physical and mechanical properties of the TF—41
and SG—40 are determined according to ASTM Standard as presented in Table 2.

2.2.2 Grid-geotextile

To generate the interlocking effect in the geotextile, the openings are systematically
made along the machine direction (MD) and cross-machine direction (CMD) of the
geotextile layer. The openings were made on the geotextile with the help of an elec-
trical soldering rod. The synthetic geotextile for the model tests was made with a
polymer substance of polypropylene group, which can be moldable in the presence
of heat. Therefore, the synthetic polypropylene geotextile was punched in the pres-
ence of heat, which can be produced by the tip of the soldering rod with a sup-
ply of electrical current. To evaluate the effect of aperture size and rib width of the
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(a) (b)

Fig.2 Photographic view of the different types of geosynthetics used in the present study: a PPGT:
TF-41; b GG: SG-40

grid-geotextile on the improvement of the load-carrying capacity of the reinforced
sand bed, different types of grid-geotextiles with various aperture sizes were pre-
pared for the present model tests as presented in the photographic view in Fig. 3.
Similarly, grid-geotextiles with 10 mmXx 10 mm aperture size having various rib
sizes were prepared for the present model tests. Based upon the aperture size (rep-
resented by “G”) and rib size (represented by “R”) of grid-geotextile, the reinforce-
ment is called G10R15, G20R15, G30R15, G10R25, and G10R35. The tensile test
properties of the grid-geotextiles of both machine direction (MD) and cross-machine
direction (CMD) were determined using the wide-width tensile test method as per
ASTM Standard D4595-17 (2017). The properties of the grid-geotextile are summa-
rized in Table 2. The tensile stress—strain behavior of geosynthetic reinforcements
used in the present study is depicted in Fig. 4.

3 Description of Laboratory Model Tests
3.1 Experimental Test Setup

The experimental model tests are conducted in the laboratory using a
steel tank with inner dimensions of length (L)Xwidth (B)Xdepth (k)
1000 mm x 1000 mm x 1000 mm, respectively. The rigid steel plate with a 25 mm
thickness and a circular shape of 150 mm diameter (D) was used as a model footing.
The maximum loading plate sizes comply based on the test tank dimensions (i.e.,
5-6D) to eliminate the side boundaries effect while loading application on the foot-
ing (Latha and Somwanshi, 2009a, 2009b). Generally, the footing in in situ condi-
tions has a rough surface at the interface of the foundation material and footing base.
Therefore, to replicate the rough nature of the footing base, a thin layer of sand was
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Fig. 3 Photograph of the different aperture sizes of grid-geotextiles used in the present study: a G10R15,
b G20R15, ¢ G30R15
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Fig.4 Tensile stress—strain behavior of different geosynthetic materials (only M-direction)

attached to the base of the footing plate with the help of epoxy glue. To eliminate
the eccentricity of loading, the footing was placed precisely at the center of the test
tank, and the load application on the footing was applied through the hand-operated
hydraulic jack. Figure 5 presents the photographic view of the total test setup.

3.2 Sand Bed Preparation for the Laboratory Model Tests

The model tests were conducted in the present study using the rainfall technique.
A small steel tank with inner dimensions of 400 mm (L) X400 mm (B)x300 mm
(h) was used to determine the effect of sand height of fall on its relative density
(Ry). Initially, the sand was poured into the steel tank at some height of fall, and
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Fig.5 Photograph of experi-
mental setup
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once the tank was filled with the poured sand, the amount of sand collected inside
the tank was then measured with the help of a weighing machine with an accuracy
of 0.01 g. The accumulated sand unit weight inside the tank was calculated from
the known volume, i.e., 0.071 m>. Based on the maximum and minimum dry unit
weights of the sand as presented in Table 1, the sand relative density was calcu-
lated. A similar procedure was followed and calculated sand relative density (Rj)
at different heights of fall (k). The relationship between the sand relative density
and respective height of fall (h,) was presented in a graphical plot. The height of fall
(hf) corresponding to the desired relative density (R,) of sand can easily be deter-
mined from the graphical plot and used for preparing the sand bed in the steel tank
of 1000 mm x 1000 mm X 1000 mm. For the present laboratory model tests, the rela-
tive density of sand is fixed as 70% (i.e., dry unit weight=17.23 kN/m?). The sand
placement density while preparing the sand bed was checked by placing small alu-
minum cups at different locations in the test tank (Buragadda and Thyagaraj 2019).

3.3 Reinforcement Layout and Preparation for the Model Tests

The synthetic polypropylene plane geotextile and different types of grid-geotex-
tiles and geogrid were used for the present model tests. In each model test, the
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geometrical parameters of the placement depth of the first reinforcement layer, con-
sequent spacing between the reinforcement layers, the number of reinforcement lay-
ers, and the size of the reinforcement layer are denoted as “u,” “h,” “N,” and “B,.”
The reinforcement geometrical parameters of “u,” “h,” and “B,” are normalized
w1th the footing diameter (D) and expressed in a non- dlmensmnal form as h , and
= (Latha and Somwanshi 2009a, 2009b).

4 Experimental Procedure

Irrespective of unreinforced and reinforced sand bed conditions, the model tests con-
ducted on a sand bed with 1000 mm depth were prepared by adopting an air-pluvi-
ation technique inside the test tank of 1000 mm x 1000 mm X 1000 mm. While pre-
paring the sand bed in unreinforced condition, sand was poured continuously inside
the test tank without ceasing (except for placement density crosscheck). Further,
in the case of conducting model tests on reinforced sand beds, the sand pluviation
technique stopped at every interval of reinforcement layer layout placement depths
inside the test tank. Once the sand reached the reinforcement layer layout placement
depth, the sand pouring technique stopped and the sand surface was leveled properly
using a small wood plank and checked with a level tube by placing it at various loca-
tions in the test tank. Once the tank was filled up to the 1000-mm desired depth, the
footing was placed exactly at the center of the test tank and below the loading jack.
The loading was applied on the footing with the help of a hand-operated hydrau-
lic jack through the ball-bearing arrangement. The ball-bearing arrangement helped
distribute the vertical loads centrically and vertically during loading application on
the footing. The load was applied incrementally using a pre-calibrated proving ring
as per the protocol of IS 1888—1982 (1982). Each load increment was maintained
until the footing settlement stabilized (i.e., less than 0.02 mm/min). As shown in
Fig. 5, the footing settlements are measured with dial gauges named D, and D,,
respectively. The dial gauges D, and D, can move each up to 50 mm with the least
count of 0.01 mm accuracy. For reliability on the consistency of test results, most of
the model tests are performed repeatedly two to three times, despite the ratio of foot-
ing size (D) to the medium size of soil particles (D5y) being more than four times
a factor of the limit proposed by Hsieh and Mao (2005). The test results of load-
settlement characteristics of sand in all trails are close match only with the variance
of around 8%.

4.1 Experimental Program

A series of laboratory model tests was performed in the present study as summarized
in Table 3. Initially, test Series A describes the model test carried out on an unre-
inforced sand bed (represented by URS). Series B model tests were conducted on
synthetic plane polypropylene geotextile (TF—41) and biaxial geogrid (SG—40)-re-
inforced sand beds. To get the maximum improvement in the load-carrying capacity
of the sand bed, the geometrical parameters of the reinforcement layers such as %, o
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N, and 5 were maintained at optimum conditions of = = 0.3 (i.e., 46.5 mm), % =0.3
(i.e., 45 mm), N=4, and %= 5 (i.e., 750 mm), as recommended by Buragadda and
Thyagaraj (2019). Buragadda and Thyagaraj (2019) found the optimum geometri-
cal parameters using jute geotextile reinforcements and found the optimum width of
reinforcement as 3.5 D. The improvement of the load-carrying capacity of reinforced
sand beds drastically varies with reinforcement number (V) and size (B,). Also, dif-
ferent mechanisms (i.e., strain restraining mechanism and wide-slab mechanism) are
formed depending on the reinforcement size (Buragadda and Thyagaraj 2019; Guo
et al. 2020). Whereas for achieving maximum load improvement, the required opti-
mum width of geogrid reinforcements is less than that of geotextile reinforcements
due to differences in the reinforcement’s mechanism (Guido et al. 1986). However,
based on the safety consideration point of view, irrespective of the type of reinforce-
ment, the optimum width of reinforcement (B,) is maintained as 5 D (i.e.,>3.5 D).
As per Omar et al. (1993), the significant depth or critical depth of reinforced sand
bed varies only based on the type of footing (i.e., strip and square/circular/rectangu-
lar). As per the literature, most of the test results showed the optimum depth of the
reinforcement zone is only varied between 1.2 and 1.25 D, i.e., corresponding N=4
(Buragadda and Thyagaraj 2019; Guido et al. 1986). Similarly, irrespective of the
type of reinforcement, most of the test results show that the optimum geometrical
parameters of u/D and i/D vary from 0.3 to 0.4 D (Guo et al. 2020). Hence, the opti-
mum reinforcement geometrical parameters (i.e., /D, h/D, and N) are maintained in
the same way as recommended by Buragadda and Thyagaraj (2019). Series C tests
were performed on a sand bed reinforced with three different types of grid-geotextile
of varying aperture sizes (represented by G) in both the machine and cross-machine
direction of the reinforcement layer. In Series C, the rib (i.e., the strip between the
two apertures) width of the grid-geotextile was maintained the same in all the tests.
The effect of the grid-geotextile with different rib widths is evaluated by conduct-
ing the laboratory model tests designated as Series D tests. In series D tests, three
grid-geotextiles of different tensile strengths and rib widths (represented by R) were
used. However, the aperture size (G) was maintained constant about an optimum
condition obtained from the Series of C tests. Irrespective of the type and tensile
strength of the grid-geotextile layer, the reinforcement layers were also placed at the
optimum conditions as used in Series B tests.

5 Results and Discussion

In the case of reinforced soils, the improvement of the load-bearing capacity
with the inclusion of reinforcements is represented by a term known as bearing
capacity ratio (BCR). BCR is the ratio of reinforced soil load-carrying capac-
ity (q,,) to the unreinforced soil load-carrying capacity (q,,) at the same settle-
ments. However, the ultimate load-carrying of unreinforced soil (g,,,) is used as
q,s while determinations of BCR at higher settlements, i.e., > g
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5.1 Comparison of Behavior of URS, TF-41-, and SG-40-Reinforced Sand Beds

As aforesaid, Series A and Series B model tests were conducted on unreinforced
(URS), polypropylene geotextile (TF—41)-, and biaxial geogrid (SG—40)-reinforced
sand beds. Figure 6 compares the load-settlement curves of URS, TF-41-, and
SG—40-reinforced sand beds. The load-settlement behavior of the URS shows a peak
value, while the load-settlement curves of TF—41- and SG—40-reinforced sand beds
do not exhibit any peak. Also, the load-settlement behavior of the reinforced sand
beds shows a higher improvement in load-bearing capacity than the URS. Further,
the load-carrying capacity of SG—40 (geogrid)-reinforced sand bed is greater than
the load-carrying capacity of TF—41 (geotextile) reinforcement sand, irrespective
of the settlement of the footing. The variation of bearing capacity ratio (BCR) of
TF-41- and SG—40-reinforced sand bed with footing settlement up to s/D of 12%
is shown in Fig. 7. It could be observed from Fig. 7 that the load-carrying capac-
ity of the SG—40-reinforced sand beds improved significantly in comparison to the
load-carrying capacity of TF—41-reinforced sand beds, irrespective of footing settle-
ment. For both TF—41- and SG—40-reinforced sand beds, the geometrical parameters
such as w/D, h/D, N, and B/D of the reinforcement layer were maintained the same.
Despite this, the improvement in the load-carrying capacity of the sand bed rein-
forced with SG—40 was higher. It is attributed to the higher reinforcement tensile
stiffness (FA) and interlocking of sand particles through the aperture of the geogrid
(SG—40) reinforcement layers as per Table 2 (Hsieh and Mao 2005; Abu-Farsakh

Load-bearing pressure, q,: kPa

0 200 400 600 800 1000 1200 1400 1600 1800

—A—URS
——TF41
—=-SG 40

Footing settlement ratio, s/D : %

25

Fig.6 Load-settlement response of URSD and reinforced sand with TF—41 and SG—40 reinforcement
u h B,
layers (1_) =0.3, = 0.3, N =4, H’ =5)
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Fig.7 Comparison of variation of the BCR of TF—41 and SG—40 reinforced sand for different footing
settlements

et al. 2013; Guido et al. 1986). Therefore, the size of the aperture in the geogrid
reinforcement plays a significant role.

5.2 Behavior of Grid-Geotextile-Reinforced Sand Beds
5.2.1 Effect of Aperture Size (G)

Series C model tests show the effect of the aperture size (represented by G) of the
reinforcement on the load-carrying capacity of reinforced sand beds. Three grid-
geotextiles with constant rib width (represented by R) but different aperture sizes
were prepared and used for the plate load tests. Figure 8 compares the load-settle-
ment behavior of the URS and sand bed reinforced with grid-geotextiles of different
G. Figure 9 presents the variation of the bearing capacity ratio (BCR) with foot-
ing settlement ratio (s/D) of the sand bed reinforced with grid-geotextile of differ-
ent aperture sizes of G. From Fig. 8, irrespective of the reinforcement G, the load-
carrying capacity of the sand bed increased with increase in the footing settlement
ratio (s/D).

It is evident from Fig. 9 that the BCR of the sand bed decreases with the increase
in the aperture size (G) of the reinforcement layer. Furthermore, at larger G (i.e.,
G20R15 and G30R15), the BCR of reinforced sand bed at lower settlements (i.e.,
s/D <3%) is lesser than 1, which means that the load-carrying capacity of reinforced
sand bed is much less in comparison to the unreinforced sand bed. It is primarily
due to a lack of sufficient overburden pressure (i.e., /D and h/D) with increasing
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Load-bearing pressure, g,: kPa
0 100 200 300 400 500 600 700 800 900 1000

25 ——URS
s —>—GI10R15
——G20R15

~
9

——G30R15

=N =
N -
n o

[}
(=}

Footing settlement ratio, s/D : %

22.5

25

27.5

Fig.8 Variation of the load-settlement curves of the URS and reinforced sand with reinforcement layers
of different G
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Fig.9 Variation of BCR with footing settlement (s/D) for reinforcements of different G

aperture sizes (G) of the reinforcement to mobilize a higher tensile bond (consists
frictional properties) at the interfaces of sand-grid-geotextile during initial loading.
Generally, the soil-reinforcement interface properties are lesser than the unrein-
forced soil internal frictional properties (Goodhue et al. 2001). As a result, the load-
bearing capacity of unreinforced sand is higher than that of reinforced sand during
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the first stages of loading. After that, the interface and interlocking properties are
mobilized, and the bearing capacity improves more than that of the unreinforced
sand bed. Figures 8 and 9 show that the load-carrying capacity was higher for the
grid-geotextile with a G of 10 mm X 10 mm (G10R15). This is attributed to the vari-
ation in the tensile stiffness of reinforcement material (EA) and ‘Z;“—"", where d,;,, is the

minimum dimension of the aperture, and Ds is the medium diameter of sand parti-
cle size. As observed from Table 2, the tensile stiffness of the grid-geotextiles of
G20R15 and G30R15 exhibits low tensile stiffness (EA) compared to the G10R15.
Further, Table 2 shows that the ratio of % increases with the increase in the aper-

ture size (G). The formation of lateral buckﬂiing of soil particles in the geogrids plane
along with increasing the geogrid apertures causes a dramatic reduction in BCR
(Mehrjardi and Khazaei 2017). Hence, the BCR of the sand bed reinforced with
grid-geotextile with G20R15 and G30R15 is lower than that of the sand reinforced
with grid-geotextile with G10R15. Irrespective of settlement, the increment of BCR
with G10R15 is more than 12 to 22% compared to the reinforcements of G20R15
and G30R15, respectively. Based on this study, it can be concluded that the opti-
mum aperture size for the grid-geotextile is GI0OR15.

5.2.2 Effect of Rib Size (R)

The previous section shows that the optimum aperture size for the grid-geotextile
reinforcement layer is 10 mmXx 10 mm (G10R15). To evaluate the effect of the rib
width (R) of grid-geotextile, Series D model tests were also performed using grid-
geotextiles with G of 10 mm X 10 mm and R of 15 mm (G10R15), 25 mm (G10R25),
and 35 mm (G10R35). Figure 10 compares the variation of BCR with the settlement
ratio of different rib (R) grid-geotextile—reinforced sand beds. It is clear from Fig. 10
that irrespective of the R, the load-bearing capacity and BCR of the reinforced sand
bed increase with an increase in the settlement of the footing (s/D). Further, Fig. 10
depicts that the effect of R has an insignificant bearing on the BCR of the grid-
geotextile-reinforced sand. However, the variation of BCR with rib width (R) is pre-
sented in Fig. 11.

It is clear from Fig. 11 that the BCR increases with the increase in R and is maxi-
mum at the R of G10R25 and beyond which it decreased. However, the percent-
age increment in BCR of grid-geotextile with G10R25 is 4% and 6% at a settlement
ratio of 12% concerning G10R15 and G10R35 rib sizes, respectively. It is attributed
to the variation of the tensile stiffness of reinforcement material (EA) and interface
and interlocking mechanisms. Table 2 presents that the tensile stiffness of the rein-
forcement layers (EA) is increasing with the increase in the R. From Table 2 and
Fig. 11, there is no relationship between the tensile stiffness of the reinforcement
layer and BCR. It means that the BCR of the sand bed reinforced with grid-geotex-
tile reinforcement layer with GIOR25 shows higher improvement than the G10R35
reinforcement layer despite the lower tensile stiffness value of G10R25 (Table 2). It
should be noted here that the interface frictional resistance increases with the width
of the R of grid-geotextile as the G is maintained the same. However, increasing the
width R also decreases the number of apertures present per unit area and decreases
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Fig. 10 Variation of the BCR with footing settlement (s/D) for reinforcements of different R
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Fig. 11 Comparison of BCR for different rib widths (R) of the reinforcement layer

the interlocking contribution. It amounts to say that both interface and interlocking
mechanisms play a significant role in the improvement of the load-carrying capacity
of the sand bed up to G10R25. Further increase in the R from G10R25 to G10R35
decreases the number of apertures in the grid-geotextile reinforcement layer, result-
ing in the decrease in the interlocking effect and thus the BCR.
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5.3 Comparison of Grid-Geotextile with TF-41 and SG-40

Figure 12 shows the variation of BCR of grid-geotextiles with different R along
with the BCR results of reinforced sand with TF—41 and SG—40. It is evident
from Fig. 12 that the improvement of grid-geotextile with aperture size (G) of
10 mm X 10 mm and R of 25 mm (G10R25) is more significant in comparison
with the other reinforcements R. Interestingly, the BCR of G10R25 is greater
than the BCR of TF—41 despite two times greater tensile strength and stiffness of
TF-41, irrespective of the R. The percentage increment in BCR of G10R2S5 is less
than 10% at settlement ratio (s/D) 12%, and the improvement is greater than 15%
at settlement ratios (s/D) greater than 12% compared to the BCR of TF-41. This
difference mostly happened due to a lack of overburden (i.e., u/D and h/D) for the
case of grid-geotextiles to mobilize maximum interface and interlocking proper-
ties during initial loading stages. Hsieh and Mao (2005) also reported that at shal-
low depths, the efficiency of geotextile reinforcements was slightly higher com-
pared to the geogrid reinforcements improved BCR. However, the load-carrying
capacity of the sand bed with SG—40 geogrid reinforcement layers is far greater
than the sand reinforced with plane geotextile (TF—41) and grid-geotextile layers,
irrespective of aperture and rib sizes. It may be noted here that the aperture size
of the SG—40 and G20R15 grid-geotextile reinforcement layers is maintained the
same, i.e., 20 x 17 mm (Table 2). Even then, the load-carrying capacity was two-
fold higher than the grid-geotextile-reinforced sand at a footing settlement ratio
(s/D) of 12%. This is due to the higher tensile stiffness property of the SG-40
reinforcement layer (Table 2). The present findings are consistent with the test
results reported by Brown et al. (2007).

3.5
[ —TF4l
[ -=-SG 40
3': ——GI10RI15
——GI0R25
——G10R35

N
n

W
'

Bearing capacity ratio (BCR)
N

0 5 10 15 20
Footing settlement ratio, s/D (%)

Fig. 12 Variation of the BCR with footing settlement (s/D) for reinforced sand with TF—41, SG—40, and
grid-geotextiles with different R
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D dmm

5.4 Optimum Reinforcement Parameters of 2
dmm DSO DSD

In the case of geogrid-reinforced soils, various parameters influence the soil load-
carrying capacity such as the ratio of loading plate size (D) to the minimum dimen-
sion of reinforcement aperture (d,), i.e., dg; a ratio of loading plate size to the
medium soil particle size (Ds), i.e., DA; and ‘11;“—‘“ (Mehrjardi and Khazaei 2017).
50 50
These parameters could be optimized for maximum reinforcement efficiency (Brown
et al. 2007). With this respect, Fig. 13a, b depicts the variation of BCR of the pre-
sent study along with the results of various researchers (as per the literature) with
different ratios of . From Fig. 13a, the optimum ratio of loading plate size (D) to

minimum aperturemaimension of reinforcement (d,,;,) is in the range of 5 to 12.4
(roughly 7.2 on average). It is further confirmed that Fig. 13b shows that various

researchers’ maximum BCR with different falls within the boundary of>5

‘min

and < 11. It means that the reinforcement consists of smaller grid apertures (i.e., —

min

< 11) and acts as a better reinforcement in soil load-carrying capacity improvement.
Moreover, in cases of the same —, Phanikumar et al. (2009) and Demir et al. (2013,

2014) test studies show that the BCR is higher for the smaller medium-sized soil
particles (Ds). In the case of geogrid-reinforced sands, the beneficial effect of rein-
forcement was higher at weaker subgrades or backfills (Mehrjardi and Khazaei
2017). Based on thls the effect of soil particles (factor Ds;) on soil BCR is also con-

sidered in terms of D— and L;'"“ Figures 14 and 15 present the variation of BCR with
S5

50 0
different ratlos of 2 D— and i)““" From Figs. 14 and 15, the optimum ranges for the
parameters of — and in could be 18.8-31.6 (roughly 25 on average) and 3.44-8.235

50 0
(approximately 6 on average), respectively.

5.5 Development of Correlations

As per the discussions of the above sections, it is clear that the BCR of the sand bed
reinforced with geogrid reinforcement layers mostly depends on the following influ-

D
encing reinforcement parameters such as EA, —, and o D . Therefore, a simple
‘min 50

regression analysis was carried out using the present study test results and the corre-
lations between the reinforcement layer tensile stiffness (EA), a ratio of footing size

to the minimum aperture size of reinforcement (3 ), and the ratio of the minimum

min

aperture size to the medium grain size of soil (‘Z‘)“i“ ) Finally, the correlations for
50

BCR for settlement ratio (s/D) of 10% and ultimate bearing capacity were deter-
mined. The regression coefficients of both were found to be 0.98, respectively. The
correlations fitted are:

BCR = 1.70 — 0. 0024< ) +0.0072(EA) + 0. 0007< ) (A1 10% of 5/D)

)

mm
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used by various researchers

BCR = 1.82 — 0.003<ﬁ) +0.0094(EA) — 0.0244( D ) (At ultimate)  (2)

Ds, d

‘min

Generally, shallow foundations are designed to meet serviceability criteria
rather than bearing capacity criteria. Hence, the footing settlements are restricted
to 10 to 15% of footing size (D) while designing the footings (Tafreshi and
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Dawson 2010). Therefore, the correlations were developed using two different
criteria: settlement criterion of 10% and ultimate bearing capacity.

5.6 Validation of Correlations

The correlations obtained from the regression analysis shown in Eqs. 1 and 2 are
validated with the available experimental data in the literature. The calculated BCR
from the derived correlations and reported BCR in the literature are presented in
Table 4. Table 4 also shows the percentage of variation of the BCR from the derived
correlations and reported BCR in the literature. While calculating the percentage of
variation, the experimental (literature) BCR values are considered actual values for
comparison. It can be observed from Table 4 that the variation was much less for

tensile stiffness (EA) of the reinforcement layers, less than 250 kN/m, di, and ‘%
50

less than 5 and 45. At higher reinforcement tensile stiffness and influencing proper-
ties, i.e., EA, di, and %, the variation was higher as the correlations derived are for
‘min 50
the maximum reinforcement tensile stiffness (EA) of 200 kN/m, i, and % of
‘min 50
16.667 and 45 (Table 2). Hence, the BCR values calculated from the derived rela-
tionships are valid for the sand bed reinforced with geogrid reinforcement layers

having properties of tensile stiffness (EA) of less than 200 kN/m, and D and % are
min 50

min

between 5—15 and 1045, respectively.

5.7 Gist of the Matter

The small-scale (1 g and Ng) model tests designed with appropriate scaling laws
replicate the actual field prototype footing behavior (Buragadda and Thyagaraj
2019). As per Viswanadham and Konig (2004) and Wood (2004), with a scaling
down (N) factor of 2, the present study replicates the behavior of actual concrete
structural footing size of 0.68 m having 0.11 m thickness (Buragadda and Thyagaraj
2019). Also, the test results of grid-geotextile-reinforced sand having different aper-
tures represent the reinforced sand in the presence of commercial geogrid reinforce-
ments. As per scale-down factors proposed by Viswanadham and Konig (2004), the
model reinforcement physical properties (i.e., thickness and apertures) and mechani-
cal properties (i.e., tensile stiffness) should be lower as N and N? times in compar-
ison with the prototype reinforcement properties. For example, from Table 2, the
properties of model grid-geotextile GIOR25 (EA = 52 kN/m) of the present study
represent the behavior of commercial geogrid of SG—40 (EA = 181; nearer to 4
times higher than G10R25). However, in the present study, SG—40 was used only to
evaluate the effect of the reinforcement’s tensile stiffness (EA) compared with grid-
geotextile consisting of the exact aperture sizes on soil load-settlement characteris-
tics (Table 2). Similarly, the behavior of sand with model synthetic polypropylene
geotextile TF—41 represents the behavior of sand in the presence of real prototype
reinforcement of TechnoFab product named TF-05B. Besides, the ratio of footing
size (D) to the medium soil particle size (Ds,) of the present study is more than 50,
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so the influence of soil particle sizes on prototype footing load-settlement character-
istics is insignificant (Toyosawa et al. 2013).

6 Summary and Conclusions

In this study, the plate load tests were performed on unreinforced sand beds (URS)
and reinforced sand beds using plane geotextile (TF—41), grid-geotextiles consisting
of different aperture (G) and rib (R) sizes, and biaxial geogrid reinforcement layers
(SG—40). Based on the test results, the following conclusions have been drawn:

(1) The improvement in the load-carrying capacity of the sand bed reinforced with
four-layered TF—41 reinforcement layers was 1.8 times greater than the URS.
However, the improvement with SG—40 was almost three times greater than the
URS and 1.2 times greater than the TF—41-reinforced sand bed at a footing set-
tlement ratio (s/D) of 12%.

(2) The grid-geotextile GIOR15 showed two times higher load-carrying capacity
improvement compared to the G20R15 and G30R15 grid-geotextile-reinforced
sand beds.

(3) The grid-geotextile GI0R25 showed more significant improvement than the grid-
geotextiles with G1I0R15 and G10R35. Irrespective of the R, the grid-geotextile
layers’ tensile strength and stiffness were 2 times lower than the TF—41. How-
ever, the percentage increment of grid-geotextile sand bed was less than 10% at
a footing settlement ratio (s/D) less than 12% and more than 15% at a footing
settlement ratio (s/D) greater than 12% as compared with the sand reinforced
with high tensile strength TF—41.

(4) Due to the high tensile stiffness property of SG—40, the improvement in the load-
carrying capacity of the sand bed reinforced with geogrid reinforcement layers
is significant in comparison to the grid-geotextile—reinforced sand bed even with
the same aperture size of G20R15.

(5) The test results reveal that the minimum dimension of the aperture size (d,;,)

should be around 0.2 times the footing width (D). Similarly, the optimum size

of the loading plate (D) and the maximum dimension (d,;,) of the aperture size
of the reinforcement should respectively be around 25 times and 6 times as
compared to the medium size of soil particles (Dsy).

(6) The correlations are developed for the finding of BCR of the reinforced sand bed
with variable parameters of tensile stiffness of geogrid reinforcement (EA) and
the ratios of the == and %. The developed correlations are valid for the sand

50

beds reinforced with geogrid reinforcement layers with tensile stiffness (FA)

values of less than 200 kN/m, and L2 and % are between 5—-15 and 1045,
‘min 50

respectively.

@ Springer



3448 Transportation Infrastructure Geotechnology (2024) 11:3424-3450

Nomenclature B,: Width of the reinforcement layer (mm); C_: Soil particles curvature coefficient (dimen-
sionless); C,: Soil particle’s uniformity coefficient (dimensionless); CMD: Cross-machine direction;
D: Diameter of the footing (mm); Ds,: Medium soil particle size (mm); d,;,: Minimum dimension of
apertures (mm); G: Aperture size of grid-geotextile (mm); /: Vertical spacing of the reinforcement lay-
ers (mm); MD: Machine direction; N: Number of reinforcement layers; g,: Load-bearing pressure (kPa);
q,: Unreinforced sand load-bearing capacity at a footing settlement of *s” (kPa); g, Unreinforced sand
ultimate load-bearing capacity (kPa); ¢,: Reinforced sand load-bearing capacity at a footing settlement
of “s” (kPa); g, Reinforced sand ultimate load-bearing capacity (kPa); R: Rib size of grid-geotextile
(mm); R;: Relative density of sand (%); s: Footing settlement (mm); SG: Strata Grid; TF: Techno Fabric;
u: Placement depth of the top reinforcement layer from the footing base (mm); URS: Unreinforced sand
load-carrying capacity (kPa)
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