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Abstract. Prestressing geosynthetics offers a rapid and safe method of improving the poor ground conditions.
This paper aims to find out the effect of prestressing the geogrid layer on load bearing and settlement
performance. This study also takes into account the impact of the size, depth of placement and the adjacency

of footing, for unreinforced (UR), geogrid reinforced (GR) and prestressed geogrid reinforced (PGR) soil on
the load-bearing and the settlement characteristics by using the finite element program Plaxis 3D. Based on
numerical simulation, it appears that PGR soil can enhance the bearing pressure of the UR soil by almost
500% and reduced the settlement by nearly 88 % by reducing the energy consumption. The footing placed at
higher depths for PGR soil gives better performance as compared to GR soil. Moreover, placing two adjacent
square footing increases the interference zone of PGR soil by 67% as compared to UR soil. This method can
be instrumental in reducing the total input energy requirement to achieve a certain settlement during
placement of shallow foundation for various important structures while being economic simultaneously.

1 Introduction

With brisk population growth and industrialization, it has
become almost inevitable that the availability of suitable
ground conditions is going down rapidly. Foundations
resting on weak and unstable soils presents a severe
stability threat. There are various ground improvement
techniques available for improving the marginal ground
today. However, the use of geosynthetics is found to be a
cost-effective reinforcement system and leads to better
performance of shallow foundations. In the last few
decades, numerous studies have been conducted to study
the behavior of reinforced soil foundation system (RSFS).
Various factors that affect the performance of RSFS
include 1) type of geosynthetic layer [1, 2]; 2) number of
geosynthetic layers [3-5]; 3) depth of placement of first
layer of reinforcement below the footing [6]; 4) type and
placement of the fill [7-9] and others.

From the past studies, it has been observed that the
tension in the geosynthetic layer is mobilized after
undergoing considerable deformation [2, 10, 11].
However, this small deformation may hinder the utility of
essential structures like railway tracks, pavements,
airfields, embankments etc. [10-12]. Moreover, it
requires added amount of input energy during installation
beneath foundations. Prestressing the geosynthetics,
particularly geotextile and geogrid significantly overcome
the problem of undergoing excessive settlement to
mobilize the tension within it [13—15].

Shukla and Chandra (1995) [17] conducted
pioneering work while studying the prestressed geotextile
reinforced soil by solving the governing differential

* —~ v .
Corresponding author: soukat@iitk.ac.in

equation using finite difference method. Later, other
researchers [6, 18, 19] have also studied the effects of
prestressing on different types of soils experimentally as
well as numerically by using commercially available
finite element packages. Lackner et al., (2013) [20]
conducted an interesting study on the potential of various
prestressing methods by using the particle image
velocimetry (PIV) analysis of the deforming soil mass.
The Huesker geosynthetics of Germany has designed a
special placing beam to apply a known amount of
prestress in the geogrid (Huesker Synthetic, 2004) [21].
Later on, Chew et al. (2005) [22] have undertaken
successful implementation of prestressed geotextile in the
field, applying 3.5% pretensioning across the geotextile
for the stabilization of unpaved army road in Singapore.
In the present study, attempts have been made to analyze
the effect of prestressed geogrid layers kept below the
square footing and comparing the results of unreinforced
(UR), geogrid reinforced (GR) and prestressed geogrid
reinforced (PGR) soil for energy consumption for a
prescribed settlement and other parameters. This study
also takes into account the different aspects related to the
practical relevance of prestressing in the field like the
effects of the depth of the footing, size of the footing and
the interference of two square footings placed nearby on
its load-bearing and the settlement characteristics.

2 Model considerations

Numerical analysis has been performed to understand the
performance of square foundation resting on prestressed
geogrid reinforced soil using finite element package
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Plaxis 3D (Brinkgreve et al., 2013) [23]. The present
study examines the condition where a square footing of
size 100 mm * 100 mm * 10 mm, is placed over a two-
layered soil system. The adopted dimensions are large
enough to avoid any boundary effect which is checked at
the beginning of analyses. The top layer soil consists of
well-graded medium-sized sand laid above the weak soil
layer (SP-ML). The size of the tank used in the analysis is
the same as mentioned by Aswathy et al. (2013) [25] i.e.
0.75 m x 0.75 m in plan and 1 m in height. Whereas, for
studying the effect of interference of adjacent footing, the
plan area of the tank increased to 2 m x 2 m to get rid of
the boundary effect of the tank. The weak soil layer is
known as the ‘Shedi’ soil, which is found on the West
coast (Konkan cost) of India. This soil poses serious
construction problems on saturation since in this
condition, it behaves like a soft soil. The properties of
sand, Shedi soil and geogrid layer used in the present
study have been obtained from Aswathy et al. (2013) [25]
and are listed in Tables 1, 2 and 3 respectively. Please note
the high cohesion of the weak soil is due to presence of
high fine content in the Shedi soil.

Table 1. Properties of sand [25]

Property Value
Specific gravity 2.61
Effective grain size, D10 (mm) 0.50
D30 (mm) 0.80
Dgo (mm) 1.30
Coefticient of uniformity, Cu 2.60
Coefficient of curvature, Cc 1.00
Angle of internal friction (¢p) (Degrees) | 40.0

Table 2. Properties of weak soil [25]

Property Value
Specific gravity 2.32
Maximum dry unit weight (kN/m?) | 17.5
Liquid limit (%) 37.0
Plastic limit (%) 33.0
Cohesion (kN/m?) 26.0
Angle of friction (¢) (Degrees) 20.0
USCS Classification SP-ML

Table 3. Properties of geogrid [25]

Specifications Remarks
Form Sheet
Width (m) 2

Mesh aperture size (mm) 8x6

Mesh thickness (mm) 3.3
Polymer HDPE

Maximum tensile strength (kN/m) 7.68
Extension at maximum load (%) 20.20

The Poisson’s ratio used in the study is 0.25 for all the
cases. The grain size distributions for the two types of soil
are shown in Fig. 1. The width of the geogrid layer
reported in the literature lies between 3B and 5B.
Therefore, 5B width is adopted here (where B is the width
of the footing i.e. 0.1 m). The geogrid layer has been
placed at a depth of 0.5B i.e. 0.05 m from the footing

surface as the optimum depth of the geogrid layer lies
between 0.2B-0.5B [26]. A schematic diagram for the
numerical analyses is shown in Fig. 2.
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Fig. 1. Particle size distribution of sand and weak soil used

The depth of the strong granular bed over the weak
soil layer has been taken to be 2B for all the cases as it has
produced the best results in the study conducted in the
referred paper [27]. The prestressing force applied in the
present study is 3% of the maximum tensile strength of
the geogrid layer. The prestress is used both in X and Y
direction as biaxial prestressing is found to be more
effective [27].

2.1. Finite element modelling

Plaxis 3D, a 3-dimensional finite eclement software
package, was used in this study. This software is often
used for the analysis of deformation, groundwater, and
slope stability problems in geotechnical engineering. The
dimension of the tank is such that it has no boundary effect
on the deformation of the footing under the action of
loading. The model tank is horizontally fixed on the
vertical sides, and full fixity on the base is assumed as a
deformation boundary condition. The footing has been
placed centrally for the analysis.

The geogrid layer used in the study is modelled as a
slender structure with an axial stiffness (7.68 kN/m)
having no bending stiffness. Moreover, it can only sustain
tensile forces and no compression. The geogrid elements
are automatically defined with 6-node triangular surface
elements. The interaction between the soil and geogrid is
modelled using interface elements. An interface element
is composed of 12-node interface elements with an
imaginary thick-ness (zero thickness), used to define the
material properties of the interface (Rinter). The Riner
adopted in the study is 1, which indicates that the strength
of the interface is the same concerning the strength in the
surrounding soil. Two interfaces at the top and at the
bottom of the geogrid layer have been provided for better
interaction with the granular sand layer.

Both the type of soils used in the study has been
modelled using the Mohr-Coulomb failure model, which
is a linearly-elastic perfectly-plastic model and requires a
total of five parameters (two stiffness and three strength
parameters) to model. These parameters have been
obtained using basic geotechnical tests as mentioned by
Aswathy et al. (2013) [25]. The prestressing force is
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applied by using fixed end anchors in both X and Y
directions, which amounted to 3% of the maximum tensile
strength of the geogrid layer, as mentioned earlier.
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Figure 2. Schematic diagram of the test tank used for numerical
analyses.

2.2 Mesh generation and stage construction

For performing the calculation, the geometry has to be
divided into elements, and the combination of such
elements is called finite element mesh. After defining the
model geometry and assigning the material to both the soil
layer and structural object, the 3D mesh is generated. The
Plaxis 3D allows for a fully automatic generation of 3D
finite element mesh, which is based on a system of
horizontal and pseudo-horizontal planes in which 2D
mesh is used. The basic soil elements of the 3D finite
element mesh are 10-node tetrahedral elements. Coarse
mesh analysis has been used for all the studies to get faster
results. The mesh quality has also been checked so that no
unwanted meshing remains in the model. The mesh
generation has created around 20000 nodes in the total
reinforced system. In order to make the analysis more
realistic and robust, the stage construction process has
been adopted for study (Fig. 3).
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Figure 3. Mesh for simulation of staged construction process
used for numerical analyses for placement of geogrid layer
above weak soil

In the first stage, the weak soil is filled up to the
predefined depth into the tank. In the next step, the sand
is filled up to the level at which the geogrid layer is to be
placed. The geogrid layer is then placed over the sand bed
with the proper interface at the top and bottom of the

geogrid membrane for GR soil. The prestressing force is
applied to the geogrid layer for the PGR soil system. The
rest of the granular soil is then poured over the geogrid
layer. Finally, the footing with prescribed displacement is
placed centrally at the top of the tank. This staged
construction procedure is vital because the reinforcement
should be prestressed before filling soil above it;
otherwise, the friction between soil and reinforcement
will prevent the elongation of reinforcement due to
prestressing.

2.3 Validation of the numerical model

The validation of the numerical model plays a crucial role
in any modelling analysis as it ascertains the feasibility of
the model. In the present case, the numerical results are
compared with the experimental results presented by
Aswathy et al. (2013) [25]. The plots of settlement (s),
normalized by the width of the square footing (B) vs.
bearing pressure of UR, GR and PGR soil for laboratory
analysis (denoted as Lab) conducted by Aswathy et al.
(2013) [25] and the Plaxis 3D analysis are presented in
Fig. 4. As we have not considered the ultimate bearing
capacity of the soil, we have used the term ‘bearing
pressure’ in order to find out the response of the soil
system instead of bearing capacity for all the analyses.
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Figure 4. Normalized settlement vs. bearing pressure curves for
comparison of laboratory [25] and numerical study of UR, GR,
and PGR Soil.

It can easily be seen from the plot that the
incorporation of prestressing force into the reinforced soil
structures has tremendously enhanced the load-bearing
potential of the reinforced soil system. The total
settlement in the case of the unreinforced and geogrid
reinforced soil is much higher than the prestressed sample
due to increased stiffness with default parameters
available in Plaxis 3D and the laboratory. The variable
which has been used to express the improvement of
bearing capacity has been denoted by Improvement
Factor (IF) [4].

Bearing pressure of geogrid reinforced or
prestressed geogrid reinforced soil at a certain settlement
Bearing pressure of unreinforced or
geogrid reinforced soil at the same settlement

IF =

The GR soil when compared with the UR soil, gave
maximum /F value as 2.4 for the present analysis whereas
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it gave a lesser value of 2.08 for the actual laboratory
analysis as seen in Fig. 5.
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Figure 5. Improvement factor vs. settlement relationships for
comparison of laboratory [25] and numerical study of UR, GR,
and PGR Soil.

The improvement of the PGR soil as compared to GR
soil is almost 200% throughout the settlement range. The
reduction in Improvement factor at higher settlements
may be due to the fact that the composite layer of geogrid
is unable to diffuse the stresses induced due to the applied
load on the footing. Apart from the increase in
improvement load-bearing capacity, the settlement is also
reduced to a great extent due to the introduction of
prestressing into the reinforced soil system. For 100 kPa
bearing pressure, the GR soil improved the settlement by
67% for UR soil, whereas the PGR soil improved it by
almost 89%. The reduction in settlement of PGR soil with
respect to GR soil has been around 66%.

3 Analysis and interpretation

The main objective of the current research work is to
understand the comparative load-deformation behavior of
UR, GR, and PGR soil systems. The influence of depth of
placement of footing, size of the footing and the
interference of adjacent square footings placed nearby are
examined by keeping the material properties of the soft-
soil, sand, and geogrid materials, the interface element
types, the number of nodes and the mesh size as constant.
In Plaxis 3D, we can incorporate force either employing
prescribed force or prescribed displacement. In this case,
the deformation caused by the rigid footing under the
action of loading has been simulated using non-zero
prescribed displacement (maximum 15% of footing
width) instead of modeling the footing itself. The
maximum settlement is recorded at the point of maximum
load intensity, i.e. at the point of load application. This
point is shown as point A in Fig.2.

3.1 Effect on energy efficiency

The effect of prestressing on energy intake efficiency
(energy required to attain a certain settlement) has been
shown in this section. The total energy required to achieve
500 kPa bearing pressure for the three types of samples
have been calculated from Fig. 4 and shown as a bar
diagram in Fig. 6. The energy required to attain 500 kPa
bearing pressure is highest for the UR sample (26.75

kJ/m?), whereas it requires 84 % lesser energy (4.16 kJ/
m?) to achieve the same bearing pressure for PGR soil.
The energy requirement is undoubtedly less for the
conventional GR soil, but it still needs more than double
the energy as compared to PGR soil. The reason behind
such findings may be attributed to the enhanced tension
mobilization and the resultant increase in the stiffness of
PGR soil as it requires lesser deformation to achieve a
certain settlement and vice-versa. It also depicts the vast
potential of using prestressing as an excellent energy-
efficient ground improvement tool for enhancing the
bearing pressure and reducing the settlement at the same
time.
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Fig. 6. Energy required to achieve 500 kPa bearing
pressure in UR, GR and PGR soil

3.2 Effect of depth of footing

It is a well-known fact that it is not always possible to
place the foundation directly on to the surface due to many
constructional restrictions. In these circumstances, the
footing has to be placed at a certain depth below the
ground surface. The depth, at which the footing is placed,
plays a pivotal role in determining the load-bearing
characteristics of the foundation. In the present case, two
depths of footing (d) have been taken into account, which
are 0.025 m and 0.04 m. The depth is not increased further
because of the geogrid layer is placed at a depth of 0.05m
from the surface of the tank, as mentioned earlier. The
normalized settlement vs. bearing pressure curve for all
the three types of soils viz. UR, GR and PGR soil have
been plotted in Fig. 7. Here also, the improvement due to
prestressing is quite easily visible. At the same time, it can
be said that the load-bearing capacity has increased due to
an increase in the depth of the footing from 0 to 0.04m for
all the three variants of soils.

From the figure, it can be said that for unreinforced
soil, the increase in bearing capacity is more significant
when the depth is increased up to 0.025m from the surface
and the depth 0.04m gave a little improvement whereas
for GR and PGR soil the increase in bearing pressure is
almost uniform. The plot of improvement factor against
the settlement has been plotted in Fig. 8. It can be seen
that the prestressing effect is very much present for all the
three depth of footing. For GR and PGR soil, the
maximum improvement could be seen for 0.040m of
depth as expected. However, it is wise not to place the
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footing very near to the geogrid layer which could result
in reduced bearing pressure due to the reduced
mobilization of normal and shear stresses.
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Figure 7. Normalized settlement vs. bearing pressure curves for
UR GR PGR soil for different depths of footing.
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Figure 8. Improvement factors of PGR soil with respect to UR
and GR soil vs. settlement curve for footing depth 0, 0.025 m
and 0.04 m
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Fig. 9. Normalized settlement vs. bearing pressure curves
for different size of footing in UR, GR and PGR soil

3.3 Effect of size of the footing

The effect of the size of the footing has been analyzed in
the next segment of the study. Keeping in mind that
footing size also has a significant influence on the
response of the foundation, this parameter is studied while
comparing for the three types of soils. For all the cases,

square footings have been considered for analysis. A plot
of normalized settlement vs. bearing pressure has been
shown in Fig. 9 for UR, GR, and PGR soil. The sizes of
the footing have been taken as 0.1 m, 0.2 m, and 0.3 m.
The tank size has been increased to 2 m * 2 m in order to
get rid of the boundary interference problem that has been
checked prior to the selection of the footing sizes.

For all the three cases, the load-bearing pressure has
increased due to an increase in the size of the footing. The
maximum footing size i.e. 0.3 m x 0.3 m, gave the
maximum amount of load-bearing pressure whereas 0.1 m
x 0.1 m, gave the minimum value. The settlement is found
up to 15 mm for UR and GR soil and up to 2.5 mm for
PGR soil. As the load-bearing pressure is directly related
to the size of the footing, the increase in bearing pressure
is justified. The increase due to prestressing is also a
notable aspect of the current analysis. So it can be said
that that PGR soil adds to the improvement due to footing
size.

3.4 Effect of interference of footing

In many practical situations it is necessary to place
footings near each other due to the scarcity of land as well
as due to structural demands. However, placing one
footing near to another footing always has an influence on
the nearby footing. The third and final study which has
been conducted here is the influence of adjacency of two
interacting square foundations with increasing distance
between the foundations. The distance between the square
footing has been denoted as SFD (square footing distance)
and has been varied in the range of SFD=B,2B, and 3B,
where B is the width of the footing or 0.1 m. The tank
dimensions are taken here as 2 m * 2 m in view of
addressing the issue of boundary interference with the
increase in SFD in this case as well.The settlement could
reach up to the imposed 15 mm mark for UR and GR soil
but it could reach up to 2.5 mm for PGR soil due enhanced
stiffness due to prestressing.
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Fig. 10. Normalized settlement vs. bearing pressure
curves for interfering square footing in UR, GR and PGR
soil

The plot for the normalized settlements vs. bearing
pressure has been shown in Fig. 10. It can be seen from
the figures that the presence of another footing nearby, in
fact, enhances the load-bearing pressure for close spacing.
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For all three soils, the single footing case gave the lowest
value bearing pressure. For UR soil, the highest amount
of bearing pressure was given for SFD=2B, after which
there was no significant improvement. For GR soil, the
maximum value was given for SFD=2B and for PGR soil,
the corresponding value was SFD=2B. Therefore, it
observed that the adjacency of footings plays an essential
role in enhancing the bearing pressure of a footing resting
on sand overlying weak soil.

The reason for such results may be attributed to the
fact that when SFD=B, the two foundations work as a
single foundation, which results in an increased width and
the resulting increase in bearing pressure. As the distance
increases, the soil between the two foundations gets
locked up and goes down with the foundation and thus
behaving like a single unit. This event is related to the
formation of an inverted arch beneath closely spaced strip
footings, which is called ‘‘blocking’’ as mentioned by
other researchers. Therefore, the level of soil stress is
increased in this zone by an increase in the load applied to
the foundations. Since the stress cannot flow square
footings, the stress is concentrated at the edges of the
footings and a block is formed in the confined soil
between the foundations. This phenomenon results in the
formation of a rigid confined block in the space between
the square and the strip footings and increases the load-
bearing pressure. But with further increase in distance, the
stresses are relieved and the foundations cease to affect
the soil in between and thus giving lesser values of
bearing pressure.The combined graph for normalized
settlement vs. bearing pressure (Fig. 10) shows the
maximum improvement for PGR soil as expected. It can
be noticed that for UR soil, the increase was seen up to
SFD =B for GR soil SFD=2B and also for PGR soil SFD=
2B which proves the point that due to prestressing the
enhanced support of the geogrid layer had resulted in the
increased spacing of adjacent footings. The same can be
understood more clearly from the bar charts provided for
UR, GR and PGR soil in Fig. 11 for an initial small
settlement. Therefore, it is inferred that placing two
adjacent square footing increases the interference zone of
PGR soil by 67% as compared to UR soil.
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Fig. 11.Variations of bearing pressure for 1 mm of
settlement considering different SFD values for UR, GR,
and PGR soil.

Conclusions

In this study, the effect of prestressing a geogrid layer on
the performance of a overlying square footing is studied.
It is observed that on prestressing the geogrid, the
membrane effect is mobilized at a minimal deformation.
This membrane effect helps in settlement reduction and
bearing capacity increment. It has also been observed that
the total energy requirement of PGR soil is around 16%
of the unreinforced soil and almost 50% of the
conventional geogrid reinforced soil. The studies on the
effects of depth, size, and interference of footing take into
account the practical implementation of prestressed
geogrid reinforcement on the site. The results are highly
encouraging and beneficial and can be adopted as an
alternative to other uneconomical and cumbersome
ground improvement techniques. At the same time, this
method is extremely energy efficient while it significantly
reduces the required settlement for geogrid tension
mobilization simultaneously. The major constraint of
choosing this technique for real scale field studies is the
lack of suitable methodology of exerting the required
prestressing force in the field.

Nonetheless, a few successful prestressing techniques
have been reported in the past, however, a robust
prestressing method is the need of the hour. This study is
also highlighting that with the modern technology and
development of appropriate prestressing techniques, the
application of prestressed geogrid in the geotechnical
field will scale up its probable use in the near future for a
sustainable development.
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