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ABSTRACT

Soils and geosynthetics are terms used interchangeably whenever the physical and mechanical
properties of the soil are unlikely to sustain the load coming over it. Several studies have been
undertaken to determine the benefits of using geosynthetic products instead of conventional
procedures such as stone columns, jet grouting, soil nailing, and so on. As far as geotechnical
applications are concerned, geogrid is the most widely utilised polymeric product. This paper
provided an overview of geogrid’s numerous applications, including pavements, airport run-
ways, railroads, building foundations, MSE walls, bridge embankments, and landfills.
Furthermore, this bibliometric analysis has revealed the important laboratory model experi-
ments done on geogrids as well as numerical finite element and finite difference model
analysis. An overview of several case studies involving geogrid reinforcement in large projects
was also documented; the review also discussed the present trends and opportunities for
future development of new geogrid reinforcement technologies within the same section of the
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literature collection to have better clarity for comparison.

1. Introduction

Engineering soil is weak in tension. After extensive
research, we deduced that the incorporation of
a tensile material into engineered soil would overcome
the weakness of the soil. Geogrid is a tensile material,
and owing to its economy, ease of construction, and
environmentally friendly nature, they are abundantly
used to reinforce poor soil. The performance and load-
carrying capacity of the soil-geogrid composite system
is enhanced by the interaction between soil and geo-
grid reinforcement with a high stiffness ratio. The
stiffness difference between soil and geogrid has an
important effect on shear stress mobilisation along the
geogrid, which increases the shear strength of rein-
forced soil, popularly known as the stiffening effect
(Halder and Chakraborty 2019; Tutumluer, Huang,
and Bian 2012). The tensile force of the geogrid can
be increased even further by using prestressing geo-
grid concepts (Lackner, Bergado, and Semprich 2013).
The aperture size, mechanical properties of the geo-
synthetic product, and soil used also positively affect
increased load-carrying capacity and reduced irrecov-
erable deformation.

Weak soils with very low shear strengths cover
the majority of India’s land. As a result, the only
method of construction was the time-consuming
excavation of weak soil and replacement with
improved soil. As an alternative, a 1- to 2-m-thick
sand layer was initially above the soft soil layer

(Sireesh, Sitharam, and Kumar Dash 2009).
Henceforth, whatever load comes over the weak
layer will be taken care of by the granular layer
and the tensile force generated in the geogrid rein-
forcement, thereby reducing the overall settlement.
Generally, the settlement of the structure laid on soft
soil will be high; therefore, settlement predictions
should be accurate. The improvement of bearing
capacity and settlement of soft soil is mainly due
to the three mechanisms: shear layer effect, confine-
ment effect, and additional surcharge effect, respec-
tively, are explained with sketches in Figures 1(a, b,
c). The shear layer effect encompasses the shearing
resistance offered by a thin layer of cohesionless soil
against the superstructure load. The tension gener-
ated in the geogrid material will try to confine the
dispersing load by counteracting it in the opposite
direction, providing a confinement effect. The rea-
son for tensile force in the geogrid is a result of
frictional force induced between reinforcement and
granular soil. The stress along the punching shear
surface acts as an additional surcharge and contri-
butes to bearing capacity improvement. The tensile
force generated in each case and the corresponding
improvements in bearing capacity was mentioned
below in theoretical equation format.

The shearing forces that are developed at the edges
of the footing due to the shear layer effect are given by
(Jayamohan and Shivashankar 2015)
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Figure 1. (a) Schematic representation of shear layer effect (Adapted from Jayamohan and Shivashankar (2015)). (b) Schematic
representation of confinement effect (Adapted from Jayamohan and Shivashankar (2015)). (c) Schematic representation of
additional surcharge effect (adapted from Jayamohan and Shivashankar (2015)).

1
6 = EKPyHZtanQ)S (1)

The improvement due to the shear layer effect:

2Tf1

AQg, = 3 (2)

Vertical force in punching shear failure due to the
confinement effect is given by Equation (3)

75, = Trtanf; (3)
where,
Tr = y Htan(rL.(LDR) (4)
The improvement due to confinement effect:
2T 2
AQcg = Tf (5)

The improvement due to additional surcharge effect:
AQge = 0.84(AQck + AQyy ) (6)

This study provides an overview of geogrid’s main
applications in geotechnical and related fields. The
complex relationship between soil and geosynthetics
can be changed by altering the geogrid or the soil’s
physical characteristics. Even within the same soil,

shear stress mobilisation along the geogrid reinforce-
ment direction varies depending on the relative den-
sity and level of stress. Under normal load conditions,
dense soil has a tendency to dilate. However, the
reinforcement prevents this dilation and increases
soil-structure interactions, thereby increasing
strength. This cutting-edge review aids in compre-
hending various literature involving interactions of
a wide range of geogrid materials (polypropylene,
polyethylene, and polyester) with different types of
soils ranging from cohesionless to cohesive. The
study also highlights the advantages of using tensile
materials like geogrids over other options, such as
excavation of poorer quality soil and replacement
with competent hard soil for pavement foundation,
grouting with cement lime for slope stabilisation,
installation of piles to increase bearing capacity
under footings, and so on. All of the scenarios men-
tioned above can be remedied using geogrid, which
has been demonstrated to be a superior material. It
functions as a stress-relieving layer and boosts the
soil’s bearing capacity (Chakraborty and Kumar
2014; Saha Roy and Deb 2017; Lai, Chen, and Li
2018; Halder and Chakraborty 2018; Xie,
Leshchinsky, and Han 2019; Useche-Infante et al.



2022). Another issue that will be addressed in this
study is the use of geogrid design shear lag approx-
imation assumption (Abramento and Whittle 1995).
Most of the literature exemplifies that the tensile force
in a geogrid is distributed uniformly across its width,
like loading on a beam. In practice, the tensile force is
not distributed uniformly due to soil structure inter-
action. Understanding the precise tensile force distri-
bution along the width of the geogrid thus requires
a thorough understanding of the pull-out response
and the generation of interface traction for the exact
tensile force distribution along the width of the geo-
grid (Ragui Wilson-Fahmyfl Robert et al. 2012; lin
Wang et al. 2021).

A research gap that needs to be filled for the benefit
of practicing engineers is the effectiveness of triangu-
lar aperture geogrid and the mechanism of interaction
with soil under dynamic loading, especially in pave-
ment foundations (Wang et al. 2018). The durability of
geogrid is another issue that is still a problem and
should be addressed appropriately. It is necessary to
conduct extensive research on the stress relaxation in
tensile strength behaviour of geogrid after a specific
interval of time because the early age strength of
geogrid weakens over time (Jeon 2010; Silva Vieira
and Pereira 2021). The vertical reinforcing effect of
geogrids, which can provide radial restraint to struc-
tures resting on soft soils, has recently received very
little literature study. The problem of higher loading
will be solved by using a geogrid-encased stone col-
umn rather than other geosynthetic materials like
geocells. For further stress reduction by the lateral
confinement concepts, additional horizontal geogrid
reinforcement could be offered in addition to vertical
encasing. However, very little research has been done
on this subject.

1.1. Application of geogrid reinforcement

The majority of geogrid applications are in pavements,
footings, MSE walls, soil slopes, and pile-supported
embankments. However, even though geogrid appli-
cations in those areas are limited so far, there are
certainly other areas where we can use geogrid. This
section describes some of them in seismically prone
areas, landfill sites, railway ballasts, geosynthetic enca-
sement of stone columns.

Unprecedented earthquakes are not forewarned,
even in earthquake-prone regions where large fault
movements and plate deformations occur. To mitigate
or minimise the catastrophic damage caused by an
earthquake, the soil foundation on which the structure
is built must be stabilised along with the retrofitting of
the structure. Recently, it has been proven that gabion,
geogrid, and sheet pile reinforcements ensured resili-
ence against earthquakes, as seen in the study by
Chaudhary et al. (2018). However, we are
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underestimating the actual stresses and deformation
in the laboratory. Because in the field, the surcharge
load includes hundreds of metres of the soil layer in
some instances, which we cannot simulate in our
model tests. Centrifuge tests, on the other hand, have
the advantage of high-accuracy real-world simula-
tions, even when testing small-scale models under
higher gravitational forces (Izawa and Kuwano
2011). These are safer than real field simulations,
allowing the researcher to test the behaviour of the
structure in a controlled environment.

Ke et al. (2021) conducted a one-year field moni-
toring of a geogrid-enhanced municipal solid waste
landfill. However, the project failed due to the small
aperture size, insufficient geogrid length beyond the
slip circle, and poor frictional behaviour. Uneven slid-
ing and damping pressures caused inconsistent strains
in the reinforcements, which caused instability. These
errors can be rectified, and geogrids can be used in
landfills in the future. Rajesh and Viswanadham
(2012, 2014) used a centrifuge simulation subjected
to distortion. The authors observed that the reinforce-
ment effect of the geogrid eliminated the tensile stress
and strain generated in the landfill
Furthermore, the tension zone’s depth was signifi-
cantly reduced due to the geogrid’s improved tensile
load strain characteristics. They also demonstrated the
significance of using stiffer geogrid subjected to higher
levels of overburden stress in order to prevent differ-
ential settlement.

Geogrids can also be used in railroads to reduce
ballast thickness and prevent aggregate material loss.
Various percentages of fine material were used to fill
the interstitial voids (fouling) between the ballast (B.
Indraratna, Ngo, and Rujikiatkamjorn 2013). The
cushioning effect provided by the fouling material
and the addition of geogrid between sub-ballast and
ballast resulted in reduced displacement. The study
also revealed that after a certain level of fouling, the
interlocking between the fines and the geogrid
diminishes, resulting in excessive deformation.
A case study on a geogrid reinforced Shenyang rail
line subjected to dynamic loading was investigated (G.
Chen 2009). Numerical simulation deduced
a conclusion that the propagation of dynamic stress
recorded was lesser in the case of a geogrid reinforced
rail line.

Geogrid encased stone column is the best rein-
forcing technique for overhead tank foundations
and bridge piers located on poor soils (Zhou and
Kong 2019; Yoo and Abbas 2019; Tan et al. 2021;
Xu et al. 2021). This most recent topic has concen-
trated on the macroscopic behaviour of bearing
capacity as well as vertical and lateral movements.
However, further research is required into the
inter-particular interaction between aggregates and
geogrids under different types of loading, as well as

cover.
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changes in the molecular-level interaction under
undrained conditions.

1.1.1. Application in pavements

Flexible pavement contributes to the major applica-
tion of geogrid reinforcement due to its improvement
in trafficability and reduced vertical deformation
under moving vehicular load. AASHTO R50 (2017)
design guideline is a widely used geosynthetic rein-
forced pavement foundation design method. The early
age tensile strength and the response of the geogrid to
the traffic loading was much faster than that of the
geotextile, making it a superior material over the geo-
textile (Nair and Madhavi Latha 2014; Nejad et al.
2016). Moreover, it was found that the positioning of
geogrid is the key to getting reliable results. Giroud
et al. (2004) reported that using geogrid reduced the
base course thickness because the moving traffic load
was shared between the base geomaterial and the
geogrid, making the subgrade more resistant to defor-
mation. The lateral restrainment and tension mem-
brane affects aid in safe load transfer through
reinforcement and controlled strain generation in the
system. However, due to overburden pressure and
cyclic loading, soil property deterioration was possible
as we were dealing with stiff geogrid. This stiff geogrid
resisted the compaction process, resulting in a weak
interlock between the soil and the geogrid. Therefore,
bending stiffness parameter provision could yield
a better interlocking properties and safety to pavement
foundations. As a result, the consideration of this
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parameter in the design process could identify promis-
ing future research. El Naggar, Turan, and Valsangkar
(2015) manifested the beginning of a robust applica-
tion of geogrids on the safety of underground utilities,
such as water and gas transmission pipes, culverts for
water passage to nearby irrigation fields, electrical
cables buried under the right of a way of highway
pavements. Including geogrid reinforced loading plat-
forms reduced the overstressing and excessive defor-
mations transferred onto the culverts, ensuring the
safety of underground trenches. As a future likelihood,
the moving traffic load simulation in the laboratory is
becoming important since our studies were limited to
static loading cases. Extrapolating static to real field
scenarios will accurately predict the failure stresses
and strains on buried utilities.

Work is still being done to simulate the beha-
viour of pavements under cyclic loading and to
develop a design method for determining the base
layer thickness reinforced with triangular geogrids
Qian et al. (2013). The authors studied three cases
without a geogrid, with a weaker geogrid (TX1), and
with a strong geogrid (TX2). Results showed that
providing triangular geogrid at the interface between
the base and weak subgrade layers decreased the
maximum vertical stress and permanent deforma-
tion under repeated cyclic loading. The stress and
deformation variation with the load cycles are repre-
sented in Figure 2(a, b). The benefits of geogrid
reinforcement could be quantified in terms of resi-
lient modulus increment or base thickness
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Figure 2. (a) Vertical stress distribution at the base-subgrade interface (adapted from Qian et al. (2010)). (b) Permanent
displacement at the surface versus the number of load cycles (adapted from Qian et al. (2010)).



reduction. The resilient modulus is the slope of the
unloading curve for any particular loading cycle, and
it also includes elastic strain and relaxation.
Nonetheless, rigid plates of moderate dimensions
were used for cyclic loading applications. However,
in the actual scenario, the single axle load of 80kN
was acting as a point load, and authors simulated it
as a surface loading on purpose for most of the
study (Qian et al. 2013; Ravi et al. 2014; Nair and
Madhavi Latha 2014; Abu-Farsakh et al. 2016;
Jayalath et al. 2021; Abdollahi, Moghaddas
Tafreshi, and Leshchinsky 2021). Compared to the
pavement surface layer area, the contact area of axle
loading is negligible, so we could assume it is almost
as a point load. This misinterpretation of loading
should be avoided in the forthcoming studies for an
exact portrayal of the results.

Until now, this study discussed the flexible pave-
ment reinforced with geogrid. The usability of geogrid
is not limited to flexible pavements. Pavement overlay
can be of concrete or asphalt, depending on the feasi-
bility and purpose to serve. The incorporation of geo-
grid to reinforce plain cement concrete has gained
attention. We know that concrete is good at compres-
sive load but has poor tension capacity. Geogrid,
a tensile material, can be beneficial in strengthening
plain cement concrete (PCC) and will give imminent
warning before failure. The ductile post-cracking
behaviour in the geogrid reinforced plain concrete
rigid pavement increased load-carrying capacity and
decreased crack propagation Al Basiouni et al. (2018a).
Al-Hedad, Zhang, and Hadi (2020) presented works
showing that concrete pavement reinforced with geo-
grid reduced the shrinkage in pavements due to tem-
perature fluctuations. Draining out of the water from
the concrete pavement where the water table is shallow
leads to corrosion of steel reinforcement and other
conventional materials, but geogrid replacement
avoids the formation and propagation of cracks and
corrosion. Other significant findings on geogrid-rein-
forced pavement foundations and parameters are stu-
died and compiled in Table 1.

1.1.2. Application in footings

Over the years, numerous works have been success-
fully performed to explore the usage and outcomes of
geogrid reinforced footing load. Several laboratory
tests, numerical modelling, and simulation studies
are available in the literature, whereas field studies
are limited. In particular, the critical parameters,
which directly affect the performance of reinforced
footing beds and thereby aid in attaining maximum
bearing capacity are the burial depth of placement of
the top geogrid layer, the number of reinforcement
layers, diameter, and aperture geometry, and so on.
For the burial depth of geosynthetics, Aria, Kumar
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Shukla, and Mohyeddin (2020) used finite element
analysis using PLAXIS software under plane strain
conditions to determine the bearing capacity change
due to the variation in depth of placement of geogrid
and the width of reinforcing element. The behaviour
of the foundation soil was simulated using the Mohr-
Coulomb elastoplastic constitutive model. This most
basic constitutive relation assumes that the soil exhi-
bits elastic behaviour before failure and a sudden shift
to perfectly plastic as failure occurs under shifting
stress states. For the entire study, loose sand was
used. The Mohr-Coulomb approximation is sufficient
for loose sand with an extended elastic range or elas-
ticity. The optimum burial depth of reinforcement
under the footing was said to be dependent not only
on the footing width but also influenced by soil shear
strength parameters like cohesion and angle of inter-
nal friction. Most of the past literature has not
addressed the reason for shear parameters’ depen-
dence on the reinforcement’s burial depth.

The Soil-Geogrid interaction study is another area
of prime importance, as the interlocking between the
soil and geogrid shows the effectiveness of reducing
the load transferred to the strata beneath the geosyn-
thetic layer. Under various loading conditions, the
ASTM D5321 standard test method provides a way
to measure the interfacial friction between the footing
and the geogrid. This can be quantified in terms of
interface strength parameters with a model pull-out
testing set-up. In the recent past, complex soil-geo-
synthetics interaction studies have been carried out to
capture the actual failure pattern during foundation
loading. Chen et al. (2021) studied the behaviour of
sand under strip footing with and without geogrid
inclusions. Due to the opacity of sand, transparent-
type sand was used to understand the displacement
along with the different layers of geogrid, failure beha-
viour, and so on. The results revealed that the number
and length of reinforcements were the key parameters.
The failure trend seen in the geogrid reinforcement
commences from the bottom layer and is then directed
towards the surficial layers. (Chung and Cascante
2007) also concluded the importance of parameters
like the number and location of reinforcement in
improving the bearing capacity as well as the small
strain stiffness of underlying soil owing to the benefit
of dispersing action of reinforcement to distribute the
load to a deeper layer where the strength, confine-
ment, and stiffness were predominant. (Michael, By,
and Collin 1997) studied the effect of soil density and
the reinforcement plan area beside the above-men-
tioned parameters. This paper shows a top reinforce-
ment layer close to the surface added to the bearing
capacity enhancement. Even though the author’s
paper was case-specific and used only a certain type
of soil with varying densities and a particular type of
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Table 1. A summary of the the literature on geosynthetic-reinforced pavement foundation.

Tank
dimension/  Asphalt
Reinforcement Geogrid specimen (HMA) Base Subgrade Parameters
References type location dimension thickness thickness thickness studied Significant findings
Qian et al. (2013) Triangular At the 2 mx2.2mx - 150 mm, 1000 mm Base thickness Geogrid reduced the
aperture interface 2m 230 mm, Permanent maximum vertical stress
geogrid of base 300 mm displacement on subgrade
and Max. Vertical stress at Confinement provided by
subgrade the centre aggregate-geogrid
interlocking was key to
reinforcing the base
course
(Al Basiouni Biaxial geogrid In Portland, - 170mm 280mm 600 mm Load capacity and GRC improved post-
et al. 2018b) cement Crack cracking ductility of GRC
concrete propagation of compared to PCC
geosynthetic Steel and geogrid exhibited
reinforced similar behaviour
concrete (GRC)  GRC sustained three times
more load cycles than
PCC by reducing
accumulated horizontal
tensile strains
(J. Qian et al. Glass fibre Wearing 0.3 mx0.18 - - - Crack opening Crack in pavement
2018) geogrid, course mx0.3 m width increased as thermal
geotextile Traffic load load increased
Thermal load Placing of geotextile and
geogrid retard fatigue
and propagation of the
crack
Correia et al. Geogrid Wearing - 60mm 200mm 1000 mm Geogrid strain Geogrid reduced
(2018) course Max. Rutting permanent displacement
depth and strain and mobilised
tension in pavement
structural layers
Increased bearing capacity
even for weaker
subgrade
(B. Han et al. Biaxial and Between 0.5 mx0.5 - 360 - Shear By increasing cyclic shear
2018) triangular aggregate  mx0.18 m displacement stress, the interface shear
geogrid base Geogrid-soil modulus decreased
interaction in By increasing normal stress,
terms of G; increased under cyclic
resilient shear testing
interface shear
modulus (G;)
(Robinson et al.  Biaxial and Base/ 58 107 mm 362 - Rutting The preferred location of
2020) triangular subgrade  mx11mx1.1 performance geogrid is at the base/
geogrid interface mm Subgrade pressure  subgrade
Mid depth Increasing aperture size and
base tensile strength
improved rutting
performance
(B. Han et al. Biaxial and Between 0.533 - - - Aggregate A better reinforcement
2020) triangular aggregate mx0.38 gradation effect was obtained by
geogrid base mx0.115m Geogrid tensile increasing aggregate
strength and interaction with geogrid
aperture Aperture geometry is
geometry inferior compared to
tensile strength on
reinforcing effect
Triangular geogrid better
than biaxial geogrid
(Alimohammadi Triaxial geogrid ~ Base/ - - 152 mm - Geogrid stiffness ~ The project cost was
et al. 2021) subgrade Geogrid location reduced by reducing the
interface Asphalt and base asphalt and aggregate

layer thickness

base thickness through
the incorporation of
geogrid

Geogrid reduced vertical
stress at the top of the
subgrade due to its
lateral confinement
effect




geosynthetic reinforcement, still the bulk of the inno-
vations was based on the basic knowledge provided by
this classic paper.

In seismic-prone areas, providing a thin sand layer
and reinforcement of the shallower depth with opti-
mum width will significantly reduce the damage to
weak soil mass and foundation subjected to a seismic
acceleration in the horizontal and vertical directions.
Kumar and Chakraborty (2020) analysed the bearing
capacity improvement for a strip footing resting on
a geogrid-reinforced sand bed subjected to pseudo-
static seismic loading using a lower bound limit equi-
librium theorem and finite element analysis. Despite
the tremendous enhancement in load-carrying capa-
city evident from the study, the results were not accu-
rate. Because they did not use time, frequency, and
vibrational shear waves transmitted through the soil
for their dynamic analysis. This study could be further
modified by incorporating dynamically prominent
parameters for a better approximation of dynamic
loading conditions. Another problem we intervene in
dealing with footing is the interference effect on clo-
sely spaced footings. We are forced to design a large
footing to cope with the heavy superstructure loads,
which will result in a reduction in the spacing between
footings. (Saha and Deb 2019) investigated the inter-
ference effects of footing resting on geosynthetic
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reinforced granular soil underlain by soft soil. The
schematic set-up of footing resting on a geogrid rein-
forced sand layer underlain by weak soil is illustrated
in Figure 3(a,b) Initially, the bearing capacity showed
an increase, then reduced with the increase in spacing.
To alleviate such problems, optimum spacing between
reinforcing members was provided. The author also
studied the effects of different footing geometry.
Square footing showed an increased bearing capacity
than that on rectangular footing. However, signifi-
cantly fewer studies were conducted on the geogrid
reinforced ring or circular-shaped footings. Even
though ring foundations have a wide range of applica-
tions in bridge piers, overhead tanks, silos, cooling
towers, and so on, the study was limited. Efforts to
conduct studies to stabilise the excessive load trans-
ferred to ring footings will reduce the ambiguities
prevailing in these fields. Table 2 shows the important
parameters affecting the load-carrying capacity of the
geogrid reinforced footing base and its optimum value
chosen by the authors.

1.1.3. Application in MSE walls

Mechanically stabilised earth walls consist of facing
blocks, backfill soil, and reinforcing materials. The
choice of material is based on the purpose to be served.
The facing panel helps to avoid the ravelling of soil,
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Figure 3. (a) Schematic diagram of test set-up for isolated footing (adapted from Saha and Deb (2020)). (b) Schematic diagram of

footing on a reinforced bed (adapted from Saha and Deb (2020)).
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Table 2. Optimum parameters of geogrids used in the previous studies.

Researcher Type of footing Type of reinforcement h/B u/B b/B N
Chen et al. (2021) Strip Biaxial polypropylene geogrid 0.25 2 >3 upto7 6
Hosamo et al.(2021) Ring Single and double-layered biaxial geogrid 0.15 0.4-0.45 - 4
Saha and Deb (2020) Isolated Square footing Geogrid 2 0.75 - -
Khosrojerdi et al. (2019) Square footing Geogrid 0.3 03 15 3
Xie et al.(2019) Strip footing Geogrid 0.5 - 4 -
A. Kumar and Saran (2003) Strip and square Tensar geogrid 0.5 0.25 6 2
Halder and Chakraborty (2018) Strip footing Geogrid 0 0.5 4 -
Yadu and Tripathi (2014) Strip footing Biaxial geogrid 0.33 0.33 12 6
Boushehrian and Hataf (2003) Circular footing Geogrid 033 0.56 - 3
(Adams and Collin 1997) Square Biaxial geogrid & geocell 0.16 0.25 - 3
Khosrojerdi et al. (2019) Square footing Geogrid 03 0.9 - 3
Halder and Chakraborty(2019) Strip footing Planar geogrid 0.45 03 5.5 2
Sawwaf and Nazir (2010) Rectangular footing Geogrid 0.6 0.3 5 3
Zidan (2012) Circular footing Geogrid 0.2 0.19 - 4

and it can be of concrete, timber, gravel, and so on.
Reinforcing elements like steel strips or geogrid sheets
provide sufficient tensile strength, stiffness, durability,
and pull-out strength, which helps the designers to
reach extreme wall height irrespective of the gravity
load and slope angle (ASTM 1995). There are two
types of design aspects of the reinforced MSE walls.
These are the tie-back wedge method and the coher-
ent-gravity method, as illustrated in Figure 4 (a, b). Tie
represents a tension member, and it is driven into the
active failure zone of the soil. The tie member will
stabilise the active failure wedge. Failing wedge
boundaries could be located using monitoring devices
like earth pressure cells and strain gauges along the
entire reinforcement length. As friction develops
along with reinforcement, strain mobilisation will
occur, and all failed wedge boundaries can be plotted
using FLAC 3D or PLAXIS 3D software. Increasing
the height of an unreinforced MSE wall requires
increased horizontal space, which is difficult to afford
in applications like highway embankments. This space
consumes the right of way for the pavements.
Therefore, a geogrid in the form of steel strips was
introduced in a layered manner with one end tied to
the wall facing element. The tension membrane effect
provided sufficient lateral resistance against soil move-
ment. A secondary reinforcement layer of a shorter
length could be a wise choice to reduce the overall cost
of the improvement Jiang et al. (2016).

Fishman et al. (1993) conducted an experimental
study on a full-scale concrete facing a mechanically
stabilised tensor geogrid reinforced earth retaining
wall that was used as part of a highway widening
project. Internal and external stability must be con-
sidered when designing a retaining wall. Exterior walls
ensured the external stability of the system. The exter-
nal instability issues observed were sliding failure,
overturning failure, tilting/bearing failure, and slip
failure. However, the author only looked at the inter-
nal stresses and strains within the system. The internal
failure modes in the design of reinforced soil retaining
walls were tension failure and pull-out failure. The
study revealed that the tensile strength and stiffness

of the reinforcing member should be adequate to pre-
vent the breakage of the tensile member. Moreover,
pull-out failure could be eliminated by providing
a sufficient length of the reinforcing members beyond
the potential failure wedge. The observed vertical pres-
sure induced near the wall facing was a smaller value
than that at the centre and the other end of the retain-
ing wall. This was due to the soil-arching effect
observed near the wall face and the temperature stres-
ses generated. This effect could be minimised by using
a flexible articulated panel instead of a rigid concrete
retaining wall.

The performance of multiple tiered stepped facing
MSE wall reinforced with geogrids subjected to strong
ground motion is becoming relevant nowadays. A recent
number of papers in that particular area show its impor-
tance (Xiao et al. 2012; Safaee, Mahboubi, and Noorzad
2021). A shake table test was used to simulate ground
shaking. The number of steps for the concrete fascia and
the closely spaced reinforcement layers positively affected
the system’s internal stability. The geogrid members
reduce the earth pressure generated from the ground
shaking by evenly distributing the pressure across the
MSE wall, thereby avoiding potential pockets of failure
points. Moreover, the drainage properties of the geogrid
prevented the accumulation of excessive pore water pres-
sure and thereby contained the threat of liquefaction-
induced damages to wall-facing and backfill soils. The
geogrid reinforcement also eliminated the displacement
and overturning effects under high-intensity ground
shaking Qu et al. (2022).

The same principle applies to bridge abutments and
approach backfill. Gregory et al. (1993) conducted
a two-parameter finite element study on bridge abut-
ments. The study interpreted that geogrid introduc-
tion into the backfill reduced the permanent
settlement and differential settlement, resulting in
a bump at the ends of the bridge. A collapsible mate-
rial was positioned between the fill and the abutment
to reduce the earth pressure exerted on the abutments.
Thus, the result of the study concluded that the tensile
reinforcement and the collapsible inclusions reduced
the settlement and thereby ensured the satisfactory
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Figure 4. (a) Schematic representation of tie-back wedge method (adapted from Molly and Katti (2014)). (b) Schematic
representation of coherent gravity method (adapted from Molly and Katti (2014)).

performance of the bridge system Zhang, Zheng, and
Lu (2014). A parametric study by varying collapsible
layer thickness, stiffness of collapsible and reinforcing
materials, and so on should be conducted to better
understand the importance of these cushioning layers.
A shake table test investigated the dynamic response of
a geosynthetic reinforced soil (GRS) abutment Zheng
et al. (2018). The schematic view of the GRS abutment
system supporting the bridge beam and overlying
pavement is shown in Figure 5. The results showed
that under the influence of earthquake motion, the
geogrid reinforced abutment and modular facing
blocks underwent less deformation. The addition of
lateral and longitudinal reinforcement could increase

the potential height restriction of the bridge abutment.
All of the significant critically analysed findings
related to the geogrid-reinforced MSE wall have been
documented in Table 3.

1.1.4. Application in reinforced soil slope

Reinforced soil slopes enable us to provide steep
slopes with limited usable space. This talismanic
technique is designed with the aid of the limit equi-
librium method or design earth pressure coefficient
approach (Park et al. 2007; Halder and Chakraborty
2018, 2019). The driving moment caused due to the
weight of the sliding soil mass and its eccentric
loading leads to the formation of a slip cycle along
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Modular
block facing

Figure 5. Geogrid reinforced soil (GRS) bridge abutment.

the slope. The provision of stiff reinforcement at an
appropriate location crossing the failure slip line
provides an additional resisting moment, thereby
making the system stable. Figures 6(a, b) show the
relationship between the geogrid’s tensile strength
and the separation between the centre of rotation
and the axial direction of the force that adds to the
resisting moment. Limit equilibrium simplifies the
geometry and loading conditions by assuming that
the slope is in equilibrium at failure. It cannot,
however, capture the complex nonlinear behaviour
and strain softening. However, most of these factors,
as well as various failure modes, are considered by
finite element methods (Fawaz 2014; Ayob et al.
2019). In the analysis and design of the embank-
ment, we need to corroborate the rotational stability,
lateral sliding stability, and extrusion stability to
achieve adequate safety factors. A pictorial represen-
tation of the reinforcing mechanism in the embank-
ment soil slope is illustrated in Figures 7(a, b, ¢). In
rotational-type failure, one component of tensile
force interacts with and acts against the driving
force. One form of analysis is simplified Bishop’s
method, in which we divide soil mass into vertical
slices and analyse. The geogrid incorporation of the
soil mass will add to the resistance force to keep the
wedge in equilibrium and thereby yield an improved
overall safety factor. The lateral spreading type of
failure is prevented by restricting the horizontal
movement of soil fill by the tensile force generated
in the reinforcement, which acts in the opposite
direction. Foundation extrusion is the horizontal
movement of the foundation material (not the fill
movement) due to differential settlement, inap-
propriate design, and soil instability (Romeo,
Pezzano, and Rimoldi 2022). The solution to this

Geogrid
reinforcement

GRS Abutment

Reinforced soil foundation

mode of failure was to reduce the settlement by
making the embankment base stiffer.

Fahel et al. (2000) presented a field study of rein-
forced bridge abutment highways in Brazil. The
embankment fill consisted of sand, and the foundation
soil was soft. Soft soil has low shear strength and
permeability, making them a poor choice of construc-
tion. Therefore, a stability analysis was mandatory to
ensure the safety of existing structures, settlement, and
lateral deformation of the embankment. The geogrid
reinforced embankments were more stable due to
their confinement and separation functions, thereby
permitting controlled construction. Due to the poor
consolidation rate of soft clayey deposits and our pre-
ference for stepped construction, the rate of consoli-
dation was relatively slow in the study area. Synthetic
vertical drains were provided along with geogrid to
accelerate the consolidation process and to reduce
consolidation-related settlements (Rowe and Li
2005). The provision of stiffer geogrid reinforcement
leads to the reduction of horizontal movement of the
soil wedge. The horizontal movement (lateral spread-
ing) of soil mass due to the high lateral earth pressure
from the embankment and traffic loading was reduced
using geogrid reinforcement. This was attributed to
the tensile force component acting opposite to the soil
driving force. Bishop’s method of slices was adopted to
analyse the stability of the embankment fill. The study
demonstrated that incorporating reinforcement
increased the embankment system’s safety by prevent-
ing rotational failure and lateral sliding of soil mass.

Xu et al. (2019) investigated the failure mechanism
of an 8-m-high embankment reinforced with
a geogrid. The study outcome illustrated that the rein-
forcement was strong enough to mobilise the max-
imum tensile strain due to the surcharge loadings on



Table 3. A summary of past works in the literature on MSE wall.
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Wall Reinforcement Monitoring
References Wall type  height type Backfill type instruments Type of testing Parameter studied
Fishman et al. Precast 472  Geogrid Cohesionless Resistance strain Experimental Geogrid strain, lateral earth
(1993) concrete m gauge & pressure
wall (15.5 inductance coil
ft)
Bathurst et al. Battered wall - Polymeric Cohesionless - Reliability-based ~ Reinforcement length,
(2019) geogrid probabilistic reinforcement strain
approach
See Keung Ho Cruciform 508  Geogrid Sand Strain gauges, 2 Plane strain Finite Interface shear strength
and Kerry aluminium  mm geotextile LVDTs, pressure element between fill and
Rowe(1994) panelled (20in) cells method (1g-12 reinforcement, lateral
MSE wall g)- AFENA earth pressure, vertical
Centrifuge pressure
modelling
Mane and Perspex sheet 270  Geogrid Dry sand Permanent L shaped Centrifuge Wall inclination, vertical
Viswanadham faced-wall mm geotextile markers for strain modelling spacing, crest settlement
(2012) measurement, FEA-PLAXIS 2D (10
LVDT g-759)
Saran et al.(1992) Mild steel 8m  Aluminum Dry sand fill - Theoretical Lateral earth pressure,
MSE wall bamboo analysis-Limit reinforcement length,
equilibrium surcharge loading,
approach- rotation of the wall
Model experiment
Gregory Monley  Rigid 3.6m Geogrid Granular fill  Deformation gauge,  Field test & FEA The axial stiffness of
et al. (1993) abutment Nonwoven strain gauge, earth reinforcement, surcharge
wall geotextile pressure gauge, loading, settlement
tension gauge
Zhang, Zheng, Bridge 5m  Geogrid Sand Earth pressure cell, Numerical Lateral displacement,
and Lu (2014) abutment settlement gauge analysis - maximum settlement,
wall PLAXIS tensile stiffness of
geogrid
Zhang et al. Bridge 2.16  Stiff polymeric Silty sand - Theoretical The vertical settlement,
(2007) abutment m geogrid Sandy silt analysis- 2D lateral movement,
wall Silty clay Limit loading rate
equilibrium
approach-
PCStabl 6
Numerical
analysis-FLAC
3D
Juran and Chen  Earth wall 13m  Aluminum strip  Cohesive Earth pressure cell, Limit stress Loading, lateral
(1989) reinforcement settlement gauge analysis & displacement, maximum
Numerical settlement, tensile
Full-scale stiffness of geogrid
experiments
Reduced scale
model tests
Sridharan et al.  Earth wall - Tor steel (cold Cohesive Tension-proving ring, Experimental Sand layer thickness, pull-
(1991) twisted, self-straining out length
deformed bars) loading frame
Mild steel bars
Mild steel flats
Bozorgzadeh Steel strip 16.9  Steel strips Cohesionless - Reliability-based  Spacing, probability of
et al.(2020) MSE wall m frictional probabilistic geogrid failure,
approach equivalent surcharge
height, depth
Dennes Bergado  Earth wall 57m Steel grid Weathered  Strain gauge, Laboratory test Overburden pressure,
et al. (1992) (18.7 galvanized clay Pneumatic Field pull-out test backfill material, axial
ft) steel wire Clayey piezometers, earth strains
mesh sand pressure cells,

reinforcement

inclinometers

and so on, over time to better understand failure
mechanisms.

An extensive study involving six possible failure
modes and five associated types of slip lines was
elaborately investigated by Lai, Chen, and Li
(2018) using PLAXIS 2D. Trapdoor failure mode
was seen for shallower voids whose failure surface
starts from the embankment top to the top of the
void (m < 0.1, n<0.5). Sidewall failure was seen for
deeper voids (m >0.1, n<0.5), and the failure was

the fill. Moreover, the formation of the slip surface was
formed well inside the soil mass and thus alleviated the
threat of slope failure. Fast Lagrangian analysis of
continua (FLAC 3D) helped identify the mode of fail-
ure assumed to be happening in the field. Even at
present, the actual failure mechanism of the reinforced
slope is still a mystery. The authors showed some
insights into the failure mechanism of an 8-m-high
embankment. Real-time monitoring devices were
attached to quantify the vertical stress, settlement,
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mainly due to increased lateral earth pressure.
Rotational failure was observed due to the nonlinear
load on the overlying void and the orientation of
slip lines towards the larger load. Void eccentricity
created the lateral sliding failure. Combined failure
was the last failure mode observed in the numerical
study, and it was developed due to the thinner roof
of the void. The selection of geogrids in the study
was based on the location of the void below the
embankment (i.e., m value). The schematic diagram
of the embankment overlying a void is delineated in
Figure 8.

1.1.5. Application in geosynthetic-reinforced
pile-supported embankment

A combination of pile and geogrid support is neces-
sary to alleviate the differential settlement and hor-
izontal displacement between existing and proposed
pavements. Zhao et al. (2019) conducted
a coherence study on geogrid reinforced pile-sup-
ported highway embankments as a part of a highway
widening in China. The project involved different
soil terrains, including soft compressible, or expan-
sive soils. The soft soil was overlain by a thin layer
of aggregate placed along the basal embankment
width, and geogrid was installed in succession over
the fill area. Inclinometers at 22.5m were installed
to  quantify the horizontal  deformation.
Furthermore, a settlement tube with several strain
gauges was buried in the soil to examine the settle-
ment of each layer of reinforcement. The tension
membrane effect of the reinforcing member and

Geogrid reinforcement

Rotational failure

(b)

Fill movement

I
Il
I

Tensile force

Embankment

Geogrid reinforcement

Lateral spreading

(c)
Lateral extrusion
Tensile force

N\
= e

Foundation extrusion

Geogrid reinforcement

Figure 7. (a) Base reinforcement mechanism - rotational failure (adapted from 2020)). (b) Base reinforcement mechanism - lateral
spreading (adapted from 2020)). (c) Base reinforcement mechanism - foundation extrusion (adapted from 2020)).
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Figure 8. Geosynthetic-reinforced embankment overlying voids (adapted from Lai, Chen, and Li (2018)).

the passive soil arching effect achieved the settle-
ment reduction. A conventional pile-supported
embankment requires heavy piles to be placed at
frequent intervals. However, the advent of geogrid
incorporation in piled embankments reduced the
cost of construction materials by reducing the num-
ber of piles required Liu et al. (2007). Earlier, soil
arching was the only mechanism opposing the load.
The tension membrane effect is now added to coun-
teract against the load imposed.

Several authors studied the mechanism of soil arch-
ing experimentally and numerically (Zhuang and Cui
2016; Zhuang and Wang 2018). Soil arching is the
downhill movement of soil resulting in upward shear
resistance opposing the load acting on the embank-
ment as illustrated in Figure 9. This effect is visible
mainly due to the stiffness difference and relative
compressibility and differential settlement between
the installed pile and the native soil. These two proper-
ties, tension membrane effect, and soil arching,
respectively, are added to the load-carrying capacity
of the embankment. The stress concentration will be
more at the high stift piles and geogrids. Therefore,
a transfer of load from soil to pile and geogrid makes
the soil-structure system stable by mobilising the shear
stress along the length of pile and geogrid (Zhuang
and Ellis 2016; Brian¢on and Simon 2017 Zhao et al.
2019). Recently, this multi-dimensional load transfer
mechanism of reinforcing material under the effect of
dynamic loading was also investigated (Wang and

Surcharge load

Chen 2019). However, those studies are pretty com-
plex, and researchers were invited to present simple
design approaches to identify these mechanisms as
mentioned above in the column-supported embank-
ment system BS 8006 (2010). A similar real field study
was conducted by (Han and Akins 2002) to analyse the
load transfer mechanism in pile-supported reinforced
embankments. To increase the reinforced concrete
pile spacing, they introduced four layers of geogrid
reinforcement as a part of the entire project cost
reduction. Moreover, the geogrid layer transferred
the load to the pile, thereby ensuring the system’s
stability. In addition, the authors used an alternative
technique to reduce the cost of highway embankment
projects. They replaced piles with a Vibro-concrete
column with an enlarged base and compared the
results of differential settlement using Vibro-concrete
columns and cast in situ columns. However, geogrid
reinforced pile embankment was observed to be super-
ior to the vibro-concrete column.

Indraratna, Balasubramaniam, and Balachandran
(1992) constructed a trial embankment on soft clayey
soil and loaded it up to failure. The failure by rota-
tional instability was quantified using the inclin-
ometers. The critical state finite element program
(CRISP) used the field measurement data to conduct
a drained, undrained, and consolidated coupled ana-
lysis. The associated analysis has given better insights
into the actual field partial drainage conditions pre-
dominantly seen at a shallower depth. The modified

NN
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Figure 9. Soil arching on geogrid reinforced piled embankment (adapted from Eskisar, Otani, and Hironaka (2012)).
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cam clay model used in this finite element program
overestimated the settlement value at deeper depths.
Furthermore, the high tensile reinforcement addition
alleviated the internal tension failure and thereby
aided us in providing greater fill height. From the
study, it can be envisaged that the reinforcement pro-
vision throughout the fill height with optimum spa-
cing would have prevented the vertical tension crack
development. Samadhiya et al. (2009) investigated the
impact of a geogrid-reinforced granular pile. Direct
installation of geogrid in soft clay will not result in
bearing capacity enhancement due to the lack of angle
of internal friction. As a result, a vertical granular pile
arrangement was created, and the geogrid was aligned
horizontally inside the granular pile. Furthermore, the
authors discovered that providing optimal spacing
between geogrid layers and pile reinforcement depth
minimised pile bulging, enhanced load-carrying cap-
ability, and reduced settlement (Pham and Dias 2021).

2. Conclusions

e The geogrid in pavement contributed to the 70—
80% utilisation of total geogrid available in the
market. The geogrid’s reinforcing, separation,
and confining properties increased the soil’s resi-
lient modulus, load-bearing ability, and pull-out
strength. More research has recently focused on
comprehending the stiffened platform (tension
membrane) effect of geogrid and stress concen-
tration due to stiffness difference between pave-
ment foundation and geogrid under wheel
loading to lengthen the pavement lifespan.

¢ The typical reflection cracking and rutting failures
seen in the pavement foundations were eliminated
with the incorporation of geogrid at the optimal
locations. Moreover, the reduction of base layer
thickness was another attribute seen in most stu-
dies dealing with the geogrid reinforced pavement.

o The scope of many earlier studies was restricted to
flexible geogrid pavements. There is little informa-
tion available about how well geogrid-reinforced
concrete pavement performs. Experiments on geo-
grid-reinforced Portland cement concrete are essen-
tial to improve post-cracking behaviour. In terms of
adding tensile strength and preventing corrosion,
geogrid is just as effective as steel reinforcement.

o The vertical reinforcing effect of geogrid success-
fully increased the bearing capacity of weaker
soil. Building foundations, bridges, and other
structures resting on unfavourable soil could be
supported by a geo-synthetically encased stone
column, in which geogrid was wrapped around
the aggregate column’s circumference.

Numerous carefully scrutinised experimental stu-
dies on geosynthetic reinforced footings have
shown that bearing capacity and settlement
improved with the proper placement, spacing,
and number of the geosynthetic reinforcement.
Further research is required, however, on the
footing close to a reinforced soil slope’s edge.
Pull-out resistance and tensile strength were the two
most important factors contributing to geogrid’s
maximum reinforcing effect. The soil-geogrid
interface’s traction mobilised higher tension and
resulted in lesser stress for higher pullout resistance
and tensile strength.

Geosynthetic reinforced mechanically stabilised
earth walls improved the internal stability and
shear strength of soil mass owing to geogrid’s
sufficient pull-out length and tensile strength.

In bridge engineering, reinforced abutments were
constructed using the same reinforced MSE wall
principle. Providing a shock-absorbing (geogrid
lining) that could decouple the backfill soil and
wall facing subjected to seismic acceleration and/
or geogrid encased pile supporting embankment
kept the bridge system intact. Otherwise, the sys-
tem would have failed due to differential settle-
ment between the embankment fill and the
approach slab.

Due to soil arching and the tension membrane
effect, the permanent deformations in the geo-
synthetic reinforced pile-supported embankment
were lessened. The two mechanisms opposing the
load direction increased the safety factor. Greater
embankment height was achieved by combining
geogrid and pile with these tension membranes
and arching mechanisms.

This study presented the recent advancements in
geogrid, including the various failure mechan-
isms in soil reinforced with geogrid. Moreover,
the results of the finite element constitutive mod-
elling and analysis were used to illustrate the
mechanism of the complex soil structure interac-
tions. The finite element analysis captured the
precise mechanism of soil structure interaction
under various stress states.

Few researchers have measured the deterioration of
early-age tensile strength over time, despite the
importance of geogrid durability. However, no
experimental study has focused on this durability
issue. A new technique of prestressing concept
could be applied for the loss of long-term tensile
strength after a thorough review of the currently
available literature. Prestressing, which involves
exerting force on a geogrid before embedding it in
soil, helps distribute the load evenly across the width.
This increases the stiffness and strength of the



geogrid, creating a high-tension membrane effect
that increases the bearing capacity by a factor of

several.

Notations

h Vertical spacing between reinforcement
layers

H Thickness of granular layer

B Width of footing

u Depth of the first layer of reinforcement

b Length of reinforcement

N Number of reinforcing layers

] Geogrid stiffness

K. Active earth pressure coefficient

K, Passive earth pressure coefficient

Ko At rest earth pressure coefficient

T Shearing force developed at the edges of foot-
ing due to shear layer effect

Tf Vertical force in punching shear failure plane
due to confinement effect

Tgr Tensile force mobilised in the reinforcement

LDR  Linear density ratio

AQsp  Improvement in bearing capacity due to
shear layer effect

AQs;  Improvement in bearing capacity due to con-
finement effect

AQg;  Improvement in bearing capacity due to
additional surcharge effect

L. Length of reinforcement beyond potential
failure surface

m Void depth (ratio of vertical distance from
the ground surface to void centre)

n Void eccentricity (ratio of horizontal dis-
tances from embankment centreline to void
centre)
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