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ABSTRACT

The widespread application of geocell can be attributed to its ability to provide additional
confinement to the infill material and increase the load-bearing capacity. There are limited
analytical approaches available to calculate the bearing capacity of the geocell-reinforced
foundation. The available methods consider the lateral earth pressure theory, which may lead to
the underestimation (active condition) or overestimation (at rest condition) of the bearing
capacity values. This paper presents an analytical approach to calculate the improvement in load-
bearing capacity of pavement foundation systems reinforced with geocell in the base layer. The
proposed method estimated the radial stresses within the base layer from the theory of elasticity,
which can be used to determine the bearing capacity of the unpaved road section. The proposed
method yielded the most accurate results when the applied stress was within 50% of the ultimate
stress.

INTRODUCTION

Construction of pavements over poor subgrade is a major cause of concern for pavement
engineers and contractors (Mandal and Gupta 1994, Punthutaecha et al. 2006, Puppala et al.
2008, 2017, Chakraborty et al. 2020). Several techniques, including piled embankment, ground
improvement with chemicals, geosynthetics reinforcements, are some of the available methods to
improve the load-carrying capacity of the subgrade soil (Almeida et al. 2015, Neto et al. 2015,
Satvati et al. 2020, Alimohammadi et al. 2021, Biswas et al. 2021b). High-strength planar
geosynthetic such as geogrid and geotextile can be used in pavement layers to reduce the stresses
at the top of the subgrade (Kwon et al. 2005, Zornberg et al. 2008, Biswas et al. 2021a, 2021b).
However, the planar confinement fails to restrain the overall movement of the base layer,
especially in the case of poor-quality aggregates (Han et al. 2013). Alternatively, Geocells could
provide three-dimensional confinement to the infill material and subsequently reduce the stresses
at the top of the subgrade (Sireesh et al. 2009, Han et al. 2013, George et al. 2019, Khan et al.
2022).
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Geocells are made from High-Density Poly-Ethylene (HDPE) sheets used to retrain lateral
movements in the infill material (George et al. 2019, Khan et al. 2020a, 2020b). Several
researchers have conducted laboratory and field studies on geocell-reinforced pavements to
understand the load-transfer mechanism and quantify the improvement in pavement performance
(Thakur et al. 2012; Suku et al. 2016). The vertical load-bearing capacity increases with an
increase in the geocell pocket diameter to loading plate ratio and the aspect ratio of the geocell
(Mhaiskar and Mandal 1996). A number of laboratory studies are currently available to
determine the bearing capacity improvement factor for the geocell-reinforced system (Rajagopal
et al. 2014, Dash et al. 2019).

Limited analytical studies are available to interpret the bearing capacity of the geocell-
reinforced soil by considering the effect of confinement (Koerner 2005, Presto 2008, Zhang et al.
2010, Avesani Neto et al. 2013, Hegde and Sitharam 2015). The previous methods considered
either active earth pressure or earth pressure at rest theory to determine the lateral stresses acting
on the geocell location, which were not able to capture the actual stress transferred to the geocell
wall. In this study, a bearing capacity calculation method was proposed for geomaterial
reinforced with geocell by realistic consideration of the vertical and horizontal distributions of
stresses derived from Boussinesq's solution. A prediction model was developed based on these
stress estimations. This model was validated by comparing its prediction with experimental
measurements. The paper presents an overview of this model and its prediction assessments.

The proposed method can predict the bearing capacity for the geocell reinforced sections
with better accuracy. This approach can be used to determine the required thickness of the base
layer of an unpaved road.

BACKGROUND

Several bearing capacity calculation methods are available to consider the improvement
provided by the geocell reinforcement (Koerner 2005, Presto 2008, Avesani Neto et al. 2013).
These bearing capacity equations can be represented by the following Eq. 1.

qr=qutq (1)

Where the ultimate bearing capacity of the reinforced section (g,) is equal to the summation
of the ultimate bearing capacity of the unreinforced subgrade bearing capacity (g.) and the
product of the applied vertical stress (¢) and the improvement factor (1) due to reinforcements.
The A value depends on the dissipation of stresses due to the geocell reinforced base layer. Table
1 summarizes the previous methods used to determine the improvement factor (1) for the geocell
reinforced base layer. The pre-existing methods are primarily based on earth pressure theory.
However, the flexible pavement system is analyzed as a layered elastic system; therefore, a novel
elasticity-based approach was introduced in this study to estimate the bearing capacity of the
pavement foundation system.

PROPOSED BEARING CAPACITY PREDICTION METHOD

The following sections present the methodology adopted in this study to develop the
analytical approach. The flowchart shown in Figure la describes the steps involved in
determining the proposed equation. Figure 1b shows the geometry and loading conditions
adopted for the development of the proposed method.
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Table 1. Existing methods for calculating improvement factor (1)

Method Improvement factor (1) Description

Koerner (2005) 2kqtand k. = active earth pressure coefficient,
0 = interface friction angle

Presto (2008) (2gkatan5 )1 I = the average stress influence factor

based on Boussinesq's solution

Avesani Neto et al’s 7 46"k tand — e ) k, = earth pressure coefficient at rest,
(2013) a . d = diameter of the geocell
€~ Brza)L+2d) e = load dissipation angle
B, L = width and length of the footing
P _~ Loading Plate
. Determination of radial ‘L‘ r a"‘! //// _Cover
QiSO o7 stresses based on { — & Geocell-wall
loading conditions slbee e C pe
* 1 / Base
P ﬂ Layer
Determination of Determination of shear h v IT T
bearing capacity with | g resistance due to ] ]
and without geocell geocell a= rad-ms of loading plale:
r = radius of geocell opening
* h = height of geocell
T ¢ = thickness of cover layer
. ISR e Validation of proposed P = applied load ) Subgrade
improvement factor, | method 7 = shear stress acting between geocell wall and Layer
A the geomaterial used in the base layer
(a) (b)

Figure 1. Development of the proposed method: a) flowchart of the research methodology;
b) geometry and loading conditions

Geometry and loading conditions. In this study, a static load test (Figure 1b) was
considered to compare the proposed method with existing methods. A three-layer system was
considered with subgrade soil located at the bottom, a geocell reinforced base layer at the middle
and a thin cover layer at the top. The load (P) is applied at the top of the steel plate of radius ‘a’,
which is placed just above the cover layer. The radius of the opening of the geocell is ‘7’ (where
r =d/2, d = diameter of geocell pocket), and the centerline of the load plate is aligned with the
centerline of the geocell. When the vertical load is applied, an increase in horizontal stress will
generate additional pressure on the geocell walls. It was assumed that the horizontal stress would
be equal to the confining stress offered by the geocell; consequently, there will be an increase in
the acting shear stress between infill material and geocell wall.

Determination of radial stress. Geocells provide radial confinement for the infill material,
which depends on the type of infill material, stiffness and geometry of the geocell, and vertical
stress (q) applied at the top of the geocell layer. In this study, radial stress (o), acting at the mid-
depth (z = ¢ + 0.5h) of the base layer was calculated based on the elastic theory (Eq. 2).
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where, 1 = Poisson’s ratio of the infill material; ¢ = thickness of the cover layer.

A, C, and F are the stress influence factors that depend on the (z/a) and (7/a) ratios.

The value of horizontal stress increment is a function of the applied load, Poisson’s ratio of
the infill material, radius of the load plate (a), the radius of the geocell opening area (r), and the
depth (z) from the bottom of the loading plate. Based on the geometry (z/a, r/a), influence factors
for vertical and radial stresses can be calculated using the set of graphs shown in Figure 2. These
graphs were reproduced from the tabulated results reported by Ahlvin and Ulery (1962).
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Figure 2. Stress influence factors

Determination of the shear resistance due to geocell. A portion of the applied load will be
resisted by the shear stresses acting between the geocell-geomaterial interface. The resisting
shear stress (7) and shear force (S) can be calculated using Eq. 3 and 4, respectively.

7 = tan(o)o; 3)
S = 2zrh.tan(d)o, (4)

Determination of improvement due to stress distribution. Vertical stresses acting at the
top of the geocell (g) is higher as compared to the stresses acting at the bottom (g’), 1.e., at the top
of the subgrade layer. Load acting at the top of subgrade soil will be reduced due to the shear
resistance provided by the geocell-geomaterial interface as well as due to the distribution of the
vertical stresses over a wider area. Using Boussinesq’s solution, the value of ¢’ could be
correlated to actual stresses on top of the geocell and the shear stress developed due to geocell
confinement Eq. 5.

q'm’ = q(A +B)mr’- 2nrh.tan(5)o, (5)
Here, 4 and B are vertical stress influence factors, which can be determined from Figure 2.

Therefore, the effective vertical stress acting on the bottom of the geocell can be represented by
Eq. 6 or Eq. 7.

(6)

q,: q(A n B) B Zh.ta:(é)m
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q,= q(A n B) B 4h.ta;z(5)0',<

(7)
Bearing capacity of the unreinforced and reinforced sections. Bearing capacity for
unreinforced soil was determined using Terzaghi’s method (Eq. 8).

gu = cNCS. +27BN;S, (8)

Where, ¢, = unreinforced subgrade bearing capacity;

¢ = cohesion of the subgrade soil;

N., N, = bearing capacity factor;

Se = 1.3 for circular and rectangular loads, 1.0 for strip loads;

S, = 0.6 for circular load, 0.8 for rectangular loads and 1.0 for strip loads.

The improvement due to the geocell layer can be calculated by the difference in applied
stresses at the top and the bottom of the reinforced layer. The following set of equations (Eqgs. 9-
13) can be used to determine the capacity of the reinforced section.

o =qut(q-q) )

G =qu+ gl - (A+ B)} + 0,70 (10)
gr=qu+q[{1-(A+B)} + [2ud + C+ (I - 2p)F] == (11)
qr=qu+tiq (12)

L=[1-(A+B)] +[2ud + C+ (1 - ) F] =5 (13)

The improvement factor (4) depends on the infill material property (u), geocell-geomaterial
interface friction angle (0), geocell geometry (d, /), and stress influence factors (4, B, C, and F).
In the following section, A-values obtained from different pre-existing methods and the proposed
method were compared using the results from an experimental study conducted by Menses
(2004).

VALIDATION OF THE PROPOSED METHOD

Stress dissipation. Laboratory test results on geocell reinforced soil, presented by Meneses
(2004), were used to validate, and compare the proposed improvement factor (Table 2). The tests
were performed on clay subgrade with cohesion of 20 kPa, and sand with a friction angle of 35°
was used to fill the geocell pockets. The vertical load was applied with a circular plate of radius,
a = 175 mm, and tests were performed for different aspect ratios (A/d = 0.26, 0.52, 0.78) of
HDPE geocells. Table 2 shows the load improvement due to geocell reinforcement (4/d = 0.26;
height, # = 50 mm and pocket size, d = 190 mm) obtained from experimental results and
predicted from different methods.
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Table 2. Comparison of improvement factor, A computed using different analytical
methods with experimental results of Meneses (2004) with h/d = 0.26

Apphi oad, P (kN)
31.2 | 62.4 | 93.5| 124.7 | 155.9 | 187.1
Methods

Experimental results from
Meneses (2004)

Koerner’s method (M1) 0.18 1 0.18 | 0.18 | 0.18 | 0.18 | 0.18

0.52 1058 10.65]|0.71 |0.76 |0.75

Presto’s method (M2) 0.06 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06

Avesani Neto et al.”s method (M3) | 0.83 | 0.81 | 0.81 | 0.81 | 0.81 | 0.81

Proposed method (M4) 0.61 | 0.61 | 0.61 |0.61 |0.61 |O0.61

The improvement factors computed from Koerner’s (M1) and Presto’s (M2) methods were
around 24-35% and 8-11% of the measured values, respectively. This is attributed to the
consideration of active earth pressure conditions in stress calculations, leading to a lower stress
transfer to the geocell wall. At a lower level of stress, the calculated load carrying capacities
from Avesani Neto et al. (M3) and proposed (M4) methods were 59% and 17% higher,
respectively. At the ultimate stress level, the predicted improvement factors from M3 were 8%
higher, whereas the predicted values from M4 were 19% lower. M3 overestimated the load-
carrying capacity due to the consideration of earth pressure at rest conditions. It could be noted
that M4 predicted better A-values as compared to other methods due to the consideration of the
radial stresses from the theory of elasticity.

Comparisons between theoretical and experimental stress dissipations for geocells with three
different aspect ratios (h/d = 0.26, 0.52, and 0.78) are shown in Figures 3a-3c. The stress
dissipation (g4) was calculated from the difference of applied stress on top of the geocell layer
and the stress acting at the bottom of the geocell layer. The performance of different analytical
approaches was measured in terms of the ratio of the predicted (ga-predicrea) and measured (ga-
experimemal) Values of stress dissipation for three different stress levels (25%, 50%, and 100% of the
ultimate stress). It can be observed that both M1 and M2 methods underpredicted the reduction
of stress due to geocell, whereas M3 overpredicted the bearing capacity with geocell. The
prediction of gq value from the proposed method (M4) was close to the experimental value when
the ratio of the applied stress to the ultimate stress was around 0.50, and //d ratio was 0.26.
Furthermore, M4 also provides a better fit with the experimental results when compared to M3
for different aspect ratios of the geocell (Figure 3).

The M3 assumed earth pressure at rest condition (k,), which indicates the ratio of horizontal
to vertical stress will be 0.43, whereas the active earth pressure coefficient (k,) value is 0.27. In
addition to the shear resistance computed from the lateral stress, M3 methods also consider the
stress distribution factor, which results in the overestimation of the bearing capacity. The at-rest
earth pressure condition does not consider any movement of the geocell wall. However, this
assumption may lead to ambiguity regarding the stress transfer mechanism since the geocell
walls are not rigid and may undergo movements.
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Figure 3. Performance of proposed and existing analytical approaches based on
experimental results reported by Meneses (2004) for geocell having aspect ratio of (a) h/d =
0.26; (b) h/d = 0.52; (c) h/d = 0.78

Effect of geocell stiffness. The proposed and existing analytical approaches did not consider
the effect of the stiffness of the geocell layer, as it was considered as a very high strength
material to withstand the load transferred to it. However, the minimum required value of geocell
stiffness (M) can be calculated from Eq. 14, which assumes that the additional confinement
offered by the geocell is equal to the amount of radial stress transfer to the geocell wall. This
equation is based on the membrane theory of Henkel and Gilbert (1952). This is applicable for
undrained loading conditions, where the ratio of horizontal to vertical strain within the base layer
1s approximately 0.553 times and the Poisson’s ratio, u = 0.5.

1- &

M= C]I"[A * C] 0.553%¢,

(14)

Consider a 15 cm thick base layer with a 2.5 cm cover layer, which is constructed over the
subgrade soil. The stress applied on top of the geocell layer is ¢ = 187 kPa. The radius of the
geocell (r) is 15 cm (6 inches), and the radius of the loading plate (a) is 15 cm. The stress
influence factors 4 & C can be determined from Figure 2. At the ultimate stage of loading, if the
vertical strain (&) is around 0.11, the minimum required geocell stiffness will be 18.2 kN/m,
according to Eq. 14. The vertical strain observed from the static load testing corresponding to the
ultimate capacities varied from 0.08 to 0.14 (Meneses 2004); hence, the average vertical strain of
0.11 was considered in this example. Equation 14 can be to determine the minimum required
stiffness for the geocells for the foundation system with different bearing capacities. Overall,
using the proposed bearing capacity equation and the minimum required stiffness of the geocell,
pavement foundation systems could be designed with an elastic approach, based on realistic
stress values.
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CONCLUSIONS

In this study, an analytical approach was proposed to calculate the bearing capacity of a
geocell reinforced section. This analytical approach was compared with the existing bearing
capacity methods and available experimental results to compute the improvement offered by the
geocell. The proposed bearing capacity equation can be used to determine the required thickness
of the base layer of unpaved road sections. The following conclusions can be drawn based on the
current study and analyses of results presented in this paper:

e The proposed method is suitable for determining the bearing capacity of unpaved roads.

e The improvement factor, 1, depends on the location and aspect ratio of the geocell.

e / value increases with the increase in the height to depth ratio (4/d) of geocell.

e The proposed method could accurately predict the additional load carrying capacity when

the applied stress to ultimate stress ratio is around 0.50.

e At the ultimate stage of loading, the proposed method slightly underestimates the load-
bearing capacity; however, the overall performance is better than the available analytical
methods.

For future studies, the reduction of vertical stresses obtained from the proposed method could

be utilized to develop design charts for unpaved roads. These design charts will be helpful for the
transportation agencies to select the thickness of the geocell-reinforced base layers.
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