
ORIGINAL PAPER

Behaviour of circular footings confined by rigid base
and geocell reinforcement

Pezhman Fazeli Dehkordi1 & Usama Farhan Abdul Karim2

Received: 8 April 2020 /Accepted: 6 October 2020
# Saudi Society for Geosciences 2020

Abstract
Soil in nature may exist in a stratified state. A possible condition is the case of a rigid layer underlying a weak sand stratum. In this
instance, the bearing capacity of a shallow footing is affected by the lower rigid boundary. The treatment of thin soil layer by
geocell reinforcement to raise the load carrying capacity of single shallow footing has been limited in the literature. Accordingly,
rigid base and geocell reinforcement are investigated separately and in combination to study their influence on the behaviour and
BC of shallow circular footings in dry sand bed. To capture that effect, different size rigid circular footings were tested on a bed in
fully instrumented small- and large-scale laboratory installations. The ratio of sand layer thickness to footing diameter was
changed considering optimum dimension and embedment depth for geocell mattress. The extensive laboratory part involved
monitoring subgrade deformations, soil-geocell stresses and strains revealing the appropriate models for failure mechanisms in
the presence of such confinements. Large increase in bearing capacity up to 225% and significant settlement reduction up to 66%
are measured for the combined case. Base confinement less than three times the footing diameter in combination with the geocell
mattress resulted in favourable higher design performance factors. New equations are proposed to estimate these factors for
design and to extend classical formulations for footings strengthened by combined geocell-base confinement. A design perfor-
mance factor is dependent on footing diameter, sand relative density and the ratio of layer thickness to footing diameter. As this
ratio increases, this design factor decreases reaching a constant value at the critical depth.

Keywords Bearing capacity and settlement . Geocell reinforcement . Circular footing . Rigid base . Footing size

Introduction

First-generation bearing capacity (BC) equations (Terzaghi
1943) require some modifications for any boundary effects.
In many practical situations, a thin sand layer is underlain by
hard stratum such as bedrock. The presence of a stiff stratum
within a certain depth beneath weak sand layer supported the
footing base results in vertical confinement and can notably

affect the sand bearing pressure (Meyerhof 1974; Tournier
and Milović 1977; Pfeifle and Das 1979; Brown et al. 2004;
Cerato and Lutenegger 2006; Eid et al. 2009).

On the other hand, using 3D honeycombed reinforcement
such as geocell to stabilise loose soils BC has grown signifi-
cantly in recent years due to its effect to increase vertical and
creating lateral confinement. Load-settlement behaviour and
BC enhancement of the footings in low-bearing soils by the
geocell reinforcement (GR) is cited in the past andmore recent
investigations (e.g. Dash et al. 2003a, b; Zhou and Wen 2008;
Pokharel et al. 2010; Moghaddas Tafreshi et al. 2014, 2015;
Lal et al. 2017; Hegde 2017; Shadmand et al. 2018; Tavakoli
Mehrjardi et al. 2019).

Both confinement results in containment and reduction of
soil deformations within the foundation influence zone.
Enhancement is to be seen as higher load carrying capacity
at the same displacement, lower displacement at the same load
or both. Assessment of settlement and BC enhancement is
required when a design entails including rigid horizontal and
(or) flexible boundary layers. The stiffening effect from the
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confinement eliminates the need to enlarge foundation dimen-
sions and replace in situ weak soils. There is presently little
guidance, however, on how to account for these boundaries
dimensional andmartial parameters as part of design iterations
to obtain corrected allowable loads and corresponding safe
settlements. Results from researches similar to above-
mentioned may be appropriate in the countries near coastline
that consists of sea-bed cohesionless deposits that are under-
lain by sandstone supporting the several giant buildings.

In this laboratory investigation on circular footings, the
bearing soil is poorly graded sand and confinement is imposed
from a rigid base (RB) and an embedded GRmat. Interference
from any relative stiffness layer than the bearing soil results in
complex soil-structure interactions that cannot be accommo-
dated by an explicit shear mechanism. The separate or com-
bined effect from such interaction often obscures defining an
overall BC failure load (Bush et al. 1990). Modified BC for
such combination was reported first by Fazeli Dehkordi et al.
(2019a, b) to gain the interference factor of two closely spaced
footings in the condition of three confinement types from RB,
GR and the effect of existing second footing. Fazeli Dehkordi
et al. (2019a, b) were focused on the modifications of inter-
ference factor due to the spacing between footings at different
confinement conditions. Introducing a second footing is also
equivalent to surface confinement to upward deformations
and tensile stresses for which sands have no resistance. No
analytical or limit-state plasticity type solutions can be derived
for the actual slip mechanisms created by the combined con-
finements. The unique slip mechanisms may be discontinuous
and cannot be generalised to produce universally applicable
solutions (Bush et al. 1990). Hence, for all the cases investi-
gated, an experimental setup is used whereby enhanced BC
and settlement behaviours are recorded to determine new per-
formance factors associated with the problem materials and
geometric parameters. These factors are estimated in this
study for single footings from their load-deformation behav-
iours in the presence or absence of RB and GR up or close to
collapse. From the same tests, it is also possible to estimate
settlement reduction factors. In the field, this combined effect
of GR and the RB is of practical interest in relatively low
density sands when an RB is close enough to affect but not
fulfil design requirements for higher BC and smaller settle-
ments. This and the earlier study on twin footings show that
such modified BC-settlement performance factors can be re-
trieved from the experimental tests on RB-GR-confined soils.
With the instrumented tests on two different size discs, this
investigation provides new dimensionless relationships for the
design of circular footings on GR sand layers of limited and
infinite thickness.

This paper investigates, using instrumented small and large
test-scale circular footings, the benefits in BC-settlement re-
sponse gained from separated and coupled confinement by a
GR and a RB for a single isolated footing. A method termed

here “design performance factors (DPF) method”, based on
extensive laboratory testing, is explained to (i) evaluate the
beneficial effects of BC increase and decreased settlement
from RB and GR; (ii) elucidate the failure mechanism by
monitoring subgrade deformation, pressure transmitted to
the soil bed and strain generated in the GR to expand classical
relationships for computing BC of encased soils; (iii) investi-
gate the effect of footing size on the result trend of this study.

Experimental setup and program

Experimental setup (Fig. 1) with material (geocell/sand) prop-
erty dimensions and program (Tables 1, 2 and 3) are given in
this section. The sand-filled geocell is a commercial type
HDPE mattress with perforated roughened cells arranged in
regular horizontal rows welded together in a honeycomb.

Plate load tests on unreinforced and GR sand were per-
formed in an instrumented square steel box of 1400 mm
height with rough concrete base, fabricated from thick plates
stiffened by steel belts for rigidity (Fig. 1). The setup ensured
that the box should be large enough compared with the footing
diameter such that its boundaries do not influence the footing
response. A square test box with 2400 × 2400-mm plan di-
mensions was used to house all test components. Rigid steel
plates with a rough base, 30 mm thick and 400 mm diameter
were used, of approximately twice the equivalent diameter of
one cell pocket of the GR, so that all the GR cell walls can fall
under the footings’ periphery. The dimensions of test box
were in conformity with those offered by Ueno et al. (1998)
for large-scale circular footings. The sand was laid down in
the model tank, and the hammer with size of 150 × 150 mm
was used to compact sand bed and keeping the target relative
density (15.62 kN/m3). Each layer is 100 mm thick to reach
the elevation required for the reinforcement to be laid. Similar
method is also used to compact infill sand in GR till the level
of the GR is reached in terms of u/B = 0.1. During testing, the
load remained central and entirely vertical applied through by
a manually operated hydraulic jack fixed to the reaction frame
and loading arm pinned to the footing via a load cell.
Displacement was measured from two LVDTs (linear variable
differential transformers) connected to data logger at diamet-
rically opposite edges of the footing. A settlement ratio corre-
sponding to S/B = 2% is used to determine the BC. This is
allowable serviceability settlement limit, according to
Meyerhof (1974). BCs are also identified for S/B = 10% set-
tlements which were considered as ultimate pressures.

The small-scale tests, box with 900 × 900 mm widths in
plan and 700 mm height, were also manufactured and given
in Fig. 1 and Table 2. Rigid plastic of circular shape with
100 mm thickness and 150 mm diameter was used as the
footing. This footing diameter is smaller than the equivalent
diameter of one pocket cell of the GR and completely locates
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inside a cell without the presence of cell walls beneath the
footings. The small footing diameter (150 mm) with footprint
smaller than one pocket cell of the GR may lead to local
effects according to Rajagopal et al. (1999). The presented
results of small-scale tests are helpful to understand the basic
mechanism and overall trends in the results. The results of
small- and large-scale tests can also be extrapolated to full-
scale models by careful consideration of scaling laws
(Butterfield 1999). Other conditions of small-scale models
were the same as for the larger-scale tests.

Table 2 shows dimensionless factors for the large and small
model test. The chosen u/B and b/B dimensions are consistent
with optimal values based on Dash et al. (2001). The geocell
height is optimum according to Oliaei and Kouzegaran (2017)
when 0.3 < h/B < 0.4. Therefore, the ratio of h/B is optimum
for the large model tests. The d/B ratios have no optimum
values since the GR is of constant cell dimension.

Axial strains produced in the geocell mattress in the large-
scale tests were measured and recorded, respectively, by a
calibrated small strain gauge and data-logger network as de-
scribed. The strain gauge with 120Ω electrical resistances and
10 mm gauge length was calibrated by a tensile testing ma-
chine for a wide range of loads. Geocell surfaces are rough-
ened using sand paper, cleaned and the strain gauge is glued in
the horizontal direction on the outer surface of the geocell at
mid height of the cell wall below the footing centre line. A

small size pressure cell with steel diaphragm and 50 mm di-
ameter calibrated by fluid pressure is used below the geocell
mattress under the footing centre and pocket opening of
geocell to estimate the distributions of the vertical stress on
the subgrade sand. Using a digital data logger, data from the
pressure cell are also recorded.

Testing consisted of 18 tests as shown in Table 3. The RB
depth H in each experiment is fixed as given in Table 3.
Repeatability tests on GR and unreinforced bed resulted in
only 3–6% deviations in BC. Small-scale tests up to H/B = 4
ensured sufficient range to cover a critical influence depth for
rigid boundary. Furthermore, these tests were done for H/B ≥
2 on reinforced bed due to required space for GR height.

Non-dimensional performance indicators

For the RB confinement, Mandel and Salençon (1972) and
Meyerhof (1974) proposed the modified BC (Nγ

*) and shape
(Sγ

*) factors, respectively. These factors were presented in
charts in terms of the bearing layer friction angle (φ) and
thickness to footing width ratio (H/B). Meyerhof (1974) pro-
posed the following BC equation valid for an influence zone
of H/B ≤ 1 for rectangular and circular footings. For a soil of
unit weight γ:

Table 1 Materials characteristics
Properties of sand Properties of GR

Classification SP Geocell material Polyethylene

Medium particle size, D50 (mm) 0.25 Size of cell (mm) 250 ×210

Uniformity coefficient, Cu 1.65 Height of cell (mm) 150

Curvature coefficient, Cc 0.84 Thickness of strip (mm) 1.5

Max void ratio, emax 0.91 Density (g/cm3) 0.94

Min void ratio, emin 0.53 Short-term yield resistance (kN/m) 21

Dry unit weight, γd (kN/m
3) 15.62 Elastic modulus (MPa) 270

Friction angle, φa (degree) 36 Perforation-cell wall (mm) 10

Specific gravity, Gs 2.63 Cell area (mm2) 26,200

Relative density Dr (%) 68 Equivalent cell diametersb, d (mm) 183

Void ratio 0.652 Total open area of the cell wall (%) 16

a From ASTM standards; φ is average of 3 triaxial drained tests
bA = πd2 /4

Table 2 Dimensionless factor of
geocell configuration Footing diameter

(mm)
Footing thickness
(mm)

Footing
material

u/
B

d/B h/B b/
B

d/h d/
D50

B = 150 100 Plastic 0.1 1.22 1 4 0.82 732

B = 400 30 Steel 0.1 0.46 0.38 4 0.82 732

u thickness of sand cover on the geocell, b geocell width, h geocell height, B footing diameter, d equivalent
diameter of geocell opening pocket, D50 medium sand grain size
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qu ¼ 0:5γBN*
γS

*
γ ð1Þ

where

S*γcircle ¼ 1−m2
B
L

� �
ð2Þ

where Sγ
* is the shape factor of circular footing in confined

soil, m2 is the function of H/B and φ, and L is the footing
length. For H/B ≥ 1, Meyerhof (1974) proposed Nγ

Nγ=٭

and Sγ
* = 0.6 for circular footings which is the same as that

suggested by Terzaghi for an unbounded layer. Cerato and
Lutenegger (2006) using plate tests on the sand at different
densities concluded that the modification as in Eq. (1) is valid
up to H/B ≥ 3 recommending Sγ

* = 0.6 for bounded layers.
To account for shape effect for a circular footing, the fol-

lowing equation is suggested for multiple confinements from
RB and GR:

qu ¼ 0:5γBRγKγ NγSγ
� � ð3Þ

where Kγ and Rγ are, respectively, the RB and GR correction
factors which are design performance factors.

To facilitate plotting experimental results and evaluate the
separate and combined effects of GR and base layers, BC
(BCR) and settlement (PRS) performance indicators (non-
dimensional ratios) are defined. The BCR is defined as

BCR ¼ qu−Rein:b
qu‐Unrein:b

ð4Þ

where qu-Unrein.b = footing BC for unreinforced sand overlying
the RB; qu-Rein.b = BC for GR sand overlying the RB on the
same footing and settlement.

To measure the GR effect on footing settlement, a percent-
age reduction of settlement (PRS) ratio is given as

PRS ¼ SUnrein:−SRein:
SUnrein:

� �
� 100 ð5Þ

where SUnrein. = settlement of footing on unreinforced sand
and corresponding to the footing BC in presence or absence
of the RB; SRein. = settlement of GR sand in the same arrange-
ment and supporting the same footing corresponding to the
BC of unreinforced sand.

Furthermore, a BC factor Kγ is defined to evaluate the
influence of RB on the BC of unreinforced bed as

Kγ ¼ N*
γS

*
γ

NγSγ
ð6Þ

whereNγ
*Sγ

* = footing BC factors on unreinforced sand over-
lying the RB, NγSγ = footing BC factors on unreinforced sand
without the RB.

Tests results: RB without GR

The pressure-settlement data are presented in Fig. 2 for test
series 1 and 3. A clearly defined failure occurs only in the
smaller footing due to nonlinear behaviour of the soil at great-
er pressures and punching type failure effect in the footings
with smaller size. The BC corresponding to S/B = 2% is 105–
149 kPa and 45–100 kPa for large- and small-scale model,
respectively, while failure (BC corresponding to S/B = 10%)
occurs at pressures of 172 to 251 kPa and 137 to 301 kPa for
large and smaller footing models, respectively, in which the
largest BC and failure load take place at H/B = 0.5. By in-
creasingH/B, the BC and the ultimate load become constant at
approximately H/B ≈ 2 and 3 in, respectively, larger and
smaller footings tests. These values might be considered as
limiting values for the RB effect, here named critical RB

Table 3 Test details

Test series Footing width Reinforcement type H/B Test number Aim

1 B = 400 mm Unreinforced 0.5, 1, 2, 3 4 + 1a To assess the influence of H/B

2 B = 400 mm GR 1, 2, 3 3 + 1a To appraise the influence of H/B and the GR

3 B = 150 mm Unreinforced 0.5, 1, 2, 3, 4 5 To study the effect of footing size and H/B

4 B = 150 mm GR 2, 3, 4 3 + 1a To evaluate the effect footing size, GR and H/B

a To verify the repeatability of the test data, the tests were conducted two times

Data 

logger 

Loading 

frame

Testing tank

Hydraulic jack

`
h=150 

mm
H

u=0.1B

b= 4B
Pressure cell

Strain gauge

Geocell

LVDT

Load cell

Footing

Concrete

Fig. 1 Side view of experimental setup for large- and small-scale tests
showing geocell, strain gauge and pressure cell locations
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depth. It is worth mentioning here that the critical depth of RB
for larger footing is smaller and the difference between critical
depths in both footings is significant. The difference between
critical depths in both cases is due to the differences in the
failure mechanism and shape of slip lines. On the other hand,
the footing size directly affects the shape of failure mechanism
and also depth of slip lines. Generally, BC of circular footing
becomes constant in the literature at H/B = 1.5–3, depending
on the relative density and soil characteristics.

Test results: RB with GR

The pressure-settlement response with GR is illustrated in
Fig. 3. As expected, for the same foundation at the same H/
B ratio, the BC with GR is always greater than without GR.
Mostly, with the GR, no well-defined failure point is observed
requiring interpolation. The slight reduction noted in pressure-
settlement rate is due to distributing footing pressure by the
GR over a larger area and linear behaviour of the geocell even
at high pressure. Bending and shear resistance of the geocell
support the sand beneath the footing even at higher

settlements (Han et al. 2008). Actually, geocell creates more
confinement and prevents soil lateral movement resulted in
greater load carrying capacity of the footing. The difference
between critical depths for large and small size footings in the
reinforced case is also significant. When H/B = 1 in large and
H/B = 2 in small-scale tests, the BC value increases, respec-
tively, 14% and 36% compared with those obtained from the
cases without any confinements due to combined impact of
the GR and RB.

As observed in the figure, the critical depth of RB is esti-
mated at approximately H/B = 2 and H/B = 3 for large- and
small-scale model tests, respectively, noting that the geocell
does not substantially influence on critical depth compared
with unreinforced cases.

The variation in BC and DPF at different H/B and settle-
ment for footing on unreinforced as well as GR sand are re-
ported in Table 4. For H/B ≥ (H/B)cr, the values given in
Table 4 become nearly constant, stating that the RB has no
serious influence beyond that depth. For determining Kγ and
RγKγ, the value ofH/B = 3 andH/B = 4, respectively, for large
and small footing is considered adequate to ensure that no
rigid boundary effect below the footing can exist. DPF
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increases by increase of S/B, which shows more effectiveness
of GR in larger settlements.

Failure mechanism

Soil deformation at failure of both type footings on unrein-
forced cases at variousH/B values was measured in the tests. It
was observed that soil climbing takes places around the foot-
ing due to ensuing general shear failure. The presence of RB
near the footing interferes with failure surfaces and causes
more complex stress distribution than in the reference case
(without any confinements). In the GR tests, the sand could
be confined between the GR and the bottom of the container.
On the other hand, the conventional BC mechanism may
change to squeezing. Figure 4 shows a probable failure mech-
anism of GR sand when the RB is located at a critical depth.
Some researchers proposed to use a failure mechanism of
shallow footing for the unbounded GR case (Dash et al.
2007; Pokharel et al. 2010).

Since no significant variation on the critical depth of RB
was observed for reinforced compared with unreinforced
shape of slip lines, the failure mechanism in GR sand is ap-
proximately the same as unreinforced bed. Heaving is
prevented by GR not reaching ground surface (Fig. 4) due to
bending and shearing resistance from GR. In this case,

negligible upward lifting is observed around the footing com-
pared with unreinforced cases.

The width of sand zone undergoing uplift was measured for
different sand layer thickness in unreinforced cases as plotted
in Fig. 5. The figure reflects deeper and wider rupture surfaces
in the smaller footing compared with the larger footing and the
changed failure mechanism shape. Increase in the H/B ratio
will therefore increase the width of rupture surfaces.

BC and settlement performance indicators

DPF (Kγ and RγKγ)

To consider the influence of RB and GR on the BC, by the
results of Table 4 for service load, two equations were inter-
polated to determine DPF for, respectively, unreinforced as
well as GR sand, as indicated in Eqs. (7) and (8).

Kγ ¼ −0:15 H=Bð Þ3 þ 0:92 H=Bð Þ2−1:85 H=Bð Þ þ 2:17 ð7Þ
RγKγ ¼ 0:11 H=Bð Þ2−0:52 H=Bð Þ þ 1:72 ð8Þ

where H = layer thickness beneath footing, B = footing width.
These interpolations have been carried out by fitting curve

with correlation coefficient of R2 = 0.98 using Matlab (2015)
software which shows good accuracy for geotechnical

Table 4 BC and BC factors for different footing configurations

Rein.
Type

H/
B

B = 150 mm B = 400 mm

(BC) kPa
S/B = 2%

(Kγ) S/
B = 2%

(RγKγ)
S/B = 2%

(BC) kPa
S/B = 10%

(Kγ) S/
B = 10%

(RγKγ) S/
B = 10%

(BC) kPa
S/B = 2%

(Kγ) S/
B = 2%

(RγKγ)
S/B = 2%

(BC) kPa
S/B = 10%

(Kγ) S/
B = 10%

(RγKγ) S/
B = 10%

Unrein. 0.5 100 2.22 - 301 2.20 - 149 1.45 - 251 1.46 -

1 79 1.76 - 239 1.75 - 116 1.13 - 189 1.10 -

2 58 1.29 - 168 1.23 - 103 0.98 - 172 1 -

3 46 1.02 - 137 1 - 105 1 - 172 1 -

4 45 1 - 137 1 - - - - - - -

Rein. 0.5 - - - - - - - - - - - -

1 - - - - - - 138 - 1.31 274 - 1.59

2 91 - 2.02 308 - 2.25 118 - 1.12 236 - 1.37

3 64 - 1.42 232 - 1.69 121 - 1.15 236 - 1.37

4 67 - 1.49 232 - 1.69 - - - - - -

GR Hcr

X
Q

Rigid base

Fig. 4 Failure mechanism
proposed for footing on finite
sand layer overlaying RB at
critical depth in GR bed
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engineering purpose. Also, these equations are defined based
on twomain parameters, including layer thickness beneath the
footing and the footing width (H/B) in which both have a
significant effect on the footing BC and settlement. By deter-
mining Kγ and RγKγ from above formulation, the footing BC
can be estimated by Eq. (3) for allowable settlement which is
practical load.

Most previous equations presented to determine footing
BC on GR sand was defined by the analytical method
(Presto 2008; Koerner 2012; Avesani Neto et al. 2013) with-
out considering RB effect. In the previous studies, the GR
effect was examined by adding a sentence to the classical
BC equations. The BC is determined as a function of applied
pressure over the ground surface and the footing width (B) is
not seen directly in the formulation. Commonly, in the analyt-
ical solutions, one or three mechanisms for calculation of BC
due to GR were considered including “confinement effect”,
“load dispersion effect” and “membrane effect”.

Increasing in the confining pressure due to applied stress on
GR footing bed leading to dissipating the load through lateral
direction tends to mobilise shear stress between geocell and
infill soil shearing stress among adjacent cells and increasing
infill soil deformability and stiffness called confinement ef-
fect. Spreading pressure underlying geocell mattress due to
distributing stress over the larger area leading to reduce stress
level beneath reinforcement called load dispersion effect. The
membrane effect occurs due to vertical displacement in the
footing soil under the geocell layer, which creates a concave
shape in the tensioned geocell material.

Table 5 shows a comparison between the results of the
present study for large-scale footing with those obtained from
others using analytical approaches. For comparison, the value
of H/B = 3 is used as a layer with infinite thickness. All sand
properties and geocell geometry were assumed the same in all
studies. As can be observed, the results of the present study
have good compatibility with other investigations. Applied
pressure defined in the equations of Table 5 is corresponding
to the S/B = 2% in the pressure-settlement response.

Performance ratio BCR

Figure 6 presents the BCR variation in terms of S/B at different
H/B values for a large- and small-scale model. As seen, the
GR has a significant effect on the BC especially, for higher S/
B values. In smaller footings, lower S/B with slight slopes is
contrasted with greater S/B for which the slope of BCR in-
creases. The steep slope is observed for S/B more than 10%
which can be related to further GR contribution to bearing
pressures at higher S/B. In larger footings, BCR increases with
smooth slope by increasing S/B. Combination of the RB and
the GR in the larger footings tends to increase the BCR from 4
to 13% compared with the samemodels without RB for S/B =
0–25%.

Settlement performance ratio PRS

The PRS values, according to PRS definition in Eq. (5) in
service and ultimate load for small- and large-scale model
tests are shown in Fig. 7. The results indicate that simulta-
neous effect of GR and RB tends to settlement reduction due
to applied load, especially at greater load. The difference be-
tween large- and small-scale results can be attributed to scale
effect.

Instrumentation

Figure 8 shows the measured strains in the larger-scale tests
generated at the geocell wall for different values of H/B.
Strains ranged 0–0.53% for footing pressures corre-
sponding to S/B = 0–25% showing linear behaviour
and enhanced contribution of GR at the higher pressure.
Little buckling has been observed in geocell walls
installed below footings. Bucking can affect strain
gauge records. There appear to be greater bucking effect
found in our tests at lower H/B. The usage of a close-
by RB can cause more bucking in geocell walls and
highly localised settlements, reducing GR effectiveness
due to loss of bending and confinement. Besides, the
interfacial soil-GR and membrane resistance are not
mobilised.

The pressure cell records (Pu) were normalised with the
applied pressure corresponding to the BC in unreinforced sand
(q) at the service and ultimate load. Figure 9 shows Pu/q ver-
sus H/B for GR and unreinforced sand. In the absence of the
RB, more than 44% reduction is observed in the pressure at
190 mm depth due to the presence of GR. This reduction
reaches to 50% for H/B = 1 due to the influence of combined
confinements.

0
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H
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X/B
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Fig. 5 Variation ofH/B in terms ofX/B for large- and small-scale footings
placed on unreinforced sand
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Comparison

Figure 10 compares DPF for unreinforced cases (Kγ) obtained
by back-calculation from Eq. (6) in allowable settlement (S/
B = 2%) with those given by theory and other experimental
reports. As observed, a good agreement is seen between the
current study and other results. The differences in the results
with others are due to failure point determination methods,
soil properties and footing size. For a small footing, punching
type failure occurs and failure planes are deeper reaching the
ground at low relative density (Dr). In the larger footing, rup-
ture is less progressive along slip surfaces and lower average
shear strength mobilised than for a smaller footing (De Beer
1965). In the larger footings, increased mean stress and de-
creased friction beneath the footing results from the curvature
of Mohr-Coulomb failure line (Hettler and Gudehus 1988;
Ueno et al. 1998; Zhu et al. 2001). Been and Jefferies
(1985) stated that the combination influences of relative den-
sity, compressibility, mean stress, grain size and shape, and
uniformity have a significant impact on the BC. The mean
stress intensity in footings is also governed by the initial void
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ratio and stress level relative to the critical state line (Cerato
and Lutenegger 2007).

The magnitude of BCR obtained from the present experi-
ments is compared with values reported by others and present-
ed in Table 6. Comparison is made for the H/B = 3 condition
which indicates placing of the footing on the infinite layer.
There is no data available in the literature wherein the footing
BC can be determined using conventional methods for limited
GR sand layer with different H/B ratios. As can be seen, the
present values compare well with the experimental data avail-
able in the literature despite discrepancies in some cases. The
differences may be attributed to material properties, GR type
and footing shape.

Limitation and applicability

The results presented here are constrained by use of Dr value
in the mid density range for this type sand (mentioned in
Table 1), and GR specifications presented in Table 2.
Although the results of the present study due to scale effect
and several complex parameters may be partly different to
full-scale footing performance in the field (Fakher and Jones
1996), the general behaviour can be expected to be similar
(Milligan et al. 1986). Direct scaling up or down of the results
for other material dimensional and material properties would
not be appropriate, however due to non-linear effects. To in-
crease geocell performance in practice, it is recommended to
use smallest size cells at shallow depths of similar relative
dimensions. Regarding the sand to be used at field scale, to
provide scaling factors resulting from this study, the soil stiff-
ness should be in the range for soils of similar average relative
density and if feasible for low densities to increase it by com-
paction to arrive at similar relative density. GRmakes sense to
install at reasonable depths in soils with mid-range densities,
not the low or the high stiffness soils. These findings can also
be employed to guide geotechnical engineers for choosing
appropriate parameters for foundation design located on GR
sand. Other combinations can be tested in variety of ways

using this study and the DPF including physical and numerical
modelling with results here employed as reference values
bearing in mind the stated limitations.

Conclusions

Tests in small- and larger-scale experimental setups were car-
ried out on two sets of circular footings supported by unrein-
forced and GR sand overlying a RB. The influences of RB
location and GR on the footing pressure-settlement response
were investigated in combination and separately. The behav-
iour of GR under vertical pressure in the presence and absence
of the RB was elucidated monitoring GR strain and reduction
stress intensity under the GR mat. The following conclusions
may be drawn from the analysis:

& RB proximity shows greater BC and smaller settlement of
footings generating different BC and DPF which are func-
tion of scale effect. When H/B ratio decreases to 0.5, the
increase in the BC can reach to 225%.

& DPF is dependent on footing width (B), relative density
(Dr), and dimensional ratios (H/B). AsH/B increases, DPF
decreases reaching to constant value (critical depth).

& GR in combination with RB in a thin packet of poorly
graded sand, one footing diameter thick, can enhance
BC by around 30 and 60% and improve settlement by
around 25 and 50% under service and ultimate loads, re-
spectively, compared with unreinforced infinite sand
layer.

& The proposed equations (Eqs. (7) and (8)) can be used to
estimate DPF and extend classical BC formulations as
suggested by Eq. (3) for design of footings strengthened
by GR and RB considering limitation and applicability.

& GR hardly affected BC and settlement performances when
the RB is located at 3B and 2B, respectively, below the
small- and larger-scale footings. More research, however,
is needed to be more conclusive on footing geometry
(scale and shape) effects and sand relative density

Table 6 Comparison of BCR values for square and circular footings placed on GR sand

Reference Footing
shape

Footing width/
diameter (mm)

BCR (S/
B = 10%)

Description

Shadmand et al.
(2018)

Square 500 1.57 Test, SP, φ = 41°, Dr = 65%, EA (geocell) = 15 kN/m, b/B = 5, d/B = 0.44,
h/B = 0.3, u/B = 0.1, b/B = 4

Hegde and Sitharam
(2013)

Square 150 1.28 Test, SP, φ = 30°, Dr = 65%, EA (geocell) = 21.5 kN/m, d/B = 1.22, h/B = 1,
u/B = 0.1, b/B = 5.9

Present study
(H/B = 3)

Circle 400 1.37 Test, SP,φ = 36°,Dr = 68%, EA (geocell) = 21 kN/m, d/B = 0.46, h/B = 0.38,
u/B = 0.1, b/B = 4

Present study
(H/B = 3)

Circle 150 1.68 Test, SP, φ = 36°, Dr = 68%, EA (geocell) = 21 kN/m, d/B = 1.22, h/B = 1,
u/B = 0.1, b/B = 4
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(material) effects on BC and settlement performance
factors.
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