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Abstract. Bearing Capacity (BC) test results are presented for bounded and unbounded
twin circular footings on unreinforced and geocell-reinforced (GCR) sand. Analysis of the
results demonstrate material, scale and size e�ects on the BC for a given combination in
materials (sand-GCR), footing (single-twin) and the problem geometric dimensions. The
signi�cance of these combinations on BC and settlements is used to arrive at suitably
modi�ed BC factors for a design that could be generalized. Plots given relative to reference
cases for which BC design solutions are available provide correction factors to modify
classical BC equations. Values of the BC and BC factors represent the lumped e�ect
of all or separate problem variables including scale and any experimental limitations.
Compared with previous works, these results give deeper critical depths for twin footings
on unreinforced and GCR sand and BC higher than 3 times the reference case.

© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

All classical Bearing Capacity (BC) relations were orig-
inally derived for a single footing on a soil layer of in-
�nite thickness. Modi�cations appeared subsequently
to arrive at more realistic BC and settlement measures
through a set of factors concerning base con�nement
[1], interaction with adjacent foundation [2], shape [3],
scale [4], and so on. Circular footings received some
attention due to their applicability and axi-symmetric
nature which approximates 3-D foundations without
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the e�ects resulting from multi-edged footings. Some
studies on the behavior of circular footings on sand
[5{9] resulted in determination of dimensionless values
such as N
 (BC) and S
 (shape) factors. This foun-
dation type is commonly employed for axisymmetric
structures such as silos, cooling towers, tall tanks, etc.

In practice, soils are bounded and experience
interference unless foundations are constructed far from
each other on a deep layer. The presence of an adjacent
foundation [2], reinforcement [10], layering or a rigid
base [3] change entirely the shear failure mechanism,
footing BC and settlement behavior. These constraints
impose complexities that cannot be easily resolved
theoretically, but, for design purposes, can be approx-
imately approached experimentally at di�erent scales
and relative dimensions using lumped modi�ed factors
for shape (S�
) and BC (N�
 ). By choosing the small
scale next to the earlier reported larger scale tests [11],
and referring to published results on single footing on
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bounded layer [12{16] or twin footings on unreinforced
and geogrid-reinforced stratum [17{22], as reference
cases, one can recalculate modi�ed factors and assess
their applicability in design.

This study investigates and quanti�es: (1) BC
from laboratory tests on two sets of circular model
footings of di�erent diameters; (2) the separate and
coupled in
uence of di�erent con�nement types on the
BC and BC factors from second neighboring footing,
geocell reinforcement, and a rigid base.

2. Footings BC models for sand

Mandel and Salen�con [1] de�ned modi�ed BC factor
N�
 when H=B � 1 (layer thickness/footing diameter)
and found this to be function of ' and H=B. For unit
weight 
, the BC (qult) is:

qult = 0:5
BN�
 : (1)

Meyerhof [3] introduced a modi�ed shape factor S�y
due to the rigid base forH=B � 1 using Mandel and
Salen�con [1]. For H=B � 1 Meyerhof [3] proposed
N
 = N�
 and S�
 = 0:6 similar to Terzaghi [23] for
an in�nite layer. S�
 is given by:

S�
circle = 1�m2

�
B
L

�
; (2)

where m2 is given in a chart for di�erent H=B and ',
and L = footing length.

Therefore, the BC equation for shallow footing on
a bounded sand layer was expanded to:

qult = 0:5
BN�
S�
 = 0:5
BK
(N
S
): (3)

The in
uence of the friction angle increases in sig-
ni�cance on the BC, settlement and on the failure
mechanism of square and circular footings when the
distance of the rigid base to the 
oor of the footing
decreases [16]. Brown et al. [24] using centrifuge
tests presented theoretical methods to determine N�
 is
conservative. Tournier and Milovi�c [13] in experimental
studies on large square footings with di�erent sizes
investigated the rigid base e�ect on N�
 and failure ge-
ometry. Cerato and Lutenegger [16] performed square
and circular plate load tests on sand at various relative
densities and footing sizes to consider the scale e�ect
for determining modi�ed BC factor N�
 stating that the
critical depth of a rigid base is close to H=B � 3. Eid et
al. [14] performed experimental and full-scale numerical
studies on square and raft footings on a thin sand layer
to simulate the in
uence of relative density, rigid base
and scale e�ect. These studies consistently reported
increasing critical depth within 1:5�3B, depending on
the footing size and sand relative density.

Stuart [2] introduced an e�ciency factor �
 for ad-
jacent footings on in�nite sand stratum in the following
equation:

qult = 0:5
BN
�
 ; (4)

where, �
 is a ratio of the ultimate bearing pressure
for a footing of width B, in the presence of the second
footing at a distance d (center-to-center), to that of a
single isolated footing with the same size B.

A twin footing on unbounded sand is more com-
plex requiring di�erent approaches for a 2D strip [25{
28] and 3D square footing [29,30] to arrive at an
interference factor �
 . These studies revealed that �
 is
function of increasing with the decrease in spacing ratio
between the footings, reaching a maximum value at
certain spacing, depending on ' and B. In some cases,
such as two ring and circular footings, the BC decreases
proportionately with increasing distance between foot-
ings [21]. The in
uence zone for interacting square
and rectangular footings on layered sand overlaps up
to beyond 5B according to Ghosh et al. [31]. Lee and
Eun [32], using �eld plate load tests and �nite element
analyses, studied the e�ect of multiple foundations on
BC showing that the pressure-settlement responses of
multiple footings are similar to those of the single
isolated footing at spacing greater than three times the
footing width. Srinivasan and Ghosh [33] found from
tests in layered sandy soils on twin circular footings of
75{150 mm diameter, that the interference e�ect on the
BC (�
) and settlement (��) factors, reduces when twin
footings are further from each other and upper weaker
layer thickness increases.

For twin shallow footings located on a sand layer
overlying a rigid base, the equation used in this study
is a combined Eqs. (3) and (4), here in terms of de�ned
\modi�ed" e�ciency factor ��
 :

qult = 0:5
BN�
S�
��
 = 0:5
BK
(N
S
)��
 ; (5)

where ��
 is a ratio of the BC for a footing located
on a sand layer with thickness H, in the presence of
the second footing at a distance d, to that of a single
isolated footing with the same H and size.

Planar reinforcement under interfering square and
circular footings in sand increases BC while reducing
settlement and tilt, depending on footing size, rein-
forcement type, and soil properties [17,20,21]. Ghazavi
and Alimardani Lavsan [18] determined critical rein-
forcement width and depth ratios for twin square foot-
ings on sand. They concluded that closely spaced foot-
ings on one and two geogrid layers produced larger in-
terference factors than when unreinforced. Alimardani
Lavasan and Ghazavi [19], using large scale model tests,
state that settlement and footing tilt in sand decreases
signi�cantly by employing planar reinforcement.
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Eq. (5) can be extended for GCR sand by de�ning
a reinforcement factor R
 :

qult = 0:5
BR
N�
S�
��
 = 0:5
BR
K
(N
S
)��
 : (6)

3. Materials and experimental program

3.1. Sand
For all tests, a poorly graded (SP) �ne sand with an
average friction angle of 36� is used. Other physical
properties of the sand are as follows: speci�c gravity
Gs = 2:63, relative density Dr = 68%, dry unit weight

 = 15:64 kN/m3, grain size distribution Cu = 1:65,
Cc = 0:84, and D50 = 0:25 mm.

3.2. GCR
A commercial drilled geocell type high-density
polyethylene (HDPE) produced from novel polymeric
made by PRS Mediterranean Inc. is used. The ratio
of the geocell pocket size to the diameter of the
model footing and the sand cover on the top of the
geocell mattress being D=B = 0:82 and u=B = 0:1,
respectively, gives maximum performance improvement
according to Dash et al. [34]. The ratio of the height
of geocell (h) to width of footing (B) is h=B = 1.
Geocell reinforcement size 1050 � 1050 mm as used is
not likely to a�ect results since only the number of
openings which are placed under the footings vary for
the model and large scale footings [21].

3.3. Experimental setup and program
The GCR sand placement in the box setup can be seen
in Figure 1(c). Test box dimensions 1100 mm length �
1100 mm width and 1000 mm height are used. The
dimensions are con�rmed by preliminary numerical
analysis FLAC 3D [35] showing negligible box walls
and base boundary e�ects. The 
oor of the box is
made from rough concrete. The box is connected to the
rigid loading frame with a pneumatic jack (Figure 1(a))
with which the footings are displacement-loaded at a
constant rate of 10 mm/min. Rigid plastic circular
footings 150 mm in diameter are used throughout
the table program. For modeling rough footings, the
bottoms of the footings are glued to the rough sand
paper. Two rigid steel plates are used, in which ball
bearings are pointed to a half-sphere shape sitting in
the calotte zone at the center of the plates and located
on each footing. The setup is such that footings can tilt
freely without unfavorable e�ects from oblique loading.
Although former studies show that tilt value due to
the interference e�ect for this range of footing size is
negligible [21]. The load is transmitted equally to the
footings via the rigid beam.

All tests showing in the test program detailed in
Table 1 are performed under dry conditions. A total of
41 tests on single and twin footings and four series of
plate load tests are performed. To ensure the accuracy
and consistency of the test procedure, seven tests are
repeated on the footing on unreinforced and GCR sand,

Figure 1. Test setup: (a) Load frame and sand box, (b) sand raining in the box, (c) geocell-reinforced (GCR), and (d)
schematic view cross sectional.
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Table 1. Details of model test series.

Test series Type of
footing

Type of
reinforcement

Variables No. of tests

H=B d=B

A Single Unreinforced 0.5, 1, 2, 3, 4, 6 | 6+1�

B Single Reinforced 2, 3, 4, 6 | 4+1�

C Twin Unreinforced 0.5, 1, 2, 3, 4 1, 2, 3 15+3�

D Twin Reinforced 2, 3, 4 1, 2, 3 9+2�

�The tests were conducted two times to verify the repeatability of the test data.

resulting in only 4% deviations, which seem to be small
for geotechnical applications. Two Linear Variable
Di�erential Transducers (LVDTs) with the precision of
�1% of the 100 mm provided a measure of the average
displacement of the footings. A pouring method is
used from a constant height of 500 mm to form the
test bed including the geocell in 100 mm thick layers
with a relative density of 68 � 5% (medium compact
density) (Figure 1(b)). A S-shaped load cell (accuracy
�0:01% and full-scale capacity of 50 kN) and LVDTs
are connected to the loading frame over a model jointed
to a data logger.

4. Results and discussion

To investigate the e�ect of a rigid base on BC factors,
a ratio correction factor K
 is de�ned as:

K
 =
N�
S�

N
S


; (7)

where N�
S�
 = BC factors of a single footing on
unreinforced sand in the presence of a rigid base,
N
S
 = BC factors of the same footing in the absence
of a rigid base.

To evaluate the in
uence of the geocell mattress
on the footing bearing pressure, a BC Ratio (BCR) can
be introduced as:

BCR =
qu�Rein:
qu�Unrein:

; (8)

where qu�Unrein: = BC of the single or two adjacent
footings on unreinforced sand and qu�Rein: = BC for
the same footing on GCR sand at the same settlement.

Considering the in
uence of all con�nement com-
binations and to measure the simultaneous e�ects
of geocell reinforcement, rigid base and any footing
interference on the BC of each footing relative to the
simple case of unbounded, unreinforced single footing,
a so-called Ratio E�ciency Factor (REF) is introduced,
as follows, obtained by dividing Eq. (6) by Eq. (3).

REF =
qu�Rein:b

qu�Unrein:single
= K
R
��
 ; (9)

where qu�Rein:b = BC of two adjacent footings

resting on reinforced sand with a rigid base and
qu�Unrein:single = BC of a single isolated footing with
the same size on unreinforced sand without a rigid
base e�ect.

4.1. Behavior of single footing
4.1.1. Unreinforced case
Figure 2 presents all the pressure-settlement results
with varying H=B ratio for a footing on unreinforced
sand (test series 1). The BC was estimated corre-
sponding to S=B = 10% [36] and the N�
S�
 were back
calculated for each test from Eq. (3). A well-de�ned
failure due to the nonlinear behavior of the soil at
greater pressures is observed for di�erent H=B values,
where for H=B = 0:5, the ultimate BC is the largest in
comparison to other H=B cases. By increasing H=B,
the ultimate BC of the footing decreases until BC
values become approximately constant when H=B � 3,
which is more consistent with previous studies [16].
Generally, BC values for circular footing become con-
stant when H=B = 1:5� 3, depending on soil strength
and footing size. This is mainly due to di�erences
in the failure mechanism and the intensity of mean
stresses beneath footings of varying sizes. In the larger
footing, rupture is less progressive with lower average
shear strength mobilized along slip surfaces than in
the smaller footing. Increasing footing size tends to
decrease the friction angle due to curvature of the

Figure 2. Pressure-settlement curves for unreinforced
sand at various H=B.
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Table 2. Equivalent Bearing Capacity (BC) factor N
S
 values resulting from di�erent approaches.

Lyamin
et al. [7]

Lower bound

Lyamin
et al. [7]

Upper bound

Erickson
and Drescher

[5] FDM

Loukidis
and Salgado

[6] FEM

De Beer
[9] Test

Bolton
and Lau [8]
method of

characteristics

Present
study

(H=B = 4)

Large
scale

test [11]

' = 35 ' = 40 ' = 35 ' = 40 ' = 35 ' = 40 ' = 35 ' = 40 ' = 36 ' = 36 ' = 36 ' = 36
37.2 106.6 52.5 157.2 33-73a 45-130a 42b 122.2b 28-57 101 117 55

aFor dilation angle 	 = 0� '; bFor dilation angle 	 = '

Mohr-Coulomb failure envelope [37]. Mohr-Coulomb
failure criterion is given in a straight line at small shear
stress becoming curved at high stresses. The value of
curvature in dense sands at higher stress is greater than
in loose sands. The friction angle of loose sand are not
a�ected by pressure, therefore, reduction in the rate of
increase of pressure with width does not occur in loose
sand. The BC in sands is also a�ected by both peak
and critical state strengths values. Strength of sand is
a function of dilation which is a function of relative
density and would not be uniform below a loaded
footing. Thus, a complicated relation is needed to take
this into account justifying for practical purposes the
use of a simpli�ed method [38].

4.1.2. Validity of tests
Table 2 shows N
S
 produced from test results us-
ing Eq. (3) for single circular footings on sand with
H=B = 4 (which is the same as in�nite layer) and
those reported by other investigations resulting from
�nite element simulation, limit analysis, method of
characteristics, and experimental approaches. Good
agreement can be observed with the present study. The
di�erence between De Beer [9] results with the present
and other studies can be attributed to the de�nition
of the BC point on the pressure-settlement curve. The
results given in Table 2 can be used to establish values
for the BC and shape factors of circular footings.
In traditional relations in foundation engineering, it
has been assumed that the solution for a square
load/foundation can be estimated by the solution for
a circular footing, which is much easier to calculate
because of the axial symmetry of these footings.

Figure 3 compares N�
S�
 versus H=B of the
present study with those from other reports and large
scale models. These di�erences between results can
change depending on relative density, footing diameter,
soil properties, and the procedure adopted for BC
determination from the pressure-settlement curves. As
can be observed, decreasing H=B from 6 to 0.5 results
in increasing BC and shape factors approximately in
the range of 0{225% as obtained from Eq. (3). Figure 3
also shows N�
S�
 values in the large scale model are
smaller than those obtained from the small scale one,
which is attributed to the failure mechanism and the
scale e�ect problem. Scale e�ect is the experimental
size, or scale, e�ect of the laboratory models on the BC.

Figure 3. Comparison of measured N�
S�
 with those
suggested by others.

4.1.3. Reinforced case
The bearing pressure settlement curves for footing on
a GCR sand bed are also presented in Figure 4. As
seen, the BC of GCR single circular footings is about
1.69{1.83 greater than without unreinforced cases at
the same value of H=B. With GCR sand, no clear
failure could be observed except for a slight reduction
in the slope of the pressure-settlement curve due to the
reinforcing e�ect leading to signi�cant decrease in both
the vertical stresses and settlement.

The shear and bending sti�ness of the geocell

Figure 4. Pressure-settlement variation for circular
footing on geocell-reinforced (GCR) sand for various H=B.
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Figure 5. Variation of K
 and R
K
 in term of H=B for
a single circular footing on unreinforced and
geocell-reinforced (GCR) sand.

support the sand under the load even after the failure.
The geocell mattress acts as a plate, distributing
pressures over a larger volume, and, in e�ect, increases
soil sti�ness [39]. It can be stated that, with the
provision of geocell reinforcement and decreasing H=B,
substantial performance improvement in the settlement
and BC of the circular footing occurs without signi�-
cant in
uence on the critical depth.

The variations of K
 at di�erent H=B values
for a single circular footing on unreinforced sand are
expressed in Figure 5. To calculate K
 in Figure 5,
H=B = 4 is considered adequate to ensure no rigid
base e�ect below the footing, and H=B = 4 can
be assumed for footing located on an in�nite layer.
For comparison, the results of a large scale model
performed in another study [11] are also presented
in Figure 5. It can be observed that critical depth
and K
 obtained from small scale tests are greater
than those obtained from large model tests. On
the other hand, N
 decreases with increasing footing
size, due to the increasing intensity of stress beneath
the footing, which resulted in a decreasing friction
angle. Previous studies also state that S
 can also
impress from scale e�ect phenomenon, especially when
foundation geometry becomes more three dimensional
[40].

Figure 5 also presents variation of R
K
 for GCR
cases for di�erent locations of the rigid base. The
results show the rigid base plays a signi�cant role in the
BC and settlement of footing located on GCR sand. By
comparing the results of the current study with large
scale model tests, it is observed that the reinforcement
e�ect on the behavior of smaller footing is more
pronounced than larger footing. The diameter of larger
scale footing is approximately twice the equivalent
diameter of one cell pocket of the geocell reinforcement,
and all the cell walls are covered completely by the
footing circumference. In small scale tests, a footing
diameter is smaller than the equivalent diameter of one
pocket cell protecting one cell and no cell walls exist

directly beneath the footing. Therefore, local e�ects
on the results might occur by the location of the cell
walls relative to the footing diameter [41].

4.2. Twin footings on unreinforced sand
The set of pressure-settlement plots for twin footings on
unreinforced sand is seen in Figure 6 for di�erent values
of d=B and H=B. The results show that substantial
increase in the BC occurs for twin compared to single
footing due to interference e�ects. With increasing d=B
the BC decreases when the rigid base depth is constant.
Maximum BC occurs when d=B = 1 for shallower base
depth. This is mainly due to increased con�nement of
the sand from the extra foundation and the more roles a
rigid base plays at shallow depths. In case of d=B > 3,
the behavior of each footing is approximately the same
as for the single footing. The rigid base depth has also
a substantial e�ect on the interference in
uence. On
the other hand, decreasing the depth of the rigid base
decreases remarkably the interference e�ect. When the
rigid base is at a depth of H=B = 4, the interference
e�ect for various footing distances is greater compared
to H=B = 0:5. Similar observation was reported by
Nainegali et al. [42] by numerical simulation for twin
strip footings located on sand. By comparing the
results of the BC for H=B = 3 and 4 at di�erent d=B
in Figure 6, it can be seen that the critical depth for
two adjacent circular footings may extend beyond 3B
due to overlapping of failure zones. In other words, the
critical depths of twin footings penetrate deeper than
in single isolated footings [31]. It is worth mentioning,
however, that critical depths in the larger model tests
of twin footings are limited to 2B. This is due to
a di�erence in failure mechanisms relative to smaller
scale models. Actually, failure modes in larger scale
models are general failure while in small footings tend
to punching.

4.3. The general case: Twin footings on GCR
sand

The pressure-settlement responses for the general case
are shown in Figure 7 for di�erent values of d=B
and H=B. The signi�cant increase observed in BC
compared to twin footings on unreinforced sand at
the same H, resulted from extra con�nement in the
soil beneath the footings. In the general case, all
three types of con�nements (twin footing, rigid base,
and GCR) remarkably increase BC and decrease the
settlement of footings. With twin footings on the
reinforced sand, increasing spacing d reduces BC and
decreasing H reduces the interference e�ect.

As in the unreinforced cases, the critical depth for
twin footings on GCR sand isH=B > 3, which is deeper
than for the single footing. Also, geocell reinforcement
does not seriously in
uence critical depth when the
results are compared with unreinforced cases.
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Figure 6. Pressure-settlement curves for twin footings on unreinforced sand: (a) H=B = 0:5, 1, and 2 and (b) H=B = 3
and 4.

Figure 7. Pressure-settlement curves for twin footings on
geocell-reinforced (GCR) sand at various H=B and d=B.

Figure 8(a) indicates variation of ��
 due to in-
terference for unreinforced cases for all H=B and d=B
values. As observed, ��
 increases with H. Maximum
��
 occurs when two footings are closer and a rigid base
is deeper. When a rigid base is at shallower depth and
when spacing between footings is greater than 3B, ��

is approximately 1, due to a decrease in the interaction

e�ect between footings. A rigid base modi�es ��
 and
restricts interaction beneath footings. The same as
for N�
 and S�
 factors, ��
 for smaller scale footings is
greater than those for larger footings due to the e�ect
of footing size.

Figure 8(b) shows ��
 values for GCR sand for all
cases considered. ��
 changes from 1.16 to 2.02 for all
H=B and d=B values. Similar to unreinforced sand
��
 increases with increasing H. The value of ��
 for
twin footings on reinforced sand is greater than that
of unreinforced cases. Geocell reinforcement increases
the interference e�ect and decreases settlement and
deformation between footings. The values of ��
 for
small scale models are 1.48{1.86 time greater than
those obtained from the larger scale footings due to
the in
uence of footing dimension.

4.4. E�ect of the rigid base and interference
on BCR and REF

Figure 9(a) shows variation of BCR in terms of d=B
for di�erent values of H=B according to Eq. (8). The
BCR values vary from 1.63 to 1.92 when H=B � 2
and 1 � d=B � 3. Maximum BCR is when d=B = 1

Figure 8. Variation of ��
 in term of H=B at di�erent values of d=B for twin footings: (a) Unreinforced and (b)
geocell-reinforced (GCR).
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Figure 9. Variation of Bearing Capacity Ratio (BCR) versus H=B at di�erent values of d=B for two adjacent footings on
geocell-reinforced (GCR) sand: (a) B = 150 mm and (b) B = 400 mm.

Figure 10. Variation of Ratio E�ciency Factor (REF) versus H=B at di�erent d=B for two adjacent footings: (a)
B = 150 mm and (b) B = 400 mm.

and H=B = 2, due to the rigid base. With increasing
H=B, the BCR value decreases substantially. BCR
results show that the presence of geocell reinforcement
has signi�cantly contributed to the increase in bearing
pressure and created more con�nement in the soil be-
neath the footings, resulting in increasing the BC of two
nearby footings. Also, BCR is in most cases greater for
twin than for single footings due to more con�nement.
The BCR ratio resulting from each of the twin footings
is 1.07 to 0.98 times greater than those obtained from
a single isolated footing of similar areas depending on
the spacing between footings and location of the rigid
base. By increasing H=B and d=B, the BCR value of
each of the twin footings is closer to a single similar
size footing with a similar reinforcement depth and
dimensions. BCR as presented in Figure 9(b) indicate
lower values for the larger scale physical models.

The value of REF which shows BC increase, due
to the e�ect of all three con�nements at the same time,
versus H=B and d=B, is presented in Figure 10(a).
The results show REF variation between 3.33{1.92 for
H=B � 2 in the smaller models decreasing signi�cantly
with increasing H=B and d=B. Maximum REF occurs
when d=B = 1 and H=B = 2 for the general case.
The presence of all con�nement types simultaneously
increased the BC more than 4 times. REF in the larger
models, as can be seen in Figure 10(b), is smaller than
that in the smaller models. The results show that in

some cases REF can be more than 85% higher than in
the larger scale models.

5. Comparison of the results

Table 3 compares Hcr=B ratio and K
 obtained from
the present study with other experimental, theoretical,
and numerical data available in the literature. The
di�erences between the present study and results from
others are due to di�erences in footing width/diameter
scale and shape, soil properties, and modeling (ex-
perimental/computational), leading to di�erent failure
mechanisms beneath the footing. All investigations
show that increasing relative density and decreasing
footing width results in increasing Hcr and K
 .

Table 4 presents ��
 and R��
 resulting from this
study for the unreinforced and GCR cases. Di�erences
with values reported in the previous studies, are due
to di�erence in H, footing size, shape, and relative
density. All mentioned reports show that R
 is larger
than 1 and the reinforcement has a signi�cant in
uence
on interference e�ect.

6. Limitation and applicability

The results presented in the current study provideen-
couragement for the application of geocell reinforce-
ment under twin footings in the presence or absence
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Table 3. Summary of previous results performed on limited layer of sand and relation between the critical depth to
footing width ratio and soil relative density.

Shape of
footing

Reference

Footing
width/

diameter
(mm)

H=B
range

Hcr=B K
 Dr (%) Description

Rectangle Pfei
e and Das [12] 51 0.4{5 2.1 1{4.95 78 Test, ' = 43
�a,

D50 = 0:6 mm

Square Tournier and Milovi�c [13] 200, 350,
500

0.5{6.8 1.6 1{4.1 66 Test, ' = 37
�a,

D50 = 0:6 mm

Square Eid et al. [14] 120 0.5{6 0.95{1.9 1{3.1 44{71
Test +Num.
' = 37� 46

�b,
D50 = 0:21 mm

Circle &
rectangle

Siraj-Eldine and Bottero [15] 50, 56 0.5{3 2 | 71 Test, ' = 35
�b,

D50 = 0:7 mm

Circle &
square

Cerato and Lutenegger [16] 102, 152,
305

0.5{4 3 | 24{87 Test, ' = 40:8
� � 46

�b,
D50 = 0:7 mm

Circle Present studyc 150 0.5{6 3 1{2.28 68 Test, ' = 36
�a,

D50 = 0:25 mm

Large scale model [11] 400 0.5{3 2 1{1.46 68 Test, ' = 36
�a,

D50 = 0:25 mm
aTriaxial compressions test; bDirect shear test; cSingle footing on unreinforced sand.

Table 4. Comparison of e�ciency factors ��
 and R
��
 for closely spaced footings on unreinforced and geocell-reinforced
(GCR) sand.

Footing
shape

Reference N d=B Description

1 1.5 2 2.5 3 4

Square Kumar and Saran [17] 0 1.4 1.9 1.4 1.2 { { Test, ' = 37
�

, Dr = 60%, B = 10 cm, SP,
1 1.1a 1.2a 1.1a 1.1a { { EA (geogrid) = 20 kN/m

Alimardani Lavasan and Ghazavi [18] 0 1.5 1.7 1.9 1.6 Num., ' = 35�

1 2.1 2.4 2.7 2.2 { {
Circle Alimardani Lavasan and Ghazavi [19] 0 1.3 1.6 1.2 { { { Test, ' = 34

�
, Dr = 40%, B = 40 cm, SP,

1 1.6 1.8 1.4 { { { EA (geogrid) = 5.5 kN/m
Alimardani Lavasan and Ghazavi [19] 0 1.6 1.3 1.2 1.2 { {

1 1.9 { 1.4 { { {
Naderi and Hataf [21] 0 1.27 { 1.21 { 1.08 1.02 Test+Num. ' = 43

�
, Dr = 50%, B = 12 cm, SW,

1 2.41 { 2.03 { 1.94 1.84 EA (geogrid) = 30 kN/m
Alimardani Lavasan et al. [20] 0 1.48 { 1.25 { 1.1 1.07 Physical+Num., ' = 35:8

1 2 { 1.4 { 1.3 1.2
Present study (H=B = 4) 0 1.89 { 1.50 { 1.26 { Test, ' = 36

�
, Dr = 68%, B = 15 cm, SP

1 3.16 { 2.57 { 2.10 { EA (geocell) = 21 kN/m
Large scale model (H=B = 3) [11] 0 1.65 { 1.19 { 1.11 {

1 2.37 { 1.68 { 1.47 {
a Value corresponding to �
 for interfering footings on reinforced sand to �
 for the same arrangement on unreinforced cases.

of a rigid base. It is worth mentioning however,
that the experimental results are obtained for only
one type of geocell reinforcement, one pocket size,
length and height of the geocell, one type of sand
and relative density. Thus, generalization of these
results can only be made after considering the above
mentioned limitations. Furthermore, the results herein
are based on tests carried out on a circular foundation
under three dimensional loading conditions. For other

conditions, similar test programs have to be conducted,
such as for square or strip footings, especially with a
larger size. Although localized shear failure is known
for narrow foundations, previous studies indicate that
in granular soils reinforced by geosynthetic [43], a
general shear failure mechanism occurs in both large
and small scale models. Thus, the general trends
obtained here are expected to be similar at full size.
Therefore, future tests need to be performed with larger
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scale footings in various sizes, with di�erent geometry,
pocket size for the geocell, and relative density for sand.

7. Scale e�ect

Considering the scaling e�ect is necessary in order to
simulate soil and reinforcement properties to obtain
applicable results for practical purposes. This phe-
nomenon prevents direct comparison of the physical
model made with a full scale model. Although the
results of the present study can be di�erent to full
scale footing behavior in the �eld, the general trend
may be similar to scale the geometrical dimensions
of each e�ective factor. Scaling factor converts de-
sign parameters from a small or large scale model
into design parameters for a large prototype de�n-
ing factor of �, which indicates the diameter ratio
of the prototype foundation to the diameter of the
physical model footing. Also, reinforcement employed
at the prototype should be �2 reinforcement used in
the physical model, according to Langhaar [44] and
Buckingham [45]. It is not possible using geocell
reinforcement with �2 sti�er than those used here as
this would be much beyond the sti�ness of commer-
cially available geocell reinforcement. The results,
however, help to distinguish a general trend for scale
in
uence, and the di�erence in behavior of small to
large models at laboratory scale and those in full
scale reinforced footing. Generally, this study provides
insight into the basic mechanism that creates the
bearing pressure-settlement response of the GCR sand
bed combined with rigid base e�ects. These results
would be useful in designing a laboratory to �eld
scale tests and their simulations through numerical
models.

8. Conclusions

A number of tests on circular twin footings supported
by unreinforced and geocell-reinforced (GCR) sand
overlying a rigid base are performed. A commercially
available geocell made of high-density polyethylen
(HDPE) is employed in the tests. The e�ects of a
rigid base situation, footing interference and geocell
reinforcement, as three di�erent con�nements, on the
footing Bearing Capacity (BC) are investigated. Fixing
geocell geometry and location under optimum condi-
tions, the bounded sand layer thickness varied 0:5B to
6B and twin footings at spaces varying from 1B to 3B.
In the present study, for the adopted testing procedure
and materials used, the following conclusions may be
cited from the results:

� BC, BC factors, and settlements of twin foot-
ings are functions of the material properties and
relative dimensions of geocell reinforcement, sand

layer and foundations; interference from boundary
con�nements and interaction between base, geocell
reinforcement and the foundations; model scale in
relation to the other problem dimensions;

� Foundation model size e�ect is signi�cant. Classical
BC equations can be modi�ed for special and com-
bined cases such as reinforced soil, twin footings and
bounded soil. As shown here, modi�ed BC factors
can be back calculated for the combined parameters
lumped in non-dimensional plots of the BC using
a reference case with an available design solution.
Using more than one foundation model dimension
provides corrections that include the in
uence of the
footing scale;

� Critical depths of circular twin footings on GCR
sand and rigid base can increase to a ratio H=B
in excess of more than 3, which is much deeper than
that of single unreinforced, unbounded footings of
similar dimensions;

� Smaller footings on unreinforced and GCR sand
result in greater critical depths than those resulting
from larger footings due to scale e�ect;

� The maximum BC of twin footings on unreinforced
and GCR sand is reached when d=B = 1, with the
rigid base located at a shallower depth;

� Interference e�ects in twin circular footings decrease
remarkably with decreasing rigid base depth. In-
creasing the depth of the rigid base increases the
e�ciency factors of BC (��
);

� More tests are recommended to address some lim-
itations in the current study. It is recommended
to employ other sand relative densities, geocell
reinforcement dimensions and depths. Scale e�ect
can best be investigated in combination with a
numerically calibrated simulation of the current
results to extend the problem parameters and model
scales.

Nomenclature

b Width of the geocell layer
B Footing width (mm)
Cc Coe�cient of curvature (dimensionless)
Cu Coe�cient of uniformity

(dimensionless)
d Center to center distance between two

footings
D Geocell pocket size (mm)
D50 Medium grain size (mm)
Dr Relative density (dimensionless)
Gs Speci�c gravity of soil (dimensionless)
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h Height of geocell layers (mm)
H Thickness of soil layer (mm)
Hcr Critical thickness of soil layer (mm)
K
 Correction bearing capacity factor

(dimensionless)
L Footing length (mm)
N Number of geocell reinforcement layers

(dimensionless)
qu Applied pressure on the footing surface

(kPa)
R
 Reinforcement factor (dimensionless)
S Footing settlement (mm)
u Embedded depth of the geocell (mm)
' Angle of frictional resistance of soil

(degree)
N
 Bearing capacity factor (dimensionless)
S
 Shape factor (dimensionless)
N�
 Modi�ed bearing capacity factor

(dimensionless)
S�
 Modi�ed shape factor (dimensionless)
�
 E�ciency factor related to the bearing

capacity (dimensionless)
�� E�ciency factor related to the

settlement (dimensionless)
��
 Modi�ed e�ciency factor

(dimensionless)

 Unit weight (kN/m3)

d Dry unit weight (kN/m3)
� The diameter ratio of prototype

footing to diameter of model footing
(dimensionless)
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