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Abstract. In practice, the interference influence caused by adjacent footings of structures on geo-reinforced loose soil has a
considerable impact on their behavior. Thus, the goal of this study is to evaluate the behavior of two strip footings in close
proximity on both geocell and geogrid reinforced soil with different reinforcement layers. Geocell was made from geogrid
material used to compare the performance of cellular and planar reinforcement on the bearing pressure of twin footings.
Extensive experimental tests have been performed to attain the optimum embedment depth and vertical distance between
reinforcement layers. Particle image velocimetry (PIV) analysis has been conducted to monitor the deformation, tilting and
movement of soil particles beneath and between twin footings. Results of tests and PIV technique were verified using finite
element modeling (FEM) and the results of both PIV and FEM were used to utilize failure mechanisms and influenced shear
strain around the loading region. The results show that the performance of twin footings on geocell-reinforced sand at allowable
and ultimate settlement ranges are almost 4% and 25% greater than the same twin footings on the same geogrid-reinforced sand,
respectively. By increasing the distance between twin footings, soil particle displacements become smaller than the settlement of
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the foundations.

Keywords:
particle image velocimetry (PIV)

bearing pressure; failure mechanism; finite element modeling; geosynthetics; interfering strip footings;

1. Introduction

In some practical cases, footings may be closely
constructed such that they could tolerate heavy loads from
superstructures. In such cases, the generated stress zones
under the footings overlap leading to changing the bearing
capacity mechanism, non-uniform settlements and tilt
(Stuart 1962).

The impact of influencing factors on the bearing
pressure of single isolated footings has been frequently
reviewed in the literature (Ni Pengpeng et al. 2018, Mei et
al. 2021). Besides, a comprehensive relevant review was
presented to interference footings summarizing past studies
to future prospects (Ghazavi and Fazeli Dehkordi 2021).
Moreover, several researchers have studied the adjacency
effect of strip footings using numerical and experimental
methods (Das and Larbi-Cherif 1983a, b, Ghosh and Kumar
2011, Srinivasan and Ghosh 2013, Ghosh et al. 2015,
Lavasan et al. 2018, Boufarh et al. 2019, Saha Roy and Deb
2018, Fazeli Dehkordi et al. 2019a, Schmiidderich et al.
2020a, b). These studies revealed that the bearing capacity
of interfering footings increases with reduction space
between footings and reaches the maximum value at certain
spacing depending on soil characteristics, footing shape,
and footing dimensions.
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The enhancement of low strength soils under footings
via polymeric reinforcements has been grown considerably
in recent decades. It is more economical and faster to be
installed than other techniques due to its significant
confinement for the soil beneath footings, resulting in more
stabilization and improvement in the bearing capacity and
permanent settlement (Binquet and Lee 1975). Soil
stabilization under interference footings using planar
reinforcements can augment the bearing pressure and
significantly reduce the tilt of footings (Kumar and Saran
2003, Ghazavi and Lavasan 2008, Ghosh and Kumar 2009,
Javdanian et al. 2012, Lavasan and Ghazavi 2012, Naderi
and Hataf 2014, Lavasan et al. 2017, Biswas and Ghosh
2018).

In recent years, it has been reported that 3-dimensional
cellular reinforcements such as geocell, have successfully
strengthened the loose soil (Rea and Mitchell 1978, Dash et
al. 2003a, b, Sitharam and Sireesh 2006, Pokharel et al.
2010, Shadmand et al. 2018, Fazeli Dehkordi and Karim
2020, Fazeli Dehkordi et al. 2021a, b) especially for heavy-
duty pavements and transportation infrastructure projects.
Studies on single isolated footings on geocell-reinforced
soils indicated that geocell could create additional
confinements to the soil supporting footings resulting in a
greater load carrying capacity (Han et al. 2008, Yang et al.
2010, Oliaei and Kouzegaran 2017, Arvin et al. 2021). In a
recent review, all details regarding footing interaction on
geo-reinforced soils are summarized (Fazeli Dehkordi et al.
2023).

Very few investigations have been accomplished on
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Fig. 1 Geometrical scheme and details of setup for interfering strip footings on geo-reinforced soil

cellular-reinforced soils to support twin footings. A study
was conducted on two symmetric neighboring square
foundations on geocell-reinforced clay using small-scale
experiments (Gupta et al. 2018). After that, the influence of
sand layer thickness was elucidated on the pressure-
settlement response of twin circular footings using large-
scale laboratory tests (Fazeli Dehkordi er al. 2019b).
Besides, an additional factor was defined to classical
bearing capacity solution for the effect of footings
adjacency, reinforcement, and rigid base (Fazeli Dehkordi
et al. 2021c, Fazeli Dehkordi 2022). A similar study was
subsequently performed by numerical analysis on the basis
of response surface technique (Ghazavi et al. 2023).

The review of the literature demonstrates that twin strip
footings supported by geocell-reinforced soils have been
received less attention. Thus, in the present report, the
characteristics of two closely-spaced strip footings on
geocell and geogrid-reinforced sand was investigated. The
critical values for embedment depth and vertical spacing of
reinforcements for individual and twin footings were
proposed. An accurate image-based deformation
measurement technique, called Particle Image Velocimetry
(PIV), was utilized to monitor the soil deformation,
settlement, and failure mechanism of the twin footings. To
the best of the authors’ knowledge, such an application has
not been inquired deeply so far. A finite element modeling
has been performed to verify model tests and confirm the
failure mechanism of the footings.

2. Particle image velocimetry (PIV) technique

PIV method can be applied to measure the displacement
and strain of the soil under footings. In this technique,
digital images were taken during the loading process and
the photos were then processed using GeoPIV8 software.
This technique was initially developed at Cambridge
University (White and Take 2002). The pioneering work of
Adrian marked the beginning of an experimental study for
fluid mechanics (Adrian 1991). Then, White et al.
introduced a modified (White et al. 2003, O’loughlin and
Lehane 2010) by using photography when the tests are

performed, soil deformations could be visible in the
considered plane. Obtaining displacement, axial and shear
strain fields could be possible by taking, and comparing
consecutive images at appointed times. PIV flow field
processing system analyzes the displacement field of soil.
With PIV, thousands of displacing points can be seen in one
field of view. In addition, as a great advantage, the positions
of these points can be determined after the tests are
performed and at the desired points which optimize patches.
In this research, Geo-PIV analysis was conducted with a
patch size of 64x64 pixels with spacing equal to 32 pixels
and 0.2mm/pixel of resolution. The standard error was also
0.0007 pixels. The results of experiments show good
agreement with the results of numerical models, which
indicates that, the PIV method can be used as a suitable
method with high accuracy in geotechnical modeling.
Therefore, prior researchers used PIV in their studies.
Employing the PIV to measure subsurface footing
movements was  obtained  vertical  displacement
measurements at a Perspex-sand interface beneath a strip
footing (O’loughlin and Lehane 2010). The effect of
eccentricity load on settlement of shallow foundations
resting on sandy soil models was investigated using PIV
(Braim et al. 2016). Also, the impact of particle roundness
and morphology on the shear failure mechanism of granular
soil under a strip footing was studied using the PIV method
to  understand the  soil-deformation  mechanism
(Ghalehjough et al. 2018). The capability of the PIV
technique in determining the mixing ratio of two types of
sand was demonstrated by conducting basic calibration tests
(Miyamoto and Miyata 2020). The optical flow method
measured the soil's small deformation in laboratory tests,
and the results were validated with the PIV. That study
shows that the displacement distribution deviates from
commonly assumed linearity (Srokosz et al. 2021).

3. Test setup and procedure
3.1 Geometry of the test rig

A handmade setup was manufactured for model tests on
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Fig. 2 General shear failure mechanism of the soil

single as well as two strip footings resting on unreinforced
and geo-reinforced sand. The loading system comprises a
rigid frame which was laid on a steel chassis. The height of
the loading frame is 1600 mm comprising two stiff shafts
and a horizontal rigid beam. The test tank is designed as a
rigid steel box with 1000 mm length, 1000 mm height, and
520 mm width. The periphery of the box was strengthened
with steel belts. The front side of the test box was built
using a 20 mm thick transparent Perspex to supply
transparent windows for perception. Fig. 1 shows the
schematic representation of the test setup including the test
box and steel frame.

According to Fig. 2, B is the foundation width, r and ro
are shear surfaces and w is equal to 90°. The amounts of r
and ro for p= 28 ° can be calculated from

B/2 B/2

T

= - =0.97B ’
cos(45+ %) cos(45+ 22—8) @

r=r, ¢*%=216 B 2

Thus, the length of horizontal vector of the failure
surface (d) is

28
d=rx cos (45- ?> =1.85B 3)

Therefore, total width required for the box including
spacing between footings can be computed as

L(total width) :4d+2B+0.6B: 10B (4)

(0.6B = The most distance spacing between footings)

In this study, the minimum size required for testing a
tank based on the width of the footing (B=100 mm) is about
1000  mm. This dimension was also confirmed by
preliminary numerical modeling by PLAXIS v20 software.

3.2 Model footing

The model footing made up of mild steel was used in
the tests. The size of each twin strip footing was 100x520
mm with 20 mm thickness. A rasped orb which had no
roughness with shaft was placed on each of the plates. Two
U-shaped fasteners with two screw ends were used to fasten
the retaining plate to the supporting beam. This was done to
attach the load transfer system to the supporting beam as
required to allow each of the brackets on the beam to move.

The task of the metal retaining plate was fixing the load
transfer brackets on one hand and attaching the brackets to
the support beam on the other hand. The end of the shaft

was lubricated to avoid any friction. The bottoms of the
footings placed at the soil surface were made rough by a
thin coating layer of sand.

3.3 Loading system

The above-mentioned system was designed in such a
way that all loads, displacements, and time values can be
read and recorded automatically. A pre-calibrated load cell
with 20 kN capacity was used and placed between the
loading beam and rigid frame to precisely measure the
pattern of the applied load on the trench surface. A pre-
calibrated linear variable differential transducer (LVDT)
with 0.01% accuracy was also placed on each of the
footings to provide the soil surface settlement during the
repeated load application. The displacement was applied
continuously with a constant speed of 50 mm/h on the
footing plates to achieve 50 mm settlement (S/B=50%) or
reach the jack capacity, whichever occurred earlier. The
ultimate bearing capacity of footings was measured at 10
mm settlement which is S/B=10% (Amar et al. 1994).

In order to investigate the impact of camera resolution
on the accuracy of the PIV results, a Canon 700D with a
resolution of 18 megapixels and a Canon 18-55 mm zoom
lens were used. All controls such as focus, gain and shutter
speed were adopted automatically. This arrangement is
shown in Fig. 3. The testing system generally consists of
five main parts namely loading system, testing tank, soil
preparation device, data acquisition system and camera
recording.

3.4 Backfill compaction

In order to provide experimental control and
repeatability of the tests, the raining technique is utilized to
deposit the soil in the test tank at a known and uniform
density (Kolbsuzewski 1948). A moveable steel tank and a
perforated steel plate are provided for raining the sand
inside the test tank. It can be installed on the top of the test
tank to pour the sand from a specified height. In order to
obtain the required height for the desired density, a series of
tests with different raining heights was performed. A raining
height of 800 mm was used to reach 50% density which
needs stabilization to tolerate heavy loads. As shown in Fig.
3, steel bars were welded on both sides of the tank, allowing
the reinforcement to be embedded in the soil. A
reinforcement layer (geogrid/geocell) with dimension of
950%x520 mm was located in its situation and fixed with
some temporary metal bars. For employing the geocell
layer, it was stretched by the rebar at the top of leveled
subgrade and filled with sand using sand raining technique
with the same density. The test box walls were signed with
lines having 100 mm intervals and the sand was rained with
about 100 mm thickness. The accuracy of the sand
placement and consistency of the placement density were
checked during sand raining by placing small metal cans
with known volumes at different locations in the box. Less
than 4% deviation was observed among the measured
densities at different levels in the box.
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1. Thick transparent perspex

2. Camera
3. Remote of camera
4. Data logger

5. Oil pressure supply svstem
for loading hydraulic jack

6. Test tank

Fig. 3 Photographic view of the test box

Table 1 Detail of model tests performed in the current study

7. Loading frame

8. Hvdraulic jack

9. Footing plates

10. Loading transfer
system

11. LVDT

12. Load cell

® [

f footi  rein Variables f

Type of footing Type of reinforcement N UB B B No. of tests
Single Unreinforced - - - - 1+1"
Single Geocell-reinforced 1,2 0.1,0.2,0.3 0.1 - 442"
Twin Unreinforced - - - 14,16 2+1"
Twin Geocell-reinforced 1,2 0.1,0.2,0.3 0.1,0.2 1.6 5+4*
Twin Geocell-reinforced 1,2 0.1 0.1 14 2+1°
Twin Geocell-reinforced 1 0.1 - 1.2,1.05 2+1°
Twin Geogrid-reinforced 1,2 0.1,0.3,05 0.3 1.6 4+2"

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

3.5 Image analysis by PIV method

The digital images were analyzed using Geo-PIV
software and by a MATLAB code (MATLAB R2007b).
This code has been programmed and successfully used for
geotechnical laboratory testing to measure deformations in
soils (White et al. 2003). It has also been utilized to
determine the deformations in frozen soils (Arenson et al.
2007). In this study, Geo-PIV was used to measure soil
deformation. It is worth noting that Geo-PIV uses image
texture to follow patches over a time series of pictures.
Several patches were defined on the sample, and their
movements were followed over time.

3.6 Testing programs

Several experiments were conducted to investigate the
role of some influencing factors on the behavior of two

neighboring strip foundations on the surface of geo-
reinforced sand. These variables consist of the depth of the
first reinforcement sheet from the base of the footings (u),
the number of reinforcement layers (N), vertical space of
two successive reinforcement layers (h) and distance
between the center to center of footings (A). These are
shown in Fig. 1.

The variables were considered as dimensionless forms
as u/B, h/B, and 4/B and the range of variables are displayed
in Table 1. The amounts of reinforcement geometry, soil
properties and footing dimension were deemed to be
constant. Table 1 depicts the testing schedule for single and
twin footings showing the number of repetitive tests in each
series. The range of u/B and 4/B in planar reinforcement
was based on the previous studies recommending for twin
footings supported by geogrid-reinforced soils (Ghazavi and
Lavasan 2008, Javdanian et al. 2012). For 3-dimensional
reinforcements, four values for 4/B variable were assumed
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Fig. 4 Grain size distribution for sand used in present study

Table 2 Physical properties of soil used in the present study

Property Value

D10 (mm) 0.16

D50 mm) 0.27

Do (mm) 0.28

Cu 1.88

C. 0.87

€max 0.94

Emin 0.54

vd (KN/m?) 15.7

G;s 2.62
Friction angle at D,=50% 28°
Elasticity modulus (MPa) at D,=50% 20

with respect to the test box to avoid boundary effects. For
geogrid-reinforced cases, the value of A/B was taken 1.6 to
reach the maximum bearing pressure on geogrid-reinforced
sand (Ghazavi and Lavasan 2008). As a whole, 30
experiments including repetitive tests were performed in the
study.

4. Test materials

4.1 Soils

The sand used is the well-known Firoozkooh sand (No.
161), commercially available from Firoozkooh mine in the
northeast of Tehran. The size distribution of the sand is
shown in Fig. 4. The soil is SP according to the Unified Soil
Classification System (USCS) (ASTM D 2478). The soil
exploited in this investigation was dry sand and relatively
uniform. Table 2 represents the properties of the sand
according to ASTM standards. The internal friction angle of
the sand (¢) at relative compaction of 50% and the elasticity
modulus (£;) of the subgrade were examined employing
average results of three drained triaxial tests (ASTM D
7181).

4.2 Reinforcement

In this study, both planar (e.g., geogrid) and 3-
dimensional cellular (e.g., geocell) reinforcements were

Table 3 Engineering properties of reinforcements

Type Description Value
Polymer HDPE
o) Thickness (mm) 2.2
%D Ultimate tensile strength (kN/m) 6
O Aperture size (mm) 10x10
Mass per unit area (gr/m?) 700
Polymer HDPE
Thickness (mm) 2.2
@ Ultimate tensile strength (kN/m) 6
é Aperture size (mm) 50%50
Cell wall height (mm) 50
Mass per unit area (gr/m?) 1120
Material Nylon
2 Color White
=2 Length (mm) 50
Ultimate tensile strength (Mpa) 2.8

used for experiments. To reduce the scale effect, a weak
commercial geogrid with small aperture size, as mentioned
in Table 3, was employed as planar reinforcement (Milligan
et al. 1986, Adams and Collin 1997). Load-deformation test
was performed according to ASTM D6637 on the geogrid
in both machine direction and cross machine direction to
determine the tensile resistance of reinforcement.

To compare the efficiency of 3-dimensional
reinforcement with planar reinforcement, a geocell layer
was also fabricated from the same geogrid material (Fig. 5).
The geocell layers were prepared by cutting geogrid pieces
to the required length and height from full rolls and creating
pre-specified dimensions. The honeycomb shape of geocell
was created by placing the pieces in transverse and diagonal
directions and jointing together using nylon cable ties. In
each joint, three ties are utilized at the top, middle and
bottom of gecell wall (see Fig. 5(c)). The joint strength of
the geocell was examined by measuring the resistance of a
nylon cable tie. The joint strength would be three times the
resistance of each cable because having three cable ties at
each joint. Three cable ties used in each joint brought more
tensile strength than the resistance of geogrid material.
Thus, any failure in the geocell sheet happens in the
material reinforcement similar to geogrid reinforcement. It
is worth mentioning here that the material consumed to
make geocell is almost 1.6 times more than that used for
geogrid of the same plan area. As a result, the variation of
bearing pressure due to the geometric shape and weight of
reinforcement material used can be estimated.

The produced pocket sizes of geocell were 50x50%50
mm? (lenghtxwidthxheight). The dimensions of these cells
were such that the loading plate as a footing covers many
cells (B=100 mm), tending to get the results closer to
reality. It is noteworthy here that, bigger geocell pocket
relative to the footing width may lead to local (punching
effect) for the footings. Besides, increase in the pocket size
leads to reduction of the soil confinement under footings
and reinforcement benefits (Rajagopal et al. 1999). The
properties of the geocell are also given in Table 3.
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5. Results and discussion

In the model tests, the number of reinforcements and
their vertical distance were varied while other
reinforcement conditions were kept constant. A series of
model tests was performed to study the effect of changing
the number and the vertical spacing of reinforcement layers
on the performance of the reinforced soil supporting
footings. Another series of model tests was also performed
to study the influence of footing interference on reinforced
sand with changing center to center distance of the footings.

5.1 Single footing

According to Fig. 6 showing measurements of LVDT,
the variation of the footing bearing pressure on unreinforced
as well as geocell-reinforced soil against settlement for
changing u and 4 could be harvested. Increasing u/B and
h/B values beyond optimum amounts caused a decrease of
the bearing capacity of the foundation. According to the
obtained results, the most suitable depth for geocell
placement is 0.1B, similar to observations of former studies
(Dash et al. 2001, Bush et al. 1990). Besides, increasing the
number of geocell layers (V) reduces the footing settlement
due to more confinement and stiffness of the soil beneath
the footing. It should be mentioned that the reinforcements
caused by the soil could sustain more pressure and
settlement, witnessing no failure limit. As suggested by a
former study, the value of /B is considered similar to u/B in
all cases (Ghazavi and Lavasan 2008). Prior studies
recommended the optimum buried depth and its spacing for
planar reinforcement supported individual footing is almost
u/B=h/b=0.3 (Yoo 2001, Abu-Farsakh et al. 2007). Thus,
these two values were assumed as optimum amounts for
individual footing on planar-reinforced soil.

5.2 Twin footings

5.2.1 The effect of embedment depth and spacing
reinforcement layers

e:‘. o - 4. ‘ N
Fig. 5 Photographic view of a (a) geogrid layer, (b) geocell layer fixed in place by the rebar and (c) geocell layer before
expanded

Fig. 6(b) depicting results of measurements from LVDT
clearly shows the effect of embedment depth of cellular and
planar reinforcements on the load-carrying capacity of two
interacting footings 4/B=1.6 spacing. As observed, the
geocell layer increases the footing bearing pressure more
than geogrid. This is because geocell makes better status
than geogrid due to generating additional confinement in
the subsoil, leading to enhanced footing bearing pressure.

According to the results of Fig. 6(b), the best ratio for
embedment depth of the geogrid and geocell reinforcement
to achieve the maximum bearing capacity of two interacting
footings are (#/B)»=0.1 and 0.3, respectively.

Fig. 6(b) also displays the variation of bearing pressure
at different numbers of reinforcements for 4/B=1.6. As
shown, for a given settlement, reinforcement layers
provided additional footing bearing pressure. Furthermore,
for a specific applied load on the footings, the settlement
ratio decreases with increasing the number of reinforcement
layers because more reinforcement significantly increases
the stiffness of the reinforced sand bed. However, by
increasing the number of reinforcing layers, less significant
effect was seen on improving the soil behavior. The
improvement of bearing pressure with one layer of geocell
reinforcement is more prominent than that obtained with
two geogrid layers. This means that increasing solely
geogrid layers may not improve the bearing pressure
markedly. An effective way to make good progress is
changing planar reinforcement to geocell reinforcement.
These comparisons show that increasing reinforcement
layers cause no drastic decline in the settlement. When the
number of the geogrid and geocell layers increases to two
layers, the bearing capacity of the foundation increases only
3 and 4 percent at the ultimate settlement ratio of S/B=10%,
respectively. In general, the use of geocell for soil
reinforcement is an effective solution for enhancement of
load-carrying characteristics of foundations due to three-
dimensional structure of geocell.

No effective changes take place in the bearing capacity
of footings on reinforced soil at allowable settlement lower
than S/B=2%. Such changes occur beyond failure



Failure pattern of twin strip footings on geo-reinforced sand: Experimental and numerical study 659

400

—a— Unreinforcement
N=1, u/B=0.3
—a—N=1, u/B=0.2
2300 | N=1,uB=01
—e— N=2, u/B=0.1, h/B=0.1

350 |

| (a) Single footing

0 I I I I
0 10 .20 0 40 50
Footing Settlement‘?ﬁmm)
250
—»— Geocell, N=2, u/B=h/B=0.1 —a— Geocell, N=1, u/B=0.1
—a— Geocell, N=2, u/B=h/B=0.2 Geocell, N=1, u/B=0.2
200 b—*— Geocell, N=1, u/B=0.3 -+« Geogrid, N=1, u/B=0.1
e Geogrid, N=2, u/B=h/B=0.3 = O= Geogrid, N=1, u/B=0.3
[
[a
< 150 | (b) Twin footings
g ) "“"”;M
£ 100
[a S
(=) S
£
g 50 A
L :
. . . . . . i
0 5 10 20 25 30 35

15
Footing Settlement (mm)

Fig. 6 Load-settlement variation from LVDT for unreinforced soil and geocell-reinforced sand supported: (a) single footing

and (b) interfering footings (4/B=1.6)
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Fig. 7 Load-settlement variation from LVDT for single and interfering footings on geocell-reinforced sand for N=1 and

u/B=0.1 at various 4/B values

settlements corresponding to S/B=10%, as seen in Fig. 6.
As the distance between two geocell layers increased, the
effect of the second geocell layer decreased. As a result,

(g)cr for geocell and geogrid reinforcements are 0.1 and

0.3, respectively. Thus, it is recommended using this ratio to
reach better performance and efficiency of reinforced soils
supporting twin footings. Similar observations were also
made by Ghazavi and Lavasan (2008) for twin square
footings resting on geogrid reinforced soils.

5.2.2 The effect of spacing ratio of the footings

Another series of model tests was performed to study
the effect of interference on the behavior of geocell-
reinforced sand supported twin footings with changing
center to center distance of the footings. Fig. 7 showing
measurements from LVDT demonstrates that the maximum
bearing pressure of footings on geocell-reinforced soil is
achieved when 4/B is almost 1.4. It can be attributed to the
more overlap and interaction between footings at smaller
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Fig. 8 Deformation pattern in soil under single footing and twin footings on geo-reinforced sand from PIV analysis for: (a)
single footing, geocell, N=1, u/B=0.1, (b) twin footings, geocell, 4/B=1.6, u/B=0.1, N=1 and (c) twin footings, geogrid,

A4/B=1.6, u/B=0.3, N=1

spacing. The amount of A4/B=1.4 can be named critical
spacing in which this value is close to those reported from
other studies (Mabrouki ef al. 2010, Lavasan et al. 2018).
The maximum interference behavior of twin footings is
attributed to the so-called “blocking effect” reported by
Stuart (1962). In this situation, the soil between adjacent
foundations forms a reverse arch which moves down with
the footings as the load is applied. When 4/B =1.4-1.6, the
maximum bearing capacity is achieved and the pair of
footings act as a single foundation. Thus, the critical value
of spacing ratio for the twin strip footings will be about
(4/B)e=1.4. This amount depends on footing width and soil
characteristics (Ghazavi and Fazeli Dehkordi 2021).

5.3 PIV results

5.3.1 Analysis of soil deformation patterns

PIV technique was used to evaluate the effect of
interference on the load-settlement of twin footings on geo-
reinforced soil during loading. Fig. 8 illustrates that the
deformation of reinforced sand under single footing is
markedly smaller than that of the same situation for twin
footings at the same embedded depth. Moreover, as seen,
the length of the vectors significantly reduces with moving
downward from the footing bottom. Meanwhile, the vertical
soil movement increases by declining the distance of twin
footings and this movement is larger than the soil
movement beneath single isolated footing. This event
supports the argument that the interaction of the pressure
bubbles affects the settlement of the footings and soil
particles' vertical displacement, located among the footings.

The sand surface deformation between twin footings
which showed the blocking effect was like an upright arch
shape. More arch formation and moving downward for
geogrid reinforced sand bed occurs than geocell reinforced
sand bed.

The settlement of all strip footings has been measured
using data analysis from LVDT and PIV to monitor the
locations of soil particles in the horizontal and vertical
directions. The soil vertical displacement values under
footings in the X and Y directions (in which X and Y denote
the horizontal distance from the axis of symmetry and the
depth below the footing, respectively) can be measured.
Thus, the continuous vertical displacements at different
depths and distances from the footing system symmetry axis
were examined for further experiments. At a given
foundation settlement, the vertical displacement of soil
particles decreases as the depth increases from the footing
bottom. In addition, at greater depths, the vertical
displacement of soil particles is much lower than those
achieved from the foundations. The characteristics of loose
sandy soil caused it to compact below the footing when
applied pressure increased.

Fig. 9 also shows that at a certain depth, with increasing
the horizontal distance from the center of the foundation,
the vertical displacement of soil particles becomes lower
than the foundation settlement. The influence of
interference on the settlement of twin footings rested on
geo-reinforced sand can also be observed in Fig. 9. With
reducing the distance between twin strip footings to
A/B=1.2, 1.4, and 1.6, the vertical displacement of soil
particles increases. The vertical displacement of soil
particles between two footings is approximately equal to
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those achieved from the center of two footings. As seen, the
blocking effects that indicate the effect of the footing

interference caused twin strip footings to have the same
function as a single strip footing (Stuart 1962). On the other
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sand

hand, the blocked soil between footings moves down at the
same time with soil particles below footings.

The displacement vectors are used to investigate the soil
flow under footings. The soil particles located farther from
the footings do not move but the displacement vectors
become larger as they approach the footings. The
displacement vector angles of soil particles relative to the
horizontal direction at various depths around the foundation
are shown in Fig. 10(a). As seen, the maximum angle of
vectors occurs under the footings. The maximum angle
value is observed at the center of the foundation where the
force is applied. When moving away from the center, this
value decreases. According to Fig. 10(b), twin footings
behave like a single footing with a width of B+4 when
A/B=1.2 and 1.4. It underlies the vector angles between

footings to be almost constant. For 4/B=1.6, the effect of
interference diminishes compared with 4/B=1.2 and 1.4.
Then, by moving away from the center of each footing to
the area between footings, the vector angles decrease.

At AX=2.5, the angle value reaches zero for geogrid-
reinforced soil, but for geocell-reinforced soil, this reaches
zero at AX =2. Therefore, it is clear that the length of the
influenced surface (4X) for geogrid is larger than that of
geocell. This may be attributed to further confinement in the
geocell-reinforced soil than geogrid-reinforced soil under
footings.

5.3.2 Tilt of interfering footings
The tilt of the twin foundations was computed by
considering the difference between the two opposite vertical
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displacements in each direction. The vertical displacement
was deliberated by the soil vertical displacement values
from PIV results. The interfering footings-tilt points at
various spacing ratios have been presented in Fig. 11.

The occurrence of interfering underlies the tilt of the
footings subjected to a vertical centric load (Lavasan et al.
2012, Fazeli Dehkordi et al. 2019b). From PIV results, an
asymmetry in the deformation of the soil surface around
each footing could be observed. The tilting was increased
when twin strip footings were located at closer spacing. The
magnitude of the tilt is about 3°for unreinforced soil. The
maximum tilt occurred when the displacement vectors
became the largest in the zone between twin footings
(4/B=1.4). On the other hand, the maximum footing tilt
takes place at critical spacing ratio.

As can be seen in Fig. 11, the magnitude of the footing
tilts decreases in geo-reinforced soil. The tilt direction of
the footings is not reversed for reinforced soil, and it is
different from the results achieved from another study
(Lavasan et al. 2012). Because in this study, reinforcements
covered the entire subgrade and the tensile and shear
strength of the reinforcements are the same in all regions.
Reinforcing soil with one and two geocell layers reduces
the tilt of twin footings by about 70% and 80%,
respectively. For twin footings on geogrid-reinforced soil,
these values account for about 50% and 60%, respectively.
The results show that geocell is more effective than geogrid
to reduce the tilt of footings. Actually, geocell have greater
membrane and shear stiffness than geogrid and it prevents
moving soil in the zones subjected to larger pressures.

5.3.3 Shear strain distribution in soil under twin
footings

The shear strain distributions in the soil due to footing
loading were measured with PIV analysis and shown in Fig.
12 for individual and two neighboring footings. The
maximum strain was created in the upper reinforcement
layer only below strip footings. The shear strains appear
superficially in the unreinforced samples, and form as shear
failure wedges (Figs. 12(a)-12(c)). For reinforced soil,
deeper shear strain develops into the soil without any trace
of shear failure wedge (Figs. 12(d)-12(f)). Because the
reinforcement resembles a relatively rigid slab and transfers
the applied load into a deeper zone thus, the shear strain is
significantly reduced on the surface. Unlike the zone of
pressure bulb for the unreinforced test, a relatively uniform
pressure bulb is observed for the reinforced case. As
observed in Figs. 12(d)-12(f), the size of highly deformed
zones was measured in both geo-reinforced and
unreinforced beds to compare their dimensions in single and
twin footings.

The depth of zones in geocell-reinforced sand increases
to about 2 times of the depth of zones in unreinforced sand.
However, the width of zones in geocell-reinforced sand at
the ground surface decreases to 50 percent of that of zones
in unreinforced sand at the same place. This could be
attributed to the high degree of interlocking and improved
shear strength parameters of geocell-reinforced soil. Also, a
comparison between shear strain distribution in geocell-
reinforced sand and geogrid-reinforced sand shows that the

use of geocell reinforcement was beneficial. The width of
zones in geocell-reinforced sand at the ground surface
decreases to 70 percent of that of zones in geogrid-
reinforced sand, as observed in Figs. 12(f) and 12(g). As a
result, the reinforcements transfer developed shear stresses
beneath the loaded area to adjacent stable soil zones,
resulting in a deeper failure surface. Therefore, reinforcing
soil causes a substantial decrease in magnitude of
deformations.

According to Fig. 12(b) and 12(c), when the distance
between twin footings decreases, the size of radial shear
zone around the interior footing edge reduces continuously
as compared to its size around the exterior footing edge.
The results from the mechanism provide a good comparison
with the theory of Stuart (1962). As a consequence of this
phenomenon, a unique failure zone is created with a larger
size beneath the system (Lavasan and Ghazavi 2016). It
means for the twin footings, deeper shear strain distribution
in soil is created compared to individual footing because of
the blocking effect of the soil between twin footings. The
depth of shear strains in twin footings at 4/B=1.6 and 1.4 on
geocell-reinforced sand are approximately 1.4 and 1.8 times
those for individual footing, respectively. In addition, the
footing interference decreases with increasing the footing
spacing and shear strain contours become distant from each
other and separate gently. Figs. 12(b) and 12(c) supports
this idea that the interference declined the size of heaved
zones around the footings. On the other hand, the geocell
reinforced soil is superior compared to the geogrid
reinforced soil to constrain the size of heave zones around
the footing as shown Figs. 12(e)-12(g). Moreover, with
decreasing the footing spacing, the settlement increases due
to interference effects.

6. Numerical analysis

A numerical study on the effect of pair strip footings on
geo-reinforced sand is also conducted using 3-dimensional
finite element modeling (FEM) based on the PLAXIS-V.20
program. The geometry used in the numerical modeling was
exactly the same as that considered in experiments. 15-node
triangular elements were used for the soil and the Mohr-
Coulomb failure criterion was used to simulate its failure.
Very fine mesh with a refinement was used around the
footing in all analyses to represent the stress concentration.
The number of elements, mesh size, soil properties and
footing dimensions were kept the same in all analyses. Fig.
13 shows the finite element mesh, nodes and geometry of
the generated reinforcement in the numerical modeling. The
dilation angle was assumed to be zero because the friction
angle of the soil was less than 30° (Brinkgreve et al. 2020).
To simulate geocell reinforcement, geogrid elements were
used. The shape of geocell cells in the numerical model was
similar to those employed in the experiments. The
embedment depth and vertical distance between
reinforcements was also selected the same as experiments.
The footing is represented by an elastic plate element
modeled.
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Fig. 13 Diagram showing configuration of footings in PLAXIS program (a) view of geocell-reinforced sand, (b) view of
geogrid-reinforced sand and (c) geometry model for analysis of surface vertical condition

Table 4 Parameters used in numerical analyses

Material Parameter Value
Unit weight (kN/m?) 15.71
Cohesion (kPa) 4
Friction angle (p) 28
Sand Angle of dilatancy (y) 0
Poisson’s ratio 0.3
Modulus of elasticity (kPa) 20000
Rint" 0.67
) Thickness (mm) 2.2
Reinforcement Elastic stiffness of geogrid, £4 (kN/m ) 20
, Unit weight of footing (kN/m?) 78
lzg(l);?el)g Modulus of elasticity, £ (kN/m?) 2x108
Poisson’s ratio 0.3

The analyses were carried out under the displacement-
controlled loading, which is a critical indicator for the
foundation design. The interface elements between any soil-
footing interface with zero physical thickness are assigned
by a strength reduction factor of Ri,=0.67. The parameters
used in the numerical analysis are summarized in Table 4.

Fig. 14 shows examples of the total displacement for
single and interfering strip footings on geo-reinforced sand.
A drastic decline in wide zones in geocell-reinforced sand is
observed compared to that due to geogrid-reinforced sand
supporting footing. This reflects more benefits of geocell
reinforcement to reduce the deformation zone of soil under
footings compared with those due to application of geogrid
reinforcement. As seen, closely placed footings change twin
footing bearing capacity and settlement pattern. It could be
concluded that the footings and soil between them behave
like a combined system, and then this arrangement moves
down upon loading together because of blocking effect.
Both numerical analysis and results of PIV technique
confirm that blocked soil moves at the same time with
footing under loading. Comparing the depth of the

influenced zone propagated in the soil under interfering and
single footings represents footing interference leads to
deeper influenced zones even twice that of single footings.
It is emphasized that in this study, numerical analyses were
performed on footings on which tests were performed.
Thus, it was possible to increase the distance between twin
footings up to about 1.6B to prevent the effect of boundaries
on results. Similar to single isolated footing, for twin
footings, the width of influence zone for geocell-reinforced
soil is smaller than that for geogrid-reinforced soil. This
may be attributed to further confinement which stems from
the presence of by a geocell layer under footings.

7. Verifying the results

Fig. 15 indicates the load-displacement curves for some
cases considered from the current tests and numerical
analysis. The figure clearly shows good agreement in the
general behavior trend for both PIV and numerical results.
As seen for the reinforced sand at a given load applied to
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Fig. 15 Comparing PLAXIS and laboratory test results for interfering footings on unreinforced and geo-reinforced sand

at A/IB=1.6

footings, numerical simulation predicts little more
settlements than test results which may be attributed to the
effect of soil anisotropy in laboratory tests. However, it
could be stated that the proposed numerical 3D model is

capable of predicting the load-carrying capacity and the
settlements of footings on geo-reinforced sand with
sufficient accuracy.

In Fig. 16 the vectors of soil deformation in numerical
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Table 5 Settlements measured of soil particles using PIV
and PLAXIS

Point PLAXIS (mm) PIV (mm)
1 11 6
2 17 12
3 18 13
4 15 11
5 10 6
6 9 4
7 14 9
8 15 10
9 15 10
10 10 5
11 10 4
12 12 8
13 13 8
14 13 8
15 9 5
16 8 3
17 12 7
18 7 2

modeling were conformed to their obtained from PIV
analyses. As seen, there exists a good agreement between
the vectors obtained from two analyses, which shows the

accuracy of the both analysis. To monitor the values of soil
deformation below and between footings, some points were
marked in Fig. 16. The settlements of soil particles for each
point using PIV and PLAXIS were measured and the results
are shown in Table 5. As seen, the maximum difference
between the obtained results from two techniques is only 5
mm. The difference could be attributed to assumptions
considered in the numerical modeling, such as soil
homogeneity. Moreover, slight soil disturbance during
preparation or any errors in data measurements can cause
this difference.

8. Dimensionless factors

Dimensionless factors are defined here to evaluate the
behavior of two neighboring footings on geocell-reinforced
sand. These factors were analyzed using obtained load-
displacement data from experiments.

According to the literature, to evaluate the influence of
interference on the applied pressure of twin strip footings,
the following dimensionless factors can be defined as

If: int.N I*: Qint-N

)

where, qin;_ is the ultimate bearing capacity of the

qsinglc: qsinglc-N
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interfering footings on reinforced soil with N geocell layers
and Ggingre and (gingie_, tepresent the ultimate bearing
capacities of the same single individual footing on
unreinforced and reinforced soil with N geocell layers,
respectively.

Fig. 17 shows the measured data from LVDT and
compares the amount of /; and I/ obtained from tests and
FEM for twin footings on geo-reinforced soil. The FEM
results indicate that for strip footings on geocell-reinforced
sand, the maximum interference effect takes place when
A/B=1.4, while for geogrid-reinforced sand, this value is
almost 4/B=1.5. The FEM analysis indicates that /s maximum
and I/ maximum values for geocell-reinforced sand is about
25% greater than those for geogrid-reinforced sand at the
ultimate settlement ratio. A close agreement between the
experimental and numerical trend lines is observed in Fig.
17. As seen, combination positive effects of geocell
reinforcement and interference can enhance the footing
bearing pressure by approximately 380% at ultimate
settlement ratio.

9. Applicability and limitation

Although the present study results can be different with
full-scale behavior in general, the overall trend may be
similar for scaling of each factor. This research can help to
validate the results of numerical models, full-scale or large-
scale physical models and centrifuge model tests. Although
this research work encourages the beneficial application of
soil reinforcement and the influence of interference on the
settlement of twin footings, it should be noted that the
results are limited to the selected materials, experimental
setup geometry, and testing procedure. Previous studies
showed that the general trend in small model tests on the
reinforced soils could be used to compare the results
obtained from large-scale trials (Adams and Collin 1997,
Milligan et al. 1986). However, the scaling effect is
necessary to simulate soil and reinforcement properties to
obtain relevant results for practical purposes. Scaling factor
in this study is reduced to a particular scale (A) which shows
the prototype base width to the base width of the physical
model. On the basis of scaling laws explained above, the
results are extrapolated to the prototypical case of the
shallow foundations (such as railways, small footings close
to each other, the tire contact on the pavement) on the
reinforced soil. The plate width used in the current study is
100 mm and assuming the width of strip foundations in the

prototype cases is about 250 mm, the scale factor can be

deduced as, (k=%=2.5). On the other hand, the tensile

strength of the reinforcements in prototype cases must be A2
time’s stiffer according to the literature (Langhaar 1951,
Buckingham 1914). Given that tensile strength of the
geocell used in this study (T) equals 6 kN/m, the required
tensile strength of the geocell mattress in prototype cases
(Tp) is about

T,=Tex 22=6 kN/mx2.52=37.5 kN/m 6)

In addition, using geocell reinforcement with A? stiffer
than the stiffness of the geocell used in this study is possible

due to the fact that, maximum tensile strength of geocells
available in the market are approximately 35 kN/m which is
close to required tensile strength for practice.

It is very important to maintain the soil characteristics
same in both physical model and prototype in order to avoid
the particle size effect. Thus, the unit weight of the soil
must be the same in model and prototype. Although
considering the involvement of several complex factors in
the performance of reinforced soils, making the exact
similarity between the model and prototype is impossible;
these results could help in order to design reinforced soils
supporting twin footings in practice. Thus, scaling up the
factors by considering the accuracy and the nature of the
problem should be left to the judgment of the researchers
(Fakher and Jones 1996).

10. Conclusions

This paper describes laboratory-scale model tests on a
pair of strip footings placed on the geo-reinforced sand beds
to show the influence of interference on the load-carrying
capacity of the footings. Particle image velocimetry (PIV)
was used to monitor the soil deformations beneath and
between footings. Numerical modeling is also conducted to
verify the experimental results, monitoring failure
mechanism and conformity of soil deformation obtained
from PIV analysis. The following remarks may be drawn
from this study:

The use of both planar (geogrid) and 3-dimensional
(geocell) reinforcements caused a significant improvement
on the footing load-carrying characteristics of twin strip
footings compared to the unreinforced soil bed. The geocell
reinforcement offers almost 25% more outstanding
performance than geogrid reinforcement at the ultimate
settlement ranges.

e The position of reinforcement notably influences the
performance of two nearby footings. The critical depth
of topmost layer and vertical distance of the geocell

layers ((%)Cr and (g)cr) are about 0.1 while those for

geogrid layer are 0.3.

e The critical spacing ratio of the twin strip footings
(4/B)  is about 1.5 and 1.4 for geogrid and geocell
reinforcement, respectively.

e A combination effect of reinforcement and
interference influence enhances the bearing pressure of
twin strip footings up to 3.8 and 3.1 for geocell and
geogrid reinforcements, respectively compared to the
same single footing on the same unreinforced soil bed.

e At a greater depth of soil medium, the vertical
displacement of soil particles under loading decreases.
The vertical displacement of soil particles for two
interacting footings is much lower than the
foundation’s settlement. With increasing the distance
between footings, the vertical displacements of soil
particles between footings decline.

e The depth and width of shear strains under twin
footings on geocell and geogrid-reinforced sand are
almost 1.2 to 2.2 times and 1.6 to 2.6 times those of
the same footings on the same unreinforced soil,
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respectively, depending on the footings spacing. The
depth-influenced zone from shear strains for the twin
footings on the geocell-reinforced sand is more
profound than those obtained for geogrid-reinforced
sand while the width of the influenced zone is smaller.

*  The interference causes tilt under vertical centric loads
and this effect can be decreased by using
reinforcement layers. The geocell reinforcement
reduces the footing tilt by 50% more than the geogrid
layer for using one and two reinforcement layers.

* The use of two geogrid layers consumes 40% more
material than using one geocell layer and the
efficiency of one geocell layer is more than using two
geogrid layers. This shows the benefits and efficiency
of geocell reinforcement.
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