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Abstract: In This paper an experimental and numerical program was adopted to investigate the interface effect of 
shallow strip foundations constructed on homogeneous sand reinforced by geogrid. The ultimate bearing capacity of 
a number of multiple footings in a group becomes always greater than that of a single isolated footing. Several 
parameters including soil type, spacing between interfering footings and the foundation level under both uniform 
and eccentric vertical loads were examined. A detailed numerical analysis study was performed to investigate the 
effect of angle of internal friction, foundation level and load eccentricity on bearing capacity. The failure stage in the 
sand was controlled using hyperbolic relationship between strain and stress level. The best location of interfering 
footings was determined to achieve the maximum bearing capacity for closely spaced strip footings and it was found 
that the best clear spacing between footings was 0.4 and 0.6 times the footing width for reinforced and unreinforced 
sand, respectively. Some significant observations on the performance of footing-geogrid systems with change of the 
values of parametric study are also presented in this paper.  
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1. Introduction 

It is more realistic that the footings are typically 
constructed as a group in multiple configurations. 
This may cause interference between neighbouring 
foundations. This interference has effects on the 
bearing capacity, settlement, and rotation of footings 
subjected to vertical loads. The lateral distance of the 
passive zone for a footing extends approximately 3 to 
5 times the footing width according to Terzaghi 
(1943). If an adjacent footing is placed sufficiently 
far beyond this lateral distance, the footing will 
behave as a single footing. However, if footing is 
implemented within this lateral distance the failure 
and slip mechanism of a single footing would no 
longer be valid. Also, the bearing capacity would 
differ from that obtained from the conventional 
bearing capacity equation. A number of studies have 
been performed by different investigators to 
determine the ultimate bearing capacity for a group 
of two strip footings on unreinforced soil (Stuart, 
1962; Saran and Agarwal, (1974); Das and Cherif, 
(1983); Graham et al., (1984); Kumar and Saran, 
(2003); Kumar and Ghose, (2007); Kumar and 
Kouzer, (2008); Kumar and Bhoi, (2008); Kouzer 
and Kumar, (2008)). 

The use of reinforcement materials under 
footings to improve the bearing capacity and 
settlement behaviour became an important topic in 
the last decade. Both experimental and theoretical 

studies have been performed by several researchers to 
investigate the benefits of soil reinforcing( Chung and 
Cascante, (2007); Bathurst et al., (2009), Alamshahi 
and Hataf ,(2009); Vinod et al., (2009); Julie Lovisa 
et al. , (2010); Tafreshi and Dawson, (2010); Zidan, 
(2012). 

It is understood that the ultimate bearing 
capacity of a number of multiple footings in a group 
becomes always greater than that of a single isolated 
footing. Graham et el. (1984), Kouzer and Kumar 
(2008). Khing et al. (1992), Kumar and Saran (2003) 
and Ghazavi and Lavasan (2008) studied interfering 
footings on reinforced sand. However, they did not 
present sufficient information about the effects of 
foundation level and uniformity of load carried by the 
interfering footings on the ultimate bearing capacity. 
Khing et al. (1992) performed experimental tests on 
closely spaced strip footings reinforced with a 
geogrid. 

Ghazavi and Lavasan (2008) studied the 
interface effect of shallow foundations constructed on 
sand reinforced with geosynthetics. They explored 
the role of contributing parameters on the 
interference factor, including the reinforcement 
location, the number of reinforcing layers, and the 
distance between two close footings. In their study, 
the failure stage in the sand was controlled using the 
Mohr–Coulomb criterion and a non-associated flow 
rule. The results showed that the bearing capacity of 
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interfering footing increases with the use of geogrid 
layers, depending on the distance between two 
footings. The best geometry and orientation of the 
geogrid layers were determined to achieve maximum 
bearing capacity for closely spaced square footings. 
Parametric studies demonstrated that the efficiency of 
reinforcement on the bearing capacity of interfering 
footings is greater than that on an isolated reinforced 
footing. In addition, reinforcement caused the bearing 
capacity of interfering footings to increase by about 
1.5 and 2 for one and two reinforcement layers, 
respectively. 

Huang and Menq (1997) investigated the 
reinforced soil foundation system based on a failure 
mechanism proposed by Schlosser et al. (1983), as 
shown in Fig. 1. The basic concept which has been 
adopted by the researchers is that the bearing 
capacity of footing having a width of (B) on 
reinforced soil foundation is equivalent to that of a 
wider footing with a width of (B+ΔB) at a depth of 
(dr), which is the vertical distance between the 
foundation level and the deepest reinforcement layer. 
 

 
Fig.1 Failure mechanism of reinforced soil foundation after Huang and Menq, (1997) 

 
For a strip footing resting on unreinforced soil: 
q(unreinf)s= ζ*  *B*N  + *d*N d  (1) 

For a strip footing resting on reinforced soil: 
q(reinf)s= ζ*  *(B+ΔB)*N +  *d*N d (2) 

where q(unreinf)s and q(reinf)s are the ultimate 
bearing capacity of a single strip footing resting on 
unreinforced and reinforced soil foundation, 
respectively; ζ is a coefficient depending on footing 
shape;  is the dry unit weight of soil; B is the width 
of footing; d is the depth of foundation level, N  

and Nd are bearing capacity factors, ΔB is the 
increase of footing width due to the inclusion of 
reinforcement= (2*dr)tanα; dr is the vertical distance 
between foundation level and the deepest layer of 
reinforcement; and α is the stress distribution angle. 
Based on experimental data of different researchers 
Huang and Menq (1997) performed regression 
analysis to obtain the following expression of the 
stress distribution angle α. 
tan α = 0.68 – 2.071*h/B + 0.743*CR + 0.3*l/B + 
0.076*N  (3)  

Where h is the spacing between reinforcement 
layers; CR is the covering ratio of reinforcement = 
area of reinforcement divided by area of soil covered 
by reinforcement. 

In the present study an experimental and 
numerical program was adopted to investigate the 
interface effect of shallow foundations constructed on 
reinforced sand on the ultimate bearing capacity. 
Several parameters including soil type, spacing 
between interfering footings and the foundation level 
under both uniform and eccentric vertical loads are 

examined; l is the total length of reinforcement, N is 
the total number of reinforcement layers. The 
advantage of Hung and Menq is its relative simplicity 
in application, however it does not account for 
closeness of footings.    

 
2. Experimental study 

To validate a detailed numerical study program 
on different examined parameters, a number of 
experiments were conducted to determine the general 
trend of dependent parameters variation. A 
comparison will be performed between the 
experimental and numerical study on small scale 
model dimensions to guide a further extension of 
numerical investigation on prototype model 
dimensions.  

  
Materials and testing equipments 
2.1.1 Sand  

Washed, air dried siliceous yellow sand was 
used in the model test. The sand was  ssiieevveedd  tthhrroouugghh  
ssiieevvee  NNoo..44  wwiitthh  ooppeenniinngg  ssiizzee  ooff  44..7755  mmmm..  TThhee  
ssppeecciiffiicc  ggrraavviittyy  ooff  ssooiill  ppaarrttiicclleess  wwaass  ddeetteerrmmiinneedd  bbyy  
tthhee  ggaass  jjaarr  mmeetthhoodd..  TThhee  mmaaiinn  vvaalluuee  ddeetteerrmmiinneedd  ffrroomm  
33  tteessttss  wwaass  22..6666..  TThhee  mmaaxxiimmuumm  aanndd  mmiinniimmuumm  ddrryy  
uunniitt  wweeiigghhttss  ooff  tthhee  ssaanndd  wweerree  1188..2222  aanndd  1155..4455  kkNN//mm33,,  
rreessppeeccttiivveellyy..  TThhee  ggrraaiinn  ssiizzee  ddiissttrriibbuuttiioonn  wwaass  
ddeetteerrmmiinneedd  uussiinngg  ddrryy  ssiieevvee  mmeetthhoodd  aanndd  tthhee  rreessuullttss  aarree  
sshhoowwnn  iinn  FFiigg..22..  FFrroomm  tthhee  ggrraaiinn  ssiizzee  ccuurrvvee  iitt  wwaass  
ccoonncclluuddeedd  tthhaatt,,  DD1100,,  DD3300  aanndd  DD6600  wweerree    00..33,,  00..66  aanndd  
11..00  mmmm..  UUnniiffoorrmmiittyy  ccooeeffffiicciieenntt,,  CCuu  aanndd  ccooeeffffiicciieenntt  ooff  
ccuurrvvaattuurree,,  CCcc  wweerree  33..33  aanndd  11..1144,,  rreessppeeccttiivveellyy..    
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Fig.2 Particle size distribution of sand. 
 
2.1.2 Geogrid reinforcement 

TThhee  rreeiinnffoorrcceemmeenntt  mmaatteerriiaall  uusseedd  iinn  tthhee  
pprreesseenntt  rreesseeaarrcchh  iiss  ggeeooggrriidd  sshheeeettss  kknnoowwnn  
ccoommmmeerrcciiaallllyy  aass  CCEE112211  ggeeooggrriidd  FFiigg..33..  TThhee  ppoollyymmeerr  
ttyyppee  ffrroomm  wwhhiicchh  sshheeeettss  aarree  mmaannuuffaaccttuurreedd  iiss  HHDD--
ppoollyyeetthhyylleennee..  SShheeeett  ddiimmeennssiioonnss  aarree  22  mm  iinn  wwiiddtthh  bbyy  
3300  mm  iinn  lleennggtthh,,  wwiitthh  tthhiicckknneessss  ooff  33..33  mmmm..  TThhee  mmeesshh  
aappeerrttuurree  ssiizzee  iiss  88**66  mmmm  wwhhiillee  tthhee  wweeiigghhtt  ooff  uunniitt  aarreeaa  
iiss  773300  ggmm//mm22..  TThhee  mmeecchhaanniiccaall  pprrooppeerrttiieess  aass  ssppeecciiffiieedd  
iinn  tthhee  pprroodduucctt  ddaattaa  sshheeeett  iiss  ggiivveenn  iinn  TTaabbllee  11..  

  

 
Fig. 3 Photographic view of Geogrid reinforcement. 

 
Table 1 Mechanical properties of geogrid 
reinforcement CE121 
Mechanical property  
Tensile strength at maximum load 7.68 kN/m 
Extension at max. load 20.2% 
Load at 10% extension 6.8 kN/m 
Elongation at ½ peak strength 3.22% 
Axial stiffness, EA at 10% 
extension 

6.8 kN/m 

 

 2.1.3 Sand container and loading mechanism.   
Figure 4 illustrates a skethmatic representation 

of the sand container mounted under the loading 
frame with the hydraulic loading system. The tank 
dimensions are 500 * 1200mm with a depth of 
1000mm. One side of the tank was made of Perspex 
10mm in thickness to observe the failure shape of 
model footings, while the other three sides together 
with the base were made of steel sheets 3mm in 
thickness. The steel sheets were stiffened by double 
back to back steel angles each 500 mm. A hydraulic 
jack of 50 kN maximum load capacity was used, the 
jack was mounted on a rigid broad flange I-beam 
(B.F.I.B) No. 10, and manually operated through a 
connected control unit. The reaction beam rests on 
and fixed to double box sections 50*50 mm that are 
supported on the edges of the steel container at each 
end of the beam. The strip model was made of wood 
and has a dimension of 100mm in width, 500 mm in 
length and 150mm in thickness. The bottom and sides 
of the footing was covered by a sand paper to 
mobilize sufficiently the interface between footing 
and sand. A load distribution beam was mounted on 
the top of the adjacent stepped strip footings to 
distribute the hydraulic jack load equally on the two 
footings. Two dial gauges were mounted on the 
reaction beams above each footing to measure the 
resulting settlement (Fig. 4). 

 
2.2 Experimental procedure 

The sand was poured in the tank by sand raining 
technique keeping the height of fall as 400 mm in 
order to maintain constant relative density. The 
undrained shearing resistance of the sand due to such 
poring height results in a dry unit weight of 17 kN/m3 
and an angle of internal friction of 36° as determined 
using triaxial test. The tank was empted and refilled 
after each test. The manually controlled hydraulic 
jack was used to apply the vertical load to a 
distributer beam which transmits the load equally on 
the two adjacent strip footings. The load was applied 
in increments until failure occurs. Reinforcement top 
layer level and extension was adopted according to 
optimum values recommended by Das et al. (1994). 
Settlement of each footing was measured trough a 
mounted dial gauge. The experimental investigation 
will be adopted to examine the adjacent footing effect 
for the cases of medium density soil and concentric 
loading only to verify the numerical model described 
below, different examined parameters including top 
reinforcement layer depth to footing breadth ratio 
(d/B), footing spacing to footing breadth ratio (s/B) 
as illustrated in Table (2). The numerical study will 
be extended to other values of previously mentioned 
and remaining tested parameters including internal 
friction of sand (φ), and load eccentricity. An outline 
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of the investigated problem and tested parameters is 
illustrated in Fig. 5. 

To evaluate the capacity of an interfering 
footing on reinforced soil, the interference factor, 
BCR, may be defined as: 
 
(BCR)reinforced = qint(reinforced) /qsingle(reinforcd) 
(BCR)unreinforced = qint(unreinforced) /qsingle(unreinforcd) 

 
Where: 
 qint(reinforced) is the ultimate bearing capacity of 

interfering footing on reinforced soil; qint(unreinforced)  is 
the ultimate bearing capacity of the footing on 
reinforced soil on unreinforced soil; 

qsingle(reinforcd) is the ultimate bearing capacity of 
single footing on reinforced soil and 

qsingle(unreinforcd) is the ultimate bearing capacity of 
single footing on unreinforced soil 

 

Table 2 Experimental study cases. 
Test No. Description s/B 
1 Single strip footing on 

unreinforced sand 
 

2 

Interfering footing on 
unreinforcecd sand 

0 
3 0.3 
4 0.6 
5 0.9 
6 1.2 

7 
Single strip footing on 
reinforced sand 

 

8 

Interfering footing on 
reinforced sand 

0 
9 0.3 
10 0.6 
11 0.9 
12 1.2 
 

 

 
Fig. 4 Sketchmatic representation of experimental setup 

 
Legend: 
1-Reaction beam 2- Hydraulic jack 3- Loading frame column 
4- Load ring 5- Stepped strip footing 6- Foundation level 
7- Perspex transparent side 8- Steel plate 3 mm 9- Stiffeners 2L 50*5 mm 
10- Control unit of jack 11- Geogrid reinforcement 12- Dial gauge 
13- Load distributer beam   
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Fig. 5 Photographic view of experimental study. 

 
Numerical Model 

Numerical models in this study were made 
using the finite element computer program called 
PLAXIS 3-D tunnel V1.2 (Bringkgreve and Vermeer 
,1998). The program has been verified by comparing 
solutions obtained from it with measurements taken 

in actual case histories and studies. The program is 
able to simulate geogrid, sheets, soil and footings. 
The soil is modelled with 15-noded elements. Three 
dimensional model is used here to investigate the 
behaviour of two closely spaced strip footing. The 
dimensions of model are shown in Fig.6.  

 
 
 

Fig. 6 General configuration of numerical model 
 

 
These model dimensions were selected such that 

the magnitude of failure load remains unchanged 
even d is increased beyond the chosen value. The 
vertical boundaries of the model were constrained 
horizontally, and the bottom boundary was 
constrained in both horizontal and vertical directions. 
The parameters for footing and geogrid were 
assumed to maintain the same in all the finite element 
analyses. The analyses were used to reach the limit 

loads (bearing capacity) for two parallel rough strip 
footings. 

A Hardening-soil model is adopted in this 
numerical study to simulate the non-linear behavior 
of sand. Hardening-Soil model is the hyperbolic 
relationship between the vertical strain, and the 
deviatoric stress, q. In the special case of a drained 
triaxial test, the observed relationship between the 
axial strain and deviatoric stress can be well 

12 B 

10 B 5 B 
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approximated by a hyberbola as shown in Fig. 7.  In 
this study the sand layer was dry and the initial 
effective stress was generated by means of k0 
procedure. The limiting state of stress is described by 

means of the secant Young’s modulus , the 

odometer modulus , Poisson’s ratio ( ), 
unloading reloading modulus, effective cohesion (c), 
angle of internal friction ( ), angle of dilatancy ( ),  
failure ratio (R) and interface reduction factor (Rintf). 
A refined mesh is adopted to minimize the effect of 
mesh dependency on finite element modelling. The 
total number of nodes and elements in the model 
were 9610 and 1750, respectively. The reasonable 
parameters were assumed for medium dense sand in 
numerical analysis. It should be mentioned that the 

value of moduli ( , ) had a small effect on the 
limit bearing capacity therefore, the values of E and 
E are kept constant in this study.  These parameters 
were listed in Table 1. The reinforcing material 
(geogrid) used in this study was modelled as 
illustrated in table1.Geogrids layers can be activated 
or deactivated in the calculation phase using staged 
constructions as the loading input. The interaction 
between the geogrid and soil was modelled at both 
sides by means of interface elements which allow for 
the specification of a reduced wall friction compared 
to the friction of the soil and the interface reduction 
factor (R) is taken as 0.8 and kept constant in all 
cases. The presence of interface element allows the 
relative movement taking place between 
reinforcement, footing and surrounding soil. 

failure line
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axial strain
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Fig. 7 Hyperbolic stress strain relation in primary 
loading for a standard drained triaxial test 

 
The numerical model studied two identical strip 

footings each width B=1m, spaced by a distance s 
measured between their inside edges as shown in 
Fig.4. the bearing capacity is evaluated for rigid 
rough footing. The impediment of the footings can be 
taken into account through the surcharge q, i.e., the 
footing is placed at the ground surface with surcharge 
q = d where d is the embedment.   

In this mechanism there is no slip between the 
soil and the footings, and the footings can be 
considered rough. To simulate a rigid rough footing, 
the horizontal displacements of nodes which 
discretize the footing, are constrained in the 
horizontal direction. 

The footings are modelled as a plate element. 
The stiffness properties of footings section are: 
membrane “axial” rigidity, EA, and flexural rigidity, 
EI, are input as material properties. The plate is 
homogeneous and isotropic, in the sense that, 
everywhere in the plate, the membrane and flexural 
rigidity parameters (per unit length) do not change 
with direction. For numerical calculations, an 
equivalent thickness for the plate (deq) is calculated 
based on values of its rigidity parameters, EI and EA 
as  

)4(12
EA

EI
deq   

4 Verification 
Figure 8 shows the comparison of results 

obtained by the numerical analysis based on Plaxis 
and that obtained by the experimental study. These 
results corresponds to the case of d=0, and uniform 
centric load. It can be seen that the numerical 
prediction from the numerical study seems 
reasonable and agrees reasonably with the measured 
results. 
5. Parametric study 

The geometry of the model in this investigation 
was shown in Fig. 9. The parametric study included 
changing of friction angle ( ), the impediment depth 
(d), the spacing between interfering strip footing (s) 
and the ratio (r=q1/q2) to simulate the load 
eccentricity. The parameters d and s are normalized 
to footing width (B). Table 3 shows the various cases 
that included in the numerical study. 

0
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2.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4
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B
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Numerical

 
Fig. 8 comparison of numerical and experimental 
study for interfering strip footing for case of φ=35, 
d/B=0. 
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Fig. 9 problem Outline 
 
6. Analysis and Results 
6.1 influence of angle of internal friction of soil ( )   

NNuummeerriiccaall  aannaallyysseess  wweerree  ppeerrffoorrmmeedd  oonn  
iinntteerrffeerriinngg  ssttrriipp  ffoooottiinnggss  ppllaacceedd  oonn  uunnrreeiinnffoorrcceedd  aanndd  
rreeiinnffoorrcceedd  ssaanndd  wwiitthh  tthhrreeee  llaayyeerrss  ooff  ggeeooggrriidd..    

LLaarrggee  ssccaallee  ssttrriipp  ffoooottiinngg  iiss  aannaallyysseedd  wwiitthh  BB==22mm..  
TThhee  rreellaattiioonn  bbeettwweeeenn  ((BBCCRR))  aanndd  ((ss//BB))  ffoorr  rreellaattiivvee  
ddeepptthh  ((dd//BB))  ==00  ii..ee..  aatt  ggrroouunndd  lleevveell  ssuurrffaaccee,,  iiss  
iilllluussttrraatteedd  iinn  FFiigg..1100  ffoorr  uunnrreeiinnffoorrcceedd  ssooiill  ccaassee  wwiitthh  
ddiiffffeerreenntt  aanngglleess  ooff  iinntteerrnnaall  ffrriiccttiioonn  φφ  ==  2255,,  3300  aanndd  3355°°..    
IItt  ccaann  bbee  oobbsseerrvveedd  tthhaatt  ((BBCCRR))  rraattiioo  iinnccrreeaasseess  wwiitthh  
iinnccrreeaassee  ooff  ((ss//BB))  rraattiioo  uupp  ttoo  aa  ffoooottiinnggss  ssppaacciinngg  ooff  
nneeaarrllyy  oonnee  hhaallff  ffoooottiinngg  bbrreeaaddtthh  ii..ee..  aatt  ((ss//BB))  ==  00..44  ffoorr  φφ  
==  2255°°,,  3300°°    aanndd  ((ss//BB))  ==  00..66  ffoorr  hhiigghheerr  ssooiill  ddeennssiittyy  aatt  φφ  
==  3355°°..  WWiitthh  ffuurrtthheerr  iinnccrreeaassee  ooff  ffoooottiinnggss  ssppaacciinngg  uupp  ttoo  
aa  vvaalluuee  eeqquuaalliinngg  tthhee  ffoooottiinngg  bbrreeaaddtthh  ((ss//BB==  11..00))  aa  

rreedduuccttiioonn  ooccccuurrss  iinn  ((BBCCRR))  rraattiioo  wwiitthh  iinnccrreeaassee  ooff  ((ss//BB))  
rraattiioo..  AAss  rreellaattiivvee  ffoooottiinngg  ssppaacciinngg  eexxcceeeeddss  11..00,,  ((BBCCRR))  
ddeeccrreeaasseess  lliinneeaarrllyy  wwiitthh  aa  rreellaattiivveellyy  ssmmaalllleerr  rraattee  aanndd  iitt  
ccaann  bbee  ssaaiidd  tthhaatt  tthhee  ttwwoo  ssttrriipp  ffoooottiinngg  bbeehhaavvee  aass  aa  
ssiinnggllee  ffoooottiinngg..  TThhee  pprreevviioouussllyy  ddeessccrriibbeedd  ttrreenndd  ooff  tthhee  
rreellaattiioonn  bbeettwweeeenn  ((BBCCRR))  aanndd  ((ss//BB))  rraattiiooss  aapppplliieess  ffoorr  
ddiiffffeerreenntt  aaddoopptteedd  vvaalluueess  ooff  aannggllee  ooff  ffrriiccttiioonn  iinncclluuddiinngg  
2255,,  3300  aanndd  3355°°..  TThhee  ((BBCCRR))  iinnccrreeaasseess  ffoorr  iinn  bbeettwweeeenn  
ffoooottiinngg  ssppaacciinngg  rraannggiinngg  ffrroomm  zzeerroo  ttoo  aass  ttiimmee  aass  
ffoooottiinngg  bbrreeaaddtthh  aass  ffrriiccttiioonnaall  aannggllee  iinnccrreeaassee  wwhheerree  tthhee  
mmaaxxiimmuumm  ((BBCCRR))  eeqquuaall  ttoo  22..1155,,  11..77  aanndd  11..44  ffoorr  2255oo,,  
3300oo  aanndd  3355oo  rreessppeeccttiivveellyy..  TThhiiss  ggeenneerraall  ttrreenndd  aapppplliieess  
aallssoo  ffoorr  tthhee  rreeiinnffoorrcceedd  ssooiill  ccaassee  aass  ccaann  bbee  sseeeenn  iinn  FFiigg..  
1111..  FFoorr  tthhee  ccaassee  ooff  zzeerroo  iinn  bbeettwweeeenn  ffoooottiinngg  ssppaacciinngg  ooff  
tthhee  rreeiinnffoorrcceedd  ssooiill  ccaassee,,  nnoo  ssiiggnniiffiiccaanntt  ddeeffeerreennccee  iinn  
bbeeaarriinngg  ccaappaacciittyy  ((BBCCRR))  rraattiioo  ccaann  bbee  oobbsseerrvveedd..  

 
Table 3 Parameters investigated in the numerical study. 
Group* Constant parameters Variable parameters Remark 
1 d=0.0, r=1 = 25 o,30o,35o 

s/B=0, 0.2,0.4,0.6,0.8,1.0 
Influence of angle of friction 
(18 cases) 

2 = 25 o, r=1 d/B= 0, 0.2, 0.4, 0.6 
s/B=0, 0.2,0.4,0.6,0.8,1.0 

Influence of impediment depth 
(24 cases) 

3 = 25 o, d=0 r=1, 1.33, 2, 4 
s/d=0, 0.2,0.4,0.6,0.8,1.0 

Influence of load eccentricity 
(24 cases) 

* Groups are analysed for reinforced and unreinforced sand 
 

It can be observed that as the spacing between 
the two adjacent footings exceeds footing breadth the 
closeness effect of the footings vanishes i.e. (BCR) 
equals 1.0. Except for the case of zero footings 
spacing of reinforced soil case it can be observed that 
(BCR) increases with increase of angle of internal 
friction up to relative footing spacing (s/B) equaling 
1.0. It can be also concluded that existence of two 
footings adjacent to each other rise their bearing 
capacity compared to single footing case for both 
unreinforced and reinforced cases for different in 
between spacing and soil densities. This applies for 
the cases of in between footing spacing ranging from 
zero to two times footing breadth for the unreinforced 

soil case and zero to one times footing breadth for the 
reinforced soil case. This may be attributed to the 
arching effect of soil between the adjacent footings. 
As concerning the effect of reinforcement on soil 
arching related to the angle of friction it is clear from 
the two previously presented figures that at an 
inbetween spacing resulting in the maximum 
interfearing effect (0.4-0.6) the ratio between (BCR) 
for the reinforced and unreinforced cases are 1.38, 
1.28 and 1.18 for angles of friction of 25, 30 and 35°, 
respectively. This reflects that the reinforcement is 
more significant in improving the soil arching 
between adjacent footings with the case of more loose 
foundation soil.  
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Fig. 10 Relation between (BCR) and (s/B) for 
unreinforced soil case. 
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Fig. 11 Relation between (BCR) and (s/B) for 
reinforced soil case. 
  
6.2 Influence of internal foundation depth (d)  

Figure 12 illustrates the relation between (BCR) 
and (s/B) ratios for different relative foundation 
depths for the unreinforced soil case with relative 
foundation depth (d/B) ranging from 0 to 0.8, for the 
loosest considered soil case (φ = 25°). Reflecting the 
same trend as that observed with relative foundation 
depth (d/B) = 0, (BCR) ratio increases with increase 
of (s/B) ratio until reaching a value of 0.4. For deeper 
foundation depth (d/B) = 0.2 to 0.8. A decrease in 
(BCR) ratio can be observed with further increase in 
(s/B) ratio. In case of relatively deep foundation level 
of (d/B) = 0.8, (BCR) seems to be unchanged with 
increase of in between footings spacing equaling 
footing breadth. It can be also concluded that the 
closeness of footings is more effective in raising 
caring capacity of soil due to soil arching as the 
foundation depth increases, the recorded (BCR) was 
1.15, 1.32 and 1.58 as times as corresponding value 
recorded with (d/B) = 0 for deeper foundation depth 
of 0.2, 0.4 and 0.8, respectively. 

As for the reinforced soil case as illustrated in 
Fig. 12, the general trend of the (BCR) and (s/B) 
ratios for different (d/B) can be described as having 
the same trend as that observed with the unreinforced 
case except that the maximum (BCR) ratio is shifted 
towards a higher (s/B) ratio of 0.6 for (d/B) = 0, 0.2 
and 0.4. 

Maximum (BCR) is shifted to an (s/B) ratio of 
0.8 for (d/B) = 0.8. Rather than the moderate 
decrease in (BCR) ratio with increase of relative 
footings spacing ratio from 0.5 to 1.0 in the 
unreinforced case a more steep reduction is observed 
with the reinforced case. It can be also observed from 
Fig.9 reinforcement of soil seems to retain the same 
(BCR) with increase of (s/B) ratio of more than 1.0 
up to footing spacing as more as two times footing 
breadth. For deeper foundation level, soil 
reinforcement seems to have a smaller effect on 
(BCR) compared to unreinforced case, i.e. the (BCR) 
increases by 1.06, 1.13 and 1.38 for relative 
foundation depth (d/B) of 0.2, 0.4 and 0.8, 
respectively. 
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Fig. 12 Relation between (BCR) and (s/B) for 
unreinforced soil case for different relative 
foundation depths. 

  
6. Influence of load nonuniformity (r) 

FFiigg..  1133  sshhoowwss  tthhee  rreellaattiioonn  bbeettwweeeenn  ((BBCCRR))  aanndd  
ssppaacciinngg  bbeettwweeeenn  iinntteerrffeerriinngg  ffoooottiinnggss  ffoorr  ddiiffffeerreenntt  
vvaalluuee  ooff  rr  ffoorr  ccaassee  ooff  rreeiinnffoorrcceedd  ssaanndd..  iitt  ccaann  bbee  sseeeenn  
tthhaatt  tthhee  ((BBCCRR))  iinnccrreeaasseess  aass  tthhee  rraattiioo  rr  iinnccrreeaassee  
wwhheerreeaass  tthhee  mmaaxxiimmuumm  vvaalluueess  ooff  ((BBCCRR))  aarree  11..9933,,  
22..1177,,  22..4455  ffoorr  rr==11,,  22,,  33  rreessppeeccttiivveellyy..  AAllssoo  tthhee  
ddiirreeccttiioonn  ooff  eecccceennttrriicciittyy  aabboouutt  tthhee  cceenntteerr  ooff  ffoooottiinngg  
ddoo  nnoott  aaffffeeccttss  ((BBCCRR))  ii..ee  ((BBCCRR))  ffoorr  rr==22  iiss  eeqquuaall  ttoo  
tthhaatt  ffoorr  rr==00..55..  TThhee  pprreevviioouuss  ttrreenndd  ccaann  bbee  oobbsseerrvveedd  ffoorr  
tthhee  ccaassee  ooff  uunnrreeiinnffoorrcceedd  ssaanndd  aass  sshhoowwnn  iinn  FFiigg..  1144..  
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Fig. 13 Relation between (BCR) and (s/B) for 
reinforced soil case for different relative foundation 
depths. 
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Fig. 14 Effect of load nonuniformity on (BCR) for 
unreinforced sand 
  

TThhee  pprreevviioouuss  ttrreenndd  ccaann  bbee  oobbsseerrvveedd  ffoorr  tthhee  ccaassee  
ooff  uunnrreeiinnffoorrcceedd  ssaanndd  aass  sshhoowwnn  iinn  FFiigg..  1122..  IItt  ccaann  bbee  
nnootteedd  tthhaatt  tthhee  ((BBCCRR))  sslliigghhttllyy  aaffffeecctteedd  bbyy  tthhee  
ddiirreeccttiioonn  ooff  llooaadd  eecccceennttrriicciittyy..  
  
6.4Inclusion of interfering effect in Huang and 
Menq (1997)equation 

BByy  bbaacckkwwaarrddss  ssuubbssttiittuuttiioonn  iinn  HHuuaanngg  aanndd  MMeennqq  
eeqquuaattiioonn  ((11999977))  aa  ffaaccttoorr  ((RRuunnrreeiinnff))  aanndd  ((RRrreeiinnff))  mmaayy  bbee  
iinnttrroodduucceedd  ttoo  tthhee  iinnccrreeaassee  oorr  ddeeccrreeaassee  ooff  ffoooottiinngg  
wwiiddtthh  ΔΔBB  ffoorr  tthhee  ccaasseess  ooff  uunnrreeiinnffoorrcceedd  aanndd  rreeiinnffoorrcceedd  
ssooiill,,  rreessppeeccttiivveellyy..  TThhee  eeqquuaattiioonn  mmaayy  bbee  rreepprreesseenntteedd  
aass  ffoolllloowwss::  
  For a strip footing resting on unreinforced soil: 
q(unreinf)s= ζ*  * ((RRuunnrreeiinnff))**B*N +  *d*N d    (4) 

For a strip footing resting on reinforced soil: 
q(reinf)s= ζ*  *(B+ ((RRrreeiinnff))**ΔB)*N +  *d*N d  (5) 
where  
RRuunnrreeiinnff  ==  μμ11uu  **  ((ss//BB))22  ++  μμ22uu  **  ((ss//BB))  ++  μμ33uu  ((66))    
RRrreeiinnff        ==  μμ11rr  **  ((ss//BB))22  ++  μμ22rr  **  ((ss//BB))  ++  μμ33rr    ((77))  

FFaaccttoorrss  ooff  tthhee  ttwwoo  pprreevviioouuss  eeqquuaattiioonnss  ooff  tthhee  
uunnrreeiinnffoorrcceedd  ssooiill  ccaassee  μμ11uu,,  μμ22uu,,  μμ33uu  aanndd  tthhee  rreeiinnffoorrcceedd  
ssooiill  ccaassee  μμ11rr,,  μμ22rr,,  μμ33rr  mmaayy  bbee  eexxpprreesssseedd  iinn  aa  ggeenneerraall  
ffoorrmm  bbyy  tthhee  ffoolllloowwiinngg  eeqquuaattiioonn..  
  μμ  ==  FF11  **  ((dd//BB))33  ++  FF22  ((dd//BB))22  ++  FF33  **  ((dd//BB))  ++  FF44            ((88))  

FFaaccttoorrss  FF11,,  FF22,,  FF33  aanndd  FF44  ffoorr  tthhee  rreellaattiivveellyy  
lloooossee  ssooiill  ccaassee  wwiitthh  aannggllee  ooff  iinntteerrnnaall  ffrriiccttiioonn  φφ  ==  2255οο  
mmaayy  bbee  eexxpprreesssseedd  iinn  TTaabbllee  44..  

  
TTaabbllee  ((44))  FFaaccttoorrss  FF11,,  FF22,,  FF33  aanndd  FF44..  
    μμ11  μμ22rr  μμ33rr  

    uunnrreeiinn..  rreeiinn  uunnrreeiinn..  rreeiinn  uunnrreeiinn..  rreeiinn  

FF11  00≤≤dd//BB˂˂00..66  --11..331177  --9977..66  --22..113355  6600..7788  --44..552266  --3300..3355  

00..66≤≤dd//BB˂˂11  1100..5566  118855..33  --2255..4466  --332222..44  99..772299  9977..7722  

FF22  00≤≤dd//BB˂˂00..66  11..775533  111155..77  22..448811  --7733..0022  55..666655  3388..1122  

00..66≤≤dd//BB˂˂11  --1111..2233  --223344  2266..2211  440022..99  --88..443377  --112211..55  

FF33  00≤≤dd//BB˂˂00..66  --00..667722  --3322..6677  --00..44  2200..7788  --11..667722  --1111..0011  

00..66≤≤dd//BB˂˂11  22..114455  2200..7788  --44..6666  --111111..99  00..559988  3322..6677  

FF44  00≤≤dd//BB˂˂00..66  00..1166  44..001177  00..000011  44..001177  00..777711  55..889955  

00..66≤≤dd//BB˂˂11  00..449911  --00..110077  --11..007755  1144..0033  11..229988  44..001144  

    
  
  
  

Conclusions 
An experimentally verified by numerical study 

were conducted to examine the interfering effect on 
performance of adjacent strip footings. The study 
included examining the effect of spacing in between 
footing, foundation depth and load nonuniformaty on 
both unreinforced and reinforced sand. It is 
concluded that interfering footing results in 
increasing bearing capacity ratio compared to the 
single strip footing case. The interfering effect 
reaches it maximum at relative footing spacing of 
nearly one half footing breadth. As the relative 
footing spacing exceeds footing breadth the 
interfering effect vanishes. The ratio of bearing 
capacity of interfering footings to that of single 
footing increases as the density of sand increases for 
in between footing spacing of less than footing 
breadth. Sand reinforcement was observed to enhance 
the interfering effect of adjacent footings. The 
interfering effect increases with increase of 
foundation depth and the enhancement is more 
effective in case of unreinforced sand. The bearing 
capacity ratio increases as the load nonuniformaty 
ratio increases with slightly higher effect in case of 
reinforced sand compared to the unreinforced 
foundation soil case. The interfering effect of closely 
spaced footings for unreinforced and reinforced sand 
may be included in equations of determining bearing 
capacity of single strip footing.   
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