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Settlement reduction due to extensible reinforcement strip 
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ABSTRACT :The elastic continuum approach is used to model the soil-extensible strip 
interaction . The shear stresses mobilised at the interface due to the lateral movement 
of the soil and the resulting reduction in settlements of the points on the surface are 
computed. A parametric study brings out the effects of the length and depth of the 
strip , and t h e  aspect r a t i o  of the loaded area,  on the reduction i n  surface 
settlements .  Correction factors to estimate the reduction in settlements i n  terms of 
those for rigid strip are proposed. 

1 INTRODUCTION 

Reinforced foundat ion beds show remarkable 
improvement in the bearing capacity and in 
the reduction o f  settlements , if reinforc­
ed with strip s ,  grids , or cells . Few anal­
ytical solutions are available to predict 
the increase in the bearing capacity of 
rei nforced beds ( B inquet and Lee 1 9 75 , 
Giraud and Noiray 1 9R1 , Ingold and Millar 
1982, Sridharan ct 01 1988 , etc. ) .  Finite 
element studies ( Brown and Poulos  1 9R1 , 
Andrawes et al 1982 , Floss and Gold 1990 , 
etc . )  help in understanding the behaviour 
of reinforced soils . A number of laborato­
ry scale model tests ( Love et al 1987 , 
Demb icki and Alenowicz 1 98 8 ,  etc . )  are 1 1 so avai lable . The l i t crature mainly 
deals with the bearing capacity improveme­
nt of soils due to the reinforcement. The 
present study applies the elastic continu­
um theory to predict the shear stresses 
mobilised at the interface of an extensib­
le strip and the soil , and subsequently 
the reductions in the surface settlements . 

2 PROBLEM DEFINITION AND MECHANISM 

An extensible strip of size . 2Lrx2Br ' and 
at depth, Uo ' placed centrally beneath a 
loaded . surface area of s i z e , 2Bfx2Lf , tr�nsml t t i ng a load of inten s i t y ,  q , 
(FIg. l ) ,  i s  considered. The width, 2Br , of 
the strip is relatively small while its thickness , t , is negligible . The surface load causes the soil to displace vertical­ly and laterally . In this analys is , the 
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deformation of the strip in the longitudi" 
nal direction alone is considered. It i s  
assumed that the displacement o f  the strip 
in the vertical direction does not affect 
the shear stresses mobilised at the inter­
face . The soil is assumed to be homogeneo­
us , isotrop i c ,  and linearly elastic. The 
lateral movement of the soil at the inter­
face i s  r e s i s te d  by the shear stresses  
mobilised. These stresses in  turn push the 
soil above upward thus resulting in the 
settlement reduction of the pOints On the 
surface.  

3 FORMULATION 

The horiz ontal d i s p lacement of point i 
(Fig . 1 )  along the length of the strip i s  
calculated by integrating Bou s s ines q ' s  
equation numerically over the loaded area. 
For this purpose.  the loaded area is subd­
ivided into nbxnl subareas . Due to symmet­
ry, only N elements each of length dl , 
along half the length of the strip are 
considered. The details of the integration 
procedure are given in Madhav and Pitchum­
ani ( 1991 ) .  The vector of horizontal disp­
lacements of the N nodes along half-length 
of the strip due to surface load , q ,  i s  

Bf 
_ { If} q  ( 1 )  
Es 

where { p f 
x } and fIf} are vectors of size 

N.'  The vector {I } is a function of the 
aspect ratio ,  Lf/Bf , of the loaded area, 
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Fig . 1  Definition sketch 

x 
• 

x 

the depth of the strip , UO/Bf ' and the 
Poisson ' s  ratio , v S ' of the soil . 

The horizontal displacements of the N 
nodes due to the shear stresses (, ) mobili­
sed at the i n t e r f ace are evaluated by 
integrating Mindli n ' s  solution for the 
displacements due to a horizontal force 
within the continuum. While performing the 
integration, it is assumed that the shear 
stress ( � ) , over each element is constant . 
The vector of horizontal displacements of 
the N nodes due to shear stresses is 

( 2 )  
Es 

where the vectors { p  r } and { q  are of 
size N. [ Ir l is a coehicient matrix for 
the influence of the shear stresses on the 
horizontal displacements .  It is a square 
matrix of size N and depends on the length 
of the strip , Lr/Bf ' depth, UO/Bf ' and the 
Poisson ' s  ratio , vs ' of the soil. For an 
exten s ible s t r ip , the net lateral s o i l  
displacements are equal t o  the elongatioris 
of the nodes of the strip . Thus , the comp­
atibility equation i s  

{ p  f ) _ { p r} = { p  } x x e ( 3 )  

where { P� } i s a vector o f  elongations at 
the nodes of the strip and is of size N .  
The elongations are due t o  the tension in 
the s tr i p  r e s u l t i n g  from the mob i l i s e d  
shear stresses . Th.e tension Tko t o  the left 
of element k ,  i s  

N 
:l: '1 · d1 . 2Br i=k 

(4 )  
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The elemental elongation , l>Pek , of the kth 
element is 

l> Tk dl 
+-) --

2 ArEr 
( 5 )  

where Ar=trx2Br ' i s  the cross-sectional 
area of the strip, and E the modulus of 
elasticity of the strip . Substituting Eq.4 
in Eq . 5 ,  one gets 

'k N 
( - + :l: '. 

2 i=k+l: ( 6 )  

The total elongation o f  node k i s  equal to 
the sum of all elongations of nodes 1 to 
k, and is 

k 
:l: l>P. 

j =1 J ( 7 ) 

Combining Eqs . 6  and 7 ,  the vector {Pe} is 

d12 
{ P e) = - [ Iel {,} 

trEr 
( 8 )  

where [ Iel i s  a square elongation coeffic­
ient matrix of s ize N. Nondimensionalising 
all the length parameters with the parame- . 
ter Bf , Eq . 8  i s  written as 

Bf ( dl/Bf } 2 
{ Pe} = -"----" [ Ie ] { , } 

tr/Bf · Er 
( 9 )  

Substituting for { Pe} i n  Eq . 3  one obtains 

m 
+ - [ Ie l I F/q} = {If} 

K 
(10 )  

where m= ( dl/Bf ) 2 and K =E  tr/EsBf . Ii is 
the relative elongation ratio wliich takes 
into account the axial stiffness of the 
strip and the modulus of deformation of 
the soil . Eq .10  gives N equations for the 
normalise d ·  shear stresses , ,/q, mobilised 
alon� the stri o .  These eDuations are solv­
ed using the Gauss elimination technique . 
The reduction in surface settlement due to 
these mobilised shear stresses is calcula­
ted using Mindlin ' s  solution for the vert­
ical d i s p lacements due to a hori zontal 
force within an elas t i c  continuum . The 
vertical d i s p l acement o f  node k on the 
surface due to shear stres s ,  rj ' is obtai­
ned by integrating Mindlin s equation 
numerically over the area of element j ,  as 



�i 

'¥� , - i 

� I �I 
I 

B ....!' I k · r1 � s J j 
Gs 

(11)  

where 16k · rl i s  a dimensionless influence 
coefficleftt that depends on the parameters 
L IBf , UO/Bf' v and the location of the 
n&de k and the element j .  For every eleme­
nt j ,  there exists its image j '  the shear 
stress on which is the same but acts in a 
direction opposite to that acting on elem­
ent j .  The influence of the stress acting 
on element j '  on the vertical displacement 
of node k i s  

P r2 
zkj 

Bf I r2 
skj . �j 

Gs 
(12 ) 

where Is\{ .
r2 i s  the influence coefficient 

for the IJfluence of the stress on element 
j '  on the vertical displacement of node k .  
Combining Eqs . l l  and 1 2 ,  and obtaining the 
influence of the shear stresses on all the 
element s ,  the vert i cal displacement of 
node k is 

N Bf 
Pzk =

j;l Gs The vector 
Cpz} , is 

[ ISk/1 +ISk/21 �j ( 1 3 )  

o f  vertical displacements , 

Bf { V }  = -z 
G s 

[ I  r] {  'l s (14)  

The vertical di9placcmcnts are evaluated 
at Nf pOints along the width of the loaded 
area. The vectors { pz} and { � } are of 
sizes N.f and N - res pect ively while the 
matrix L 1/1 is of size NfxN . Eq . 14 is 
rewritten as 

{p } = z 
Bf 
- {I s } · q 
Gs 

( 1 5 )  

The elements o f  the vector { I s }  are termed 
as Settlement Reduction Coefficients (SRC) 
where 

{Is} = [ I/ ] { �} 

4 RESULTS 

(16 ) 

The results of the parametric s tudy are 
presented herein. The half-width of the 
strip i s  maintained at 0 . 05Bf . For the 
purpose of numer i c al integration;  the 
surface loaded area i s  divided into subel- ' 
ements of size 0 . 025BfxO. 025Bf. Because of 
symmetry of loading Eq. l  is obtained by 
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Fig. 2  Effect of K on shear stresses 

integrating the Boussinesq equation over 
only half the loaded area. The total effe­
ct is obtained by multiplying the influen­
ce coefficient thus obtained by two . The 
width of the element s ,  dl , along the strip 
is kept at O . lBf since elements of small­
er size did not improve the results . In 
order to obtain the influence coefficients 
due to shear stresses on the horizontal 
displacement s ,  element j i s  subdivided 
into 20x20 subareas for l i-j l <= 2 .  For l i­
j I >2 and for calculating IZki ' the elemen­
ts are divided into 4x4 suoareas . The stre­
s s es evaluated are the total s t r e s s e s  
mobilised on the top and bottom faces of 
the strip unlike in the case with Madhav 
and Pitchumani (1991 ) where only half the 

- stresses ( 1 .  e .  stresses mobilised on one 
face only) were presented. Further all the 
results presented are for Poisson ' s  rat i o  
of 0 . 3 .  

Fi g . 2  presents t h e  variation o f  the 
normalised shear stres s ,  �/q, with distan­
ce, x/Bf , along the strip for different K 
values , and for a strip of length , Lr/Br= 
2 ,  placed below a square area (Lf/Bf= l )  at 
a depth UO/Bf= l .  For all the values of the 
elongation ratio K , the shear stresses 
are a maximum at a distance x/Bf= l ,  L e .  
below the edge of the loaded area. Wi th 
increase In K values ,  the stresses incr­
ease and are p o s i t ive through out the 
length of the s t r i p .  A p o s i t i ve shear 
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Fig. 3 Effect of K on tension in the strip 

stress is directed inwards and opposes the 
outward lateral movement of the soil . A 
strip with K =5000 behaves identically to 
a rigid one for both of which the maximum 
stress , L /q, i s  O . B .  

The var i a t i o n  o f  the t e n s i l e  f o r c e ,  
T/qBi , induced i n  the strip o f  length, 
Lr/Bf= 2 ,  placed b elow a square loaded 
area and at a depth, UO/Bf= l ,  for various 
K values is shown in Fig.3. A rigid strip 
with K =5000 has a maximum tension of 
0 . 105 qBf

2 at the centre . For a highly 
extens ible strip with K =5 ,  the tension at 
the centre is only 0 . 038qBe

2 , and near its 
edge a small compression is noted due to 
the mob i l i s at i o n  of negative s t r e s s e s  
there a t  (Fig. 2 ) .  The effect of K on the 
normalised elongation , Es /qBf , is depict­
ed in Fi g . 4 ,  for a s t r i p  of lengt h ,  
Lr/Bf=2 , below a square loaded area, and 
at a depth UO=Bf . A strip with K =5 shows 
a normalised elongation of the order of 
0 . 067 at a distance, X/Be1 . 5 ,  along the 
strip length . Beyond thiS  dis tance , i t  
decreases marginally a s  the strip is subj­
ected to a small amount of compression in 
this zone. Elongation of the strip decrea­
ses  with increas ing values of K , as 
anticipated. 
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Fig.4 Effect of K on elongation of strip 

The var iation of SRC with dist ance , 
xf/Bf , along the surface for var ious K 
values for a strip with length , Lr/Bf=2. 
place a below a square area at a depth Bf , 
is depicted in Fig. 5 .  The SRC is maximum 
at the centre of the loaded area and decr­
eases with d i s tance from there . The SRC 
values at the centre and the edge of the 
loaded area for a highly extensible strip 
(K =5) are 0 . 0014 and 0 . 0001 respectively 
while those for a rigid strip (K =5000) 
are 0 . 0034 and 0 . 00 1  r espectively . The 
increase in SRC values with K is a conse­
quence of the increase "in the shear stres­
ses with K . The effect of the elongation 
ratio , K , on the sett lement reduction 
coefficient at the centre of the loaded 
area Isc (SRC at the centre) , for various 
depth �atios, UO/Bf ' and for a strip with 
length , Lr=2 Bf , p l aced below a square 
loaded area can be seen in Fig . 6 .  Ise is a 

. maximum in the depth range of 0 . 75 to 1 . 0  
Bf depending on the values o f  K . For a low 
value of K = 5 ,  the maximum I c value is 
0 . 0015 for a strip at a dePt� UO=0 . 75Bf 
which i s  around 0 . 4 5 t imes that for a 
rIgid s t r i p . As K increas es , the I sc 
values for strips at all depths tend to 
those for a rigid strip. At shallow depths 
UO<O. 25Bf , the I c valUes are practicallY 
zero indicating t�e ineffect iveness of the 
reinforcement considering only the effect 
of shear stresses . 
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Fig . 7  shows the plot of Ise versus the 
length of the strip . Lr/Bf • for different 
aspect ratios . Lf/B{ . of the loaded area 
and for a depth ratlO . UO/Bf=l .  and for K 
=50. For all lengths . Lr/B{. I c values 
are the least for square areas . f c values 
are relatively high for strips beiow rect-
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angles with Lf/Bf>=3.  It is observed that 
Isc values increase somewhat for lengths > 
3Hf in case of long rectangl e s . This 
relterates the fact that longer strips are 
effective below long rectangles . The effe­
ct of the length of the stri p .  Lr/Bf • on 

) 



the ratio of ISG for an extensible strip 
to that of a rigId one,  Isc ( e )/Isc ( r ) ,  for 
various K values and for a strip placed at 
depth Bf , i s  depicted in Fig. 8 .  The ratio, 
Isc ( e )/I sc ( r ) , increases with K and tends 
to a value of 1 for K =5000 indicating 
that the strip behaves as a rigid one . At 
low K values ( K  =5 ) ,  the ratio i s  0 . 56 
and 0 . 4  respectively for strips of length 
Bf and 2Bf . Based on this plot , Is c values 
for extensible strips can be calculated 
from those for rigid ones . For strips with 
100< K <500 and for K >500 correction 
factors of 0 . 9  and 1 . 0  respectively may be 
used for any length of the strip . 

5 CONCLUSIONS 

An elastic continuum approach is proposed 
to study the interaction between an exten­
s ib l e  reinforcing s t r i p  placed below a 
uniformly loaded rectangular area, and the 
soi l .  The compatibility of lateral displa­
cements of the points along the strip-soil 
interface i s  satisfied and the shear stre­
sses mobilised computed . The reductions in 
settlements of the points on the surface 
due to these stresses are evaluated. The 
results obtained from the parametric study 
indicate that f o r  maximum reduction in 
surface settlements due to shear stresses , 
the strips should be placed in the depth 
range o f  0 . 75Bf t o  Bf where Bf i s  the 
half-width of the loaded area for strips 
of length equal to 2Bf . Longer strips are 
preferab l e  below long rectangles . For 
extensible strip s ,  correction factors are 
given to arrive at the settlement reducti­
on of the centre of the loaded area from 
the corresponding values for a rigid one. 
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