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SYNOPSIS: Partly saturated expansive soils upon inundation reach a definite equilibrium state depending on the 

surcharge pressure. Hence, surface footings on expansive soils, upon inundation, are bound to attain limit equilibrium 

condition, with a factor of safety of unity against bearing capacity failure. To improve the factor of safety of such 

footings, reinforced soil technique can be adapted. From model plate load tests on unreinforced and reinforced 

expansive soils it has been shown that the factor of safety against bearing capacity failure can be improved by three 

fold. Of the three possible methods of reinforcing the expansive, the one with reinforced sand mattress on expansive 
soil is very efficient.

INTRODUCTION

Design and construction of civil engineering structures 

resting on and with expansive soils are challenging 

tasks. The problems are essentially due to changes in 

the state of soil moisture either by drying or wetting 

and the associated changes in the volume of the soil. 

Drying causes an increase in the capillary tension of the 

soil-water and causes the soil to shrink, while wetting of 

an already shrunken soil decreases the capillary tension 

and causes the soil to swell or heave. The effect of 

shrinkage and swelling is reflected in the movement/ 

distortion of the engineering structures much more than 

their responses due to the usual structural loadings.

The swelling behaviour of an expansive soil is generally 

characterized by the mobilized swelling pressure under 

constant volume conditions and/ or the increase in 

volume or heave under constant surcharge conditions, 

upon inundation. The effect of heave is to drastically 

reduce the shear strength of the soil consequently 

endangering the stability of the structure. For a given 

structural condition the problem of expansive soil can be 

solved by either controlling the heave with mechanical or 

chemical means or designing the structure to adequately 

take care of the effects of heave and shrinkage. There 

are a number of methods by which the above objectives 

can be achieved for a small building foundation. For 

other structures like embankments built with and on 

expansive soils, highway pavements and very large 

foundation systems where the involved soil volume is 

considerable most of the techniques are economically not 

viable.

In recent years reinforced soil technique has emerged as 

a viable alternative to improve the load carrying 

capacity of weak foundation soils. The improvement is 

realized by frictional interaction between the horizontally 

placed reinforcements and the soil. Since the expansive 

soil in its swollen state has very low shear strength and 

hence very low load carrying capacity, the above

technique can be gainfully adopted to improve the 

stability of structures resting on expansive soils. It is 

attempted in this investigation to examine the above 

possibility by conducting model plate load tests on 

swollen expansive soil with and with out reinforcing the 

soil.

Since, the performance of a reinforced soil System 

depends on the mobilization of interfacial friction it may 

not be advantageous to reinforce the expansive soil 

directly as it possesses very low shear strength under 

swollen condition. Hence two alternative methods:

a) providing a reinforced sand mattress on expansive 

soil and

b) providing a sandwiched reinforcement technique 

are examined.

The improvement in the load carrying capacity of 

reinforced soil system is always compared with load 

carrying capacity of unreinforced soil system. Hence a 

detailed theoretical and experimental discussion on the 

load carrying capacity of an expansive soil, upon 

inundation is presented.

BASIC CONSIDERATIONS

The swelling nature of soils is attributed to the presence 

of montmorillonitic mineral in them. It is generally 

understood that soils with high liquid limit water content 

and low in-situ void ratio, under low overburden 

pressure conditions exhibit high swelling characteristics, 

upon inundation. The final equilibrium state is governed 

by the overburden pressure.

Now consider a surface loaded footing on a partly 

saturated expansive soil. Upon inundation the footing is 

lifted up if the swelling pressure is greater than the 

footing pressure and settles down otherwise. However in 

both the cases the soil outside the footing area heaves
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up . T his may be d u e  to b o th  sw elling  of th e  soil in  th a t  

z o n e  a n d  s q u e e z i n g  o u t  o f t h e  s o i l  f ro m  b e lo w  t h e  
fo o tin g . F u r th e r  th e  norm al s t r e s s e s  in th e  soil d u e  to  
ap p lie d  lo ad in g  on  th e  fo o tin g  a re  d i f f e re n t  a t  d i f f e r e n t  
p o in ts  in s id e  th e  soil m ass, i.e ., h ig h  s t r e s s e s  below th e  

fo o tin g  a n d  a t  shallow  d e p th s ,  a n d  low s t r e s s e s  o u ts id e  
th e  fo o tin g  an d  a t  g r e a te r  d e p th s . T he soil o v e rb u rd e n  

p r e s s u r e  in c r e a s e s  l in e a r ly  w ith  d e p th .  T he co m b in e d  
s t r e s s  d is tr ib u tio n  is  nonun ifo rm . Now upon  in u n d a tio n  
th e  sw elling  a t  a n y  p o in t d e p e n d s  on th e  s t r e s s  a t  t h a t  

p o in t w hich  r e s u l ts  in a nonun ifo rm  cu m u la tiv e  h e av e  a t  
th e  su rfa c e . The s h e a r  s t r e n g th  of th e  so il a lso  v a r ie s  

from  p o in t to p o in t. J u s t  o u ts id e  th e  fo o tin g  th e  so il a t  
th e  s u r fa c e  will be in i ts  fre e  sw ell s t a te  w ith  n e g lig ib le  

s h e a r  s t r e n g th  a n d  th is  s h e a r  s t r e n g th  in c re a s e s  w ith  
d e p th .  T h e  so il below  th e  fo o tin g  h a s  g r e a t e r  s h e a r  

s t r e n g th  a t  th e  su r fa c e  a n d  it  d e c re a s e s  w ith  d e p th  a n d  
a f t e r  c e r t a i n  d e p t h  i n c r e a s e s .  T h i s  i n d u c e s  a  

nonhom ogeneous co n d itio n  w hich  c a n n o t be m athem atically  
m o d e le d . As t h e r e  i s  a  g e n e r a l  r e d u c t io n  in  s h e a r  

s t r e n g t h  a t  e v e r y  p o in t  th e  f a c to r y  o f s a f e ty  a g a in s t  
b e a r i n g  c a p a c i t y  f a i l u r e  r e d u c e s .  S i n c e  t h e  s h e a r  
s t r e n g th  a t  a n y  p o in t d e p e n d s  on th e  am oun t o f sw elling  
w h ic h  in  t u r n  d e p e n d s  o n  t h e  n o r m a l  s t r e s s  ( o r  

s u rc h a rg e  p r e s s u r e  on  th e  fo o tin g ), i t  is  re a so n a b le  to  

e x p e c t  t h a t  s u r f a c e  lo a d e d  fo o t in g s  on  e x p a n s iv e  so ils  
e q u il ib ra te  upo n  in u n d a tio n  to  a  d e f in ite  s ta te  d e p en d in g  
on  th e  s u rc h a rg e  load, w ith  a  u n iq u e  fa c to r  o f s a fe ty  

a g a i n s t  b e a r i n g  c a p a c i t y  f a i l u r e .  As i t  m ay  n o t  be  
p o ss ib le  to th e o re tic a l ly  e v a lu a te  th is  u n iq u e  v a lu e  i t  is  

a t te m p te d  in th e  n e x t  s e c t io n  to  b r in g  o u t  th e  sam e 
ex p erim en ta lly .

P la te  Load T e s ts  o n  E x p an siv e  Soils

T he p o ss ib ility  o f  s u r fa c e  loaded  fo o tin g s  on  ex p an s iv e  
so il, u p o n  in u n d a tio n  a tta in in g  a  u n iq u e  fa c to r  of s a fe ty  

w as e x a m in e d  b y  c o n d u c t i n g  p l a t e  lo a d  t e s t s  w i th  
d if fe re n t  in itia l s u rc h a rg e  p r e s s u r e s .  The se le c te d  in it ia l  
s u r c h a rg e  p r e s s u r e s  w ere  7.5, 75, 150 a n d  220 kPa. T he 

e x p a n s i v e  s o i l  u s e d  w a s  b l a c k  c o t t o n  s o i l  f ro m  
D a v a n a g e re  a r e a  in  K a rn a ta k a .  T ab le  1 in d ic a te s  th e  

in d e x  p r o p e r t i e s  o f  t h e  so i l  a n d  th e  t e s t  c o n d i t i o n s  

a d o p te d  in th e  p la te  load  te s t .  From odeo m eter t e s t s  th e  
sw elling  p r e s s u r e  u n d e r  t e s t  c o n d itio n s  was e s tim a ted  to  

be a b o u t  200 kPa.

T able  1 In d ex  p r o p e r t ie s  an d  T es t c o n d itio n s  o f Black 

c o tto n  soil

L iqu id  lim it 84%
P las tic  lim it 32%

P la s tic ity  index 52%

S h rin k a g e  lim it 13%

S pec ific  g r a v ity 2.73
F ree  Sw ell in d ex 104%

M oistu re  c o n te n t 18%

D ry d e n s i ty 12.3 kN/m3
Sw elling  p r e s s u r e 200 k P a

The r ig id  m odel fo o tin g  had  a  size  of 100 x 100 x 100 mm 

c u b e . T he size  o f th e  t e s t  ta n k  w as 305 x 305 x 400 mm. 
The s id e s  a n d  bottom  of th e  ta n k  h ad  p e r fo ra t io n s  fo r  

e a s y  s a t u r a t i o n  o f th e  so il . T h e  so il w as c o m p a c te d  in  
th e  t a n k  in  s ix  l a y e r s  o f  50 mm e a c h  b y  a p p ly i n g  

s t a n d a r d  P r o c t o r  e n e r g y .  T h e  f o o t i n g  w a s  p l a c e d  

c o n c e n tr ic a lly  w ith  th e  ta n k  on  th e  to p  of th e  com pacted  
soiL The ta n k  w as p laced  in  an  em p ty  w a te r  b a th . T he 
w hole a s se m b ly  w as t r a n s f e r r e d  on  to  a  s e l f  s t r a in in g  

lo a d in g  fram e . T h e  r e q u i r e d  s u r c h a r g e  p r e s s u r e  w as 
ap p lie d  th ro u g h  a  s e n s i t iv e  sc rew  ja c k  sy s tem  a n d  was 

m o n ito re d  t h r o u g h  a  lo a d  c e l l .  Two d e f o r m a t io n  d ia l  

g a u g e s  w ere  fixed  on d iag o n a lly  o p p o s ite  p o in ts  o f th e  
m odel p la te  to  m easu re  th e  d e fo rm a tio n  (F ig u re  1). T he

soil w as in u n d a te d  by  ra is in g  th e  w a te r  leVel in  th e  b a th  

to  th e  leve l of th e  model fo o ting . The c o n s ta n t  s u r c h a r g e  
w as m a in ta in e d  b y  o p e r a t in g  th e  s c re w  ja c k  a n d  th e  
d e fo rm a tio n  w as m o n ito re d  a t  r e g u la r  i n te r v a l s .  T h e  
s te a d y  s ta te ,  a t  w hich th e re  was no defo rm ation  o f th e  
fo o tin g , was re a c h e d  fo r  th e  f i r s t  tw o t e s t s  w ith  7.5 a n d  

75 kP a  s u rc h a rg e  p r e s s u r e  w ith in  fo u r  to  six  h o u rs . In  
th e s e  t e s t s  th e  maximum h eav e  v a lu e s  w ere  18 mm a n d  8 
mm re sp e c tiv e ly . The th ir d  t e s t  w ith 150 kP a  s u rc h a rg e  

p r e s s u r e  in d ic a te d  an  in itia l h eav e  of a b o u t 2 mm in  40 
m inu tes an d  show ed a c o n tin u o u s  se ttle m e n t th e r e a f te r .  
The foo ting  fa iled  due  to ex cess  se ttle m e n t a n d  ro ta t io n  

in  a b o u t  6 h o u r s .  I n  t h e  l a s t  t e s t  w i th  225  k P a  

s u r c h a r g e  p r e s s u r e  t h e r e  w as a  c o n t in u o u s  s e t t le m e n t  
r i g h t  from  th e  b e g in n in g  a n d  th e  f o o t in g  fa ile d  a f t e r  
a b o u t  8 h o u rs  due  to e x ce ss  s e ttle m e n t a n d  ro ta tio n  o f 
th e  fo o tin g . In  th e  t e s t  w ith  7.5 a n d  75 kP a  s u rc h a rg e  

p r e s s u r e s ,  a d d it io n  of a sm all load  on th e  fo o tin g  ( to  
in c r e a s e  th e  p r e s s u r e  b y  2 k P a) r e s u l t e d  in  r o ta t io n a l  

fa ilu re  a sso c ia te d  w ith  ex ce ss  se ttle m e n t. T h is  co n firm ed  
t h a t  th e  fo o tin g  on an  e x p an s iv e  so il, up o n  in u n d a tio n , 
i r r e s p e c t iv e  of th e  s u rc h a rg e  p r e s s u r e  re a c h e s  a  d e f in ite  

e q u il ib r iu m  s t a t e  a t  w h ic h  th e  f a c to r  o f  s a f e ty  a g a i n s t  

b e a r in g  c a p a c ity  fa ilu re  w as j u s t  u n ity .

F ig . 1. E xp erim en ta l s e tu p  fo r  p la te  load  te s t

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  s im i la r  p l a t e  lo a d  t e s t  
r e s u l t s  by  A garw al an d  R athee (1989) on th r e e  d i f f e re n t  

s w e l l in g  s o i l s  h a v i n g  d i f f e r e n t  s w e l l i n g  p o t e n t i a l ,  
r e s u l t e d  in  id e n t ic a l  b e a r in g  c a p a c i ty  u n d e r  a  g iv e n  
s u r c h a rg e  load. F u r th e r ,  th e  w ork  of A bouleid a n d  R eyad 

(1985), w h e re in  th e y  h a v e  s tu d i e d  th e  b e h a v io u r  u p o n  
in u n d a tio n  of su r fa c e  loaded  fo o tin g s  on  ex p an s iv e  so ils 
w ith  a n d  w ith o u t  s a n d  b la n k e t s ,  h a s  c le a r ly  in d ic a te d  

t h a t  f a i l u r e  c o n d i t i o n  is  r e a c h e d  u n d e r  a  c o n s t a n t  
s u r c h a r g e  in all th e  te s ts .  The ab o v e  d isc u ss io n s  b r in g  

o u t  t h a t  th e  s u r f a c e  lo a d e d  f o o t in g s  on  e x p a n s iv e  so il 

re a c h  th e  lim it e q u ilib riu m  s ta te  up o n  in u n d a tio n . T h e re  

is  n o  m e a n s  b y  w h ic h  t h e i r  f a c t o r  o f  s a f e t y  c a n  b e  

im p ro v ed  b y  m an ip u la tin g  load  a n d  fo o tin g  size .

Handle

Strain controller

Reaction frame

Dial guages

Load cell 
Model footing 
(100 X 100 X 100 mm) 
Reinforcement 
Sand 
Water bath tank 

Perforated tank 
Compacted 
black cotton soil
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The concept of soil reinforcement developed by Henry 

Vidal (1978) has been extended to improve the bearing 

capacity of weak Boils by introducing horizontal 

reinforcements below the footings (Binquet and Lee, 1975; 

Patel, 1982; Sridharan et. al., 1988 and 1989 and others). 

In the analysis of reinforced soil foundation the load 

carried by the footing at any given settlement has been 

considered to have two components in the form:

P = Ps + Pr (1)

where P is the total load on the footing on reinforced 

soil foundation at a given settlement 

PE is the load on the footing on unreinforced soil 

foundation at the same settlement 

Pr is the load carried by the reinforcements.

It has been brought out that due to frictional interaction 

between soil and reinforcement interfacial shear stresses 

are mobilized in proportion to the normal stress on the 

reinforcement. The shear stresses induce confinement for 

the soil and constrain its lateral flow beneath the 

foundation, which is reflected in increased load carrying 

capacity at the same settlement or reduced settlement at 

the same load. The interfacial shear stress induces 

tension in the reinforcement. The reinforcement 

component of load carrying capacity in proportional to 

this mobilized tension. It is customary to define the 

improvement in load carrying capacity of a reinforced 

soil foundation in terms of bearing capacity ratio which 

is defined as:

BCR = (Pr + Ps)/ Ps (2)

The reinforcement component of load, Pr is over and 

above the load carrying capacity of the soil, Ps. Due to 

inundation and swelling of an expansive soil, PB may 

reduce substantially. If an appropriate reinforcing 

technique is adapted it should be possible to improve 

the load carrying capacity. The bearing capacity ratio 

itself will reflect the factor of safety against bearing 

capacity failure.

For a given footing size, it is possible to achieve a 

bearing capacity ratio upto 3 by a suitable manipulation 

of number of layers and spacing of reinforcements and 

type and length of reinforcement. The performance of a 

reinforced soil structure essentially depends on the 

mobilization of interfacial friction. It has been brought 

out by various investigators that grid type of 

reinforcement will provide higher frictional resistance 

due to bearing resistance from the grid elements. 

Sridharan et. al. (1991) have shown that by providing a 

small thickness by high frictional soil layer around the 

reinforcement, low frictional soil can be used as a bulk 

backfill material with about the same level of efficiency 

as that of high frictional soil as backfill material. This 

technique has been referred as sandwich technique. Also 

it has been shown (Sridharan et al 1988) that for soft 

soils, the load carrying capacity can be substantially 

improved (BCR more than 3) by providing a reinforced 

sand mattress of thickness B/2 with two to three layers 

of grid reinforcement of size 2B, B being the width of 

the footing. The swollen expansive soil is very much 

similar to a soft soil as far as bearing capacity is 

concerned. Hence, it is attempted in this investigation to 

examine the different forms of soil reinforcing 

techniques.

Reinforced Soil Technique for Expansive Soils

To examine the possibility of improving the factor of 

safety against bearing capacity failure of a surface

REINFORCED SOIL FOUNDATIONS loaded footing on an expansive soil, upon inundation, the 

following reinforcing techniques are considered.

1. Reinforced expansive soil

2. Reinforced expansive soil by sandwich technique 

with a 5 m m  thick sand cover alround the 

reinforcement

3. Reinforced sand mattress of thickness B/2, over 

the expansive soil.

The feasibility of the approach was examined in relation 

to the model plate load test results. The reinforcements 
selected in all the tests were 200 mm  x 200 mm, mild 

steel grids with a grid size of 20 m m  x 20 m m  and 

diameter of grid element being 2 mm.

Experimental Programme

The experimental programme consisted of plate load tests 

with a plate size of 100 mm x 100 m m  on unreinforced 

and reinforced expansive soil. The plate load tests were 

conducted under the following conditions:

1. Compacted black cotton soil

2. Sand bed of 50 mm thickness over compacted black 

cotton soil

3. Compacted sand

4. Reinforced expansive soil

5. Reinforced expansive soil with sandwich technique

6. Reinforced sand mattress on expansive soil.

The initial surcharge pressure was varied as a 

parameter. The selected surcharge pressures were 75, 

150 and 225 kPa. The tests with 75 kPa surcharge 

pressure had three layers of grid reinforcement while 
those with 150 and 225 kPa had two layers of

reinforcements. The experimental set up was same as 

shown in Figure 1 and the procedure adapted was same 

as discussed earlier. The expansive soil used is the same 
black cotton soil reported earlier. The reinforcements 

were placed carefully concentric with the tank at 

appropriate levels and the footing was placed concentric 

with the tank. In all the tests, the compacted expansive 

soil was inundated under a given surcharge pressure. 

The surcharge pressure was maintained constant. After 

reaching the steady 6tate condition i.e., the state at 

which no further deformation was observed, the footing 

was loaded further incrementally. The deformation of the 

footing at each load increment under equilibrium 

condition was monitored. The test was continued till 

failure. If defined failure was not observed, the tests 

were terminated at a settlement level of 15% of the 

footing size i.e., at 15 mm. Figure 2 shows the load 

settlement curves for all the six test conditions, with an 

initial surcharge pressure of 75 kPa. Similar results were 

obtained for surcharge loads of 150 and 225 kPa.

Test Results and Discussions

The experimental results on reinforced expansive soils 

are discussed at two levels.

1. During inundation under constant surcharge 

conditions

2. Load test after reaching steady state condition 

upon inundation

It has been presented earlier that footings on the 

surface of an expansive soil tended towards limit 

equilibrium condition upon inundation. It is interesting 

to note that in all the cases with soil reinforcement 

steady state was reached in about 8 to 10 hours with 

reduced heave and settlement as the case may be. There 

was no indication at all of the footing reaching the limit 

equilibrium condition. Hence, load tests were carried out 

to determine the factor of safety with reference to the
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initial surcharge pressure. system behaves better than the behaviour of the 
footings on sand.

Fig. 2. Load -  S e ttle m e n t b e h a v io u r  o f re in fo rc e d  

e x p an s iv e  soil

It can be seen that the reinforced expansive soil, at 

comparable settlements carries 2 to 3 times more load. 

This behaviour is seen in all the tests. The reinforced 

expansive soil behaviour appears to be similar to that of 

sand. The sandwich technique carries higher loads than 

the reinforced expansive soil, while the reinforced sand 

mattress carries the highest load. It is interesting to 

note that the mode of failure has also changed from 

sudden brittle for the unreinforced case to a gradual 

strain hardening for the reinforced cases. It was also 

observed that the total heave outside the footing area 

has substantially reduced for all the reinforced cases. It 

can be noted that reinforced sandwich technique or the 

reinforced sand mattress can be effectively used to 

increase the factor of safety against bearing capacity 

failure by about two to three times. In this process the

Concluding Remarks

It has been brought out that surface loaded footings on 

partly saturated expansive soils, upon inundation tend 

towards limit equilibrium condition, irrespective of the 

initial surcharge pressure. There is no conventional 

means by which this factor of safety against bearing 

capacity failure can be increased to the desired level. 

Since, in the reinforced soil technique the load carried 

by the reinforcement will be over and above that of the 

soil, this technique can be gainfully adapted. The 

experimental results of plate load tests on reinforced 

expansive soil clearly indicate that the factor of safety 

against bearing capacity failure with respect to the 

initial surcharge pressure can be increased upto 3, with 

proper manipulation of reinforcement type, number of 

layers, size and spacing. Of the three alternative 

reinforcing conditions presented in this investigation, it 

has been brought out that reinforced sand mattress of 

thickness B/2 with 2 - 3  layers of grid reinforcement of 

size 2B x 2B is sufficient to increase the load carrying 

capacity by 3 fold. Field tests are required to 

substantiate the principles presented in this paper.
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L o a d , kg

3-Layers of grid 
reinforcement

-  Footing size : 100 X 100 mm
Initial surcharge pressure : CT = 75kPa

_ 1. Compacted black cotton soil 
2. 50 mm thick sand bed over compacted 

black cotton soil

3. Compacted sand 
i,. Reinforced black cotton soil

5. Sandwiched grid reinforcement in 
black cotton soil

6. 50 mm thick reinforced sand mattress 
on compacted black cotton soil
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