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Abstract. An extended model for the response of a rigid footing on a reinforced foundation bed on
super soft soil is proposed by incorporating the rough membrane element into the granular bed. The super
soft soil, the granular bed and the reinforcement are modeled as non-linear Winkler springs, non-linear
Pasternak layer and rough membrane respectively. The hyperbolic stress-displacement response of the
super soft soil and the hyperbolic shear stress-shear strain response of the granular fill are considered. The
finite deformation theory is used since large settlements are expected to develop due to deformation of the
super-soft soil. Parametric studies quantify the effect of each parameter on the stress-settlement response
of the reinforced foundation bed, the settlement and tension profiles.

Keywords: geosynthetic reinforcement; finite deformation theory; granular bed; rigid footing; soft soil;
hyperbolic response; settlement; tension.

1. Introduction

Ultimate bearing capacity of soft soil can be improved by placing a relatively rigid granular soil
over it. It can be further improved by placing a reinforcement layer with in the granular layer.
Extensive literature is available for the response of near surface loads on the reinforced foundation
beds. The improvement in bearing capacity with reinforcement layers have been reported by Yang
(1972), Binquet and Lee (1975b), Akinmusuru and Akinbolade (1981), Andrawes ef al. (1983),
Saran ef al. (1985), Guido et al. (1985, 1986), Dembicki et al. (1986) and Milligan er al. (1986),
Love et al. (1987), Purkayastha and Bhoumik (1988), Das (1989), Maheshwari et al. (2006), etc.
Binquet and Lee (1975a and b) were the first to study the problem of bearing capacity of reinforced
foundation bed systematically along with experimental validation. Basset and Last (1978) made a
study of the soil below a footing, defined the strain field in terms of slip lines and suggested
locations for the ideal placement of reinforcement.

Madhav and Poorooshasb (1988) proposed a model for the analysis of a footing on a reinforced
granular bed. The subgrade soil, the granular bed and the reinforcement have been modelled by
linear Winkler springs, a Pasternak shear layer and a rough membrane respectively. The results
indicate that at small displacements, the contribution of shear layer far outweighs the effect of
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membrane action of the reinforcement in reducing the settlements of the reinforced soft soil. Ghosh
and Madhav (1994) extended Madhav and Poorooshasb (1988) model by considering the non-
linearity of soft soil and granular fill. Sukla and Chandra (1994) extended Madhav and Poorooshasb
(1988) model by considering the pre-stress in the reinforcement layer and the compressibility of
granular fill. Yin (1997a) presented an extension of Madhav and Poorooshasb (1988) model satisfying
the compatibility of displacements at the interface of the fill and the reinforcing layer. Yin (1997b)
further modified the model (Yin 1997a) by considering the non-linear responses of the soil and the fill.

All the presently available models are developed based on infinitesimal deformation theory. If the
subgrade soil is very soft it undergoes large deformations especially at medium to large loads. In
such cases, the infinitesimal deformation theory may not be appropriate nor give valid results. In
this study, a new extended model is proposed incorporating a finite deformation approach to
estimate the complete load-settlement response and the ultimate bearing capacity of a rigid footing
resting on reinforced granular bed overlying super-soft clay. The hyperbolic stress-displacement
response of the soft clay and the hyperbolic shear stress-shear strain response of the granular bed
are considered. The undrained behaviour of the soft soil and the response of the granular fill are
represented by elasto-plastic Winkler model and Pasternak shear layer respectively. Full mobilization
of interface shear resistance at the interface of the fill and the reinforcement is assumed. Since the
ground is very soft, very large settlements are expected during the placement of the granular fill and
hence the problem is formulated as a moving boundary problem. For each incremental value of
intensity of load, the settlement profile changes. The basic governing differential equations are
developed by updating the profile for each increment of load intensity.

2. Proposed model and analysis: plane strain case

A rigid strip footing of width, 2B, carrying an average intensity of load, ¢, resting on the reinforced
granular fill of thickness, H, and width, 2L_overlaying super-soft soil (Fig. 1(a)) is considered. The
reinforcement (geosynthetic) layer is placed in the fill at a depth of H, from the top of the fill, and
is of length 2L, (L,=L). The above system is modeled (Fig. 1(b)) according to Madhav and
Poorooshasb (1988) to consist of a shear layer, Winkler springs and a rough membrane to represent
the granular fill, super-soft subgrade soil and a geosynthetic layer respectively.

The reinforced granular fill system is divided in to three elements (1), (2) and (3), for the purpose
of analysis. The three elements are the fill above the reinforcement, the reinforcement and the fill
below the reinforcement respectively. The forces in the elements (1), (2) and (3), are depicted in
Figs. 2(a), (b) and (c) respectively. For an incremental average intensity of load, Ag, the governing
equation for the equilibrium of element (1), using Pasternak shear layer concept can be written as

OAN,
= X
Ag =Agq, + Ew (1)

where Ag, is the normal stress at the bottom of the element (1), i.e. above the reinforcement,
OAN,/Ox is the variation of shear force along the vertical face of the element 1. The incremental
shear force acting on the shear layer of thickness, H,, is

H

AN, = [ Az dz Q)
0
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Fig. 1 (a) Rigid footing on a reinforced granular fill-super soft soil system and (b) the proposed model

Assuming incremental shear stress, Az,, to be constant along the depth, H,, of the granular fill,
Eq. (2) becomes

AN, = Az, H, 3)

The shear stress-shear strain response of the granular fill idealised as a hyperbolic relation
(Kondner 1963) as shown in Fig. 3 and is expressed as

th/zx

G
1+= )
(G,

where the initial tangent modulus (shear modulus) is G, while the asymptotic value of shear stress
(ultimate shear resistance) is 7. .. is the shear strain of the granular fill. Defining a non-linear
parameter for the granular fill, B, (= G,/t) and differentiating Eq. (5) with respect to .., the
incremental shear stress, Az, in the granular fill is

zX

“4)
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Fig. 2 Stresses in (a) the granular fill above reinforcement, element 1; (b) the reinforcement, element (2); (c)
the granular fill below the reinforcement, element (3)
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Fig. 3 Relation between shear stress and shear strain
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. = G,A7.,

zZX 2

(1+ 5,7

where Ay, is the incremental shear strain of the granular fill. Substituting Eq. (5) in Eq. (3), one
can get

®)

G H,
AN, = ————=Ay., (6)
(1+B,7.4)

The change in the displacement profile of an infinitesimal element of width, Ax, is shown in Fig.
4(a), when the uniform stress on the footing increases from ‘g’ to ‘g+Agq’. The position of the
infinitesimal element of length, Ax, (Fig. 4(b)), under the applied stress, g, is CD. The element
displaces to EF when the stress becomes (¢ + Ag). Line El is horizontal while EG is parallel to CD.
As the applied stress increases to (g + Ag), the displacements of A and B increase respectively to
w(g + Aq, x) and w(g + Ag, x + Ax). The shear strain now is 7.+ Ay,.. From the triangle EFT

Settlement Profile under load, q \

Settlement Profile under load, q + Aq
(a)

W(q) (W+dW)(q)

H Under load,

Y
s

AW(AqQ)

(AW+dAW)(AQ)
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Fig. 4 (a) Displacement profile under incremental loads; (b) idealisation of displacement profiles
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Aw+dAw
dx

where dAw is the increment in displacement of point B with respect to point A under the stress
increment of Ag. Simplifying Eq. (7), one can get

Tan(y.+Ay.) = (7

dAw

TanAy.=Ay,. = dx ®)

dAw
1 +tan’y,, +t —)
( tan"y, +tany,, T

Substituting for Ay, from Eq. (8) in Eq. (6), one can get

dAw
G/H, dx

AN, = )]

= 2
(1 +Be7) (1 +tan271,r+ta"7~**d§_w)
X

The variation in increment in shear force on the vertical face of the element (1) can be obtained
by differentiating Eq. (9) with respect to x as

& Aw + dAwa’z_w

Cy &)
OAN, 2 dx gy?
—_=-GH dx - d (10)
x (1 +IBg7/zx) C3
dAw 28, P
h =1 +tan’y,, =(2t + )+ 2 _t and
where ¢, an’y,, ¢, { any,, T a Jrﬂg}/ﬂ)qcos Ve p AN
dAw
=1+tan’y.—t —)
s ( an’” y,,—tany,, o
Substituting Eq. (10) in Eq. (1), one gets
c d Aw c dAwd ™ w
1 2 2 dx 2
x dx
Aq=Aq,—GH, (11)

(1+ By cs

Similarly by considering the vertical force equilibrium of element 3 (Fig. 2(c), fill below the
reinforcement layer), the governing equation is obtained as

d’Aw dAwd w
y ta———
dx dx gy

(1+ B ) ’ca

€1

Aq, = Aq,+ GyH, (12)

where Ag, and Ag, are the vertical normal stresses at the top and bottom of the fill below the
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reinforcement, G,, H, and 7 are the initial shear modulus, thickness of the granular fill and the
ultimate shear resistance respectively of the fill below the reinforcement.
Based on Winkler assumption, the vertical resistance, g,, of the super-soft subgrade soil is

q,=kw (13)

where &, and ‘w’ are the tangent subgrade modulus of super soft-soil and total displacement of the
footing respectively. The stress-displacement response of the super-soft deposit is represented by a
hyperbolic relation shown in Fig. 5 (Kondner 1963) as

kw
=7 < (14

k.
(1 +—°w)
q“

where ‘g’ is the vertical stress on top of the granular bed below the reinforcement, The initial
tangent modulus (subgrade modulus) is &, while the ultimate (asymptotic) value of stress (ultimate
bearing capacity) is ¢,. With non-dimensional parameter of super soft subgrade, 5, = kB/q., Eq. (19)
becomes

kw
q,= m (15)
‘B
Differentiating Eq. (15) with respect to w, the increment in resistance, Ag,, of the super-soft soil is
Agy= B (16)
(1+Bw)

where Aw is the incremental settlement, g, = c,/V., — the ultimate bearing capacity of the footing
on super-soft ground, ¢, — undrained strength of soft soil and N, — the bearing capacity factor.

Considering the reinforcement in the reinforced granular fill, i.e. element (2), (Fig. 2(b)), the
horizontal force equilibrium requires,

Qu

W

Fig. 5 Relation between intensity of load and settlement
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%005(0+A€) — AT sin(6+A6) 6%)= —(uAq,+ 1A — (Acy, + Acyy) a7
where fand A are the inclinations of the deformed shape of the granular fill at the end of the
previous lift and the incremental inclination of the deformed element caused by the incremental
load, Ag, respectively. 4, and Ac, are the frictional and adhesive resistances respectively at the
interface between the top granular fill and the reinforcement, u, and Ac,, are the frictional and
adhesive resistances respectively at the interface of the bottom granular fill and the reinforcement,
AT is the increase in tension in the reinforcement with the increase in intensity of load, Ag.
Similarly, from the vertical equilibrium of the forces in the reinforcement element (2), one gets

dAT dA &

in(6+ + + — = -
. sin(0+A68) + AT cos(0+A6) . (Aq,—Aq,) (18)
Multiplying Eq. (17) by cos(8+ A6) and Eq. (18) by sin(6+ Af) and adding, one obtains
B = (Ag,~Aq)sin(0+A0) ~ (UAq, + 1A, + Ac, + Ac,)cos(0+AD) (19)

Similarly multiplying Eq. (17) by sin(€@+ A6) and Eq. (18) by cos(6+ Af) and subtracting the
former from the latter, the following equation can be obtained

AT = Sin(0+ A0 A + 1AG, + Acy + Acyy ) + cos(O+AD{AG~Ag)}  (20)

Rearranging the terms of Eq. (19), one gets

%= —{ 1, cos(8+AO)—sin(B+A0)}Aq, — { 1, cos(B+AO)+sin(8+AB)}Ag,

—cos(O+AO){Ac,,+Ac,} 21
Rearranging the terms of Eq. (20), one gets
dA G

AT—= = —{;5in(0+A0) + cos(0+AO)}Ag,— { 11,5in(O+A6) —cos(0+AO)}Agq,  (22a)
or
1 -y tan(6+A6) dA 6 1
Ag, = Agq,—AT
gL {1 + ptan(6+ A 6) 0 dx cos(0+A60) + psin(6+A6) (220)
Substituting Eqs. (11) and (12) in Eq. (21), one gets
dAT . d*Aw  dAw d°Aw), »
s —(, cos(9+A€)—sm(9+At9))[Aq+G,H;(Czy—W(Cs +C4)?)/Cl}
, ke, Aw d’Aw  dAw d’AwY,
- +A0)- +AQ) ———— + H( ———(c;+ —)
(s cOSOEAO =IO 9)){(1+ﬂvw/3)2 G\ g ST )
_COS(9+AH){ACG/+AC(M:} (23)

Eq. (23) relates the variation of the incremental tensile force in the reinforcement to the
incremental load of intensity, Agq. The corresponding equation by infinitesimal deformation theory
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(Ramu 2001) is

GH, ’
: a; c; W —(ucosG+sinb) W
' +
(Hﬂgd ) A5

Substituting Egs. (11) and (12) in Eq. (22b), and simplifying, the expression becomes

1+, tan(G+ A
Aq=—KG,H/+GhHh{ pytan( SOB(C PAw a’Aw( sy Aw)/cl}

% = —(y,cosf—sinb)| g + —(C,+Cp)cos8  (24)

1 — ytan(O+A6)

dx’
AT cossz)c (c &’ Aw dch d Aw)/ 2
cos(@-i—AH) 1,sin(6+A6) o dx ’ dx’ ’
+ +
N kAw : 1+ gtan(6+A6) 25)
(1+pw/B)’ |1 — mtan(6+A6)

The corresponding equation by the infinitesimal theory is

B (1—;1,,0059) kw tand
4 1+pcos@/1+pw/B 1+ cos6

( at ab)

B G, H, n G,H, (l—ﬂh0059)+ Tcos@ dz_w
dw)z ( dw)z 1+ u,cos6 1+ 0080 | 432

1+ (1+p2

( ﬂgdx ﬂgdx

Normalising the terms with ¢ = g/k,B, W=w/B, X = x/B, AX = Ax/B, AW = Aw/B, Aq" = Aq/k,B,
AT = AT/kB* and G,” = G H,/kB*, G, = G,H,/k,B, Eqs. (25) and (23) become

# 1+ tan(8+A60) a’AW a’AW R
T [[G Gb{l _,Uftan(H'i‘AH)B(c A 4) e )/(cl) }

{ AT cos’ Ay, }( dAW dAW d W)/( 5)

(26)

cos(O+AO)—usin(0+A6) ax
N AW 1+, tan(6+A6) o7
(1+Bwy | 1-utan(6+A0)
and
dAT . < o AW dAW
e —(4, cos(6?+A9)—sm(9+A6?))[Aq +G,( dXz X ( c4) o )/(c,) }

-G cos(mm—sm(mm{%+G2(cz%zW DI vyt ”ﬁx(c,)} 28)
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where ¢s” = (1 + tan’y, — tany., dAWIAX); ¢i” =5 (1 + Boy); 3" = Qtany,. — dAW/AX), ca=2f3, cs5°
cos?0/(1 + Byy.).

Four boundary conditions are required to solve the above two partial differential equations, (Eqgs.
(27) and (28)). They are at x =0 or X' =0, the incremental displacement and the incremental tension
are maximum as the slope of the settlement profile at this point is zero. i.e.

dAwldx=0 or dAWIdX=0 (29a)
and the slope of the tension curve also is zero. i.e.
dATldx=0 or dAT/dX=0 (29b)

Similarly at x=L or X=L", ie. at the edge of the reinforced granular fill, the slope of the
settlement profile is zero (no shear layer effect), i.e.

dAwldx=0 or dAW/dX=0 (29¢)
and the tension is zero at the free edge (the free end of the reinforcement). Hence

AT=0 or AT =0 (29d)

3. Numerical experimentation

Egs. (27) and (28) are coupled and non-linear and hence need to be solved numerically to
evaluate the settlement profile and the tension in the reinforcement at any point. Eqs. (27) and (28)
are solved iteratively for each incremental displacement AW, of the rigid footing, with the boundary
conditions (Eqs. 29) to obtain the incremental average intensity of load, Ag". These incremental
average intensity of loads are summed up to get the total load as

g, (W+AW) = q,(W) + Aq,(AW) for 0<i<nt+1 (30)

where ¢, (W) and gq,"(W+ AW) are the normalised total average intensity of loads under the
settlements, W and W + AW respectively. Similarly, the increments in tensions are summed up to get
the total mobilized tension as

T (q+Aq) =T, (q) + AT, for0<i<ni+1 (31)

where T(¢") and T(¢ +Aq’) are the normalised tensions in the reinforcement under the
settlements, W and W + AW respectively.

For the rigid footing, uniform incremental displacements, AW, are specified over the width of the
footing. In the first iteration Eq. (27) is solved assuming the incremental tension, A7}, to be zero,
thus determining the incremental average intensity of load, Ag". The tensions, A7, are then
evaluated by solving Eq. (28) with the above computed average intensity of load, Ag". In the
subsequent iterations the previously evaluated tensions and average intensity of loads (i.e. at (k—1)"
iteration) are substituted and new values (i.e. at £ iteration) are obtained till the old and new values
converge. The convergence criteria for incremental average intensity of load and incremental
tensions are as follows
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4. Convergence study

The quantities ¢,” and 7" are estimated by varying the number of elements, #, into which the half
width of the footing is divided. A convergence study is carried out to minimise the numerical error,
by varying the discretisation of the domain. The number of elements, », is varied from 10 to 100.
The results did not vary much except at large settlements and even at large settlement (7 > 1.0) the
solution converges for the number of elements, », equal to or greater than 50. Hence the number of
elements, ‘»’, into which the loaded region, B, is decretised is made equal to 50 in the subsequent
analysis. A further study was then carried out with » =50 but by varying the incremental settlement,
AW". The accuracy of the results improved with decreasing values of AJW". However, for
AW <0.0001, no perceptible change in normalised settlement, 7, was observed. Therefore all
further analyses have been carried out with » =150 and AW = 0.0001.

5. Results and discussion

Only half the width of the reinforced zone is considered for the analysis considering symmetry of
the applied load and of the reinforced zone. Half width of the loading, B, and the half width of the
reinforced zones, L are divided into ‘#” and ‘nf” number of elements of equal length, Ax, as shown
in Fig. 6. The loading boundary conditions are

Ag; = Ag for0<i<nm
Ag; = Agq/2.0 fori=n+1

| < L S

N

> X

[ A

V.V VN V. V.V VN
Element 1 2 n n+ i i+ ng
NodeNo.s '1 9 nnt n,  netl

|

aw

=i0.0
i

Fig. 6 Descritisation of the load and the reinforced granular bed
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Table 1 Typical values for the modulus of subgrade reaction, k,, (kN/m®) for normally consolidated clay (after
Terzaghi 1955)

Type of soil Modulus of subgrade reaction, £;
Very soft clays 1560 kN/m*
Stiff clays 7800 kN/m*
Agi=0 forn+1<i<nmn+1

Settlements of the reinforced foundation bed and tension developed in the reinforcement layer,
under rigid loading are studied through a parametric study, for the following ranges of modulus of
subgrade reaction, k,, of soft ground shown in Table 1. The shear modulus of the granular fill is
varied from 1,500 to 50,000 kN/m’.

The interface friction angle between the reinforcement and the granular fill varied from 0 to 45°
(smooth to perfectly rough membrane). Normalised settlements of the reinforced foundation bed and
the normalized tension developed in the reinforcement layer, under uniform loading are studied
through a parametric study, for the following ranges of non-dimensional parameters G, = G,” = 0.05
to 1.0; A =35 to 100; B,=5 to 50; g =001 to 02, ,=p,=0 (smooth) to 1.0 (fully rough)
membrane.

The modulus of subgrade reaction, £, the stiffness of the granular bed, G,, and the ultimate bearing
resistance, ¢,, and the interface bond resistance between the reinforcement and the fill, are the basic
parameters which affect the physics of the problem and hence considered as they control the overall
performance of the reinforced granular bed on soft ground to applied loads. The normal working
ranges of the above parameters are estimated based on which the ranges of the normalized parameters
worked out for the parametric study.

The variation of settlement along the width of the reinforced sand bed from its center by the both

Normalised Distance from Center of Footing,X
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F : Bs=10; B, =5;
0.14 // L=3 &
0.16

Fig. 7 Settlement profile along the reinforced bed at different average intensities of loads: comparison of
infinitesimal and finite deformation theories
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Fig. 8 Settlement profile along the reinforced bed at different footing settlements: comparison of infinitesimal
and finite deformation theories

infinitesimal and finite deformation methods are presented in Fig. 7, for an average intensities of
loads, ¢*=0.05, 0.075 and 0.1 and for shear stiffnesses of the fill above and below reinforcement,
G' =G, =0.1, =10, =5, ¢ =0.1 and 1 = = 0.8. The rigid footing settles more according
to the infinitesimal theory compared with that by the finite deformation theory for all intensities of
load, ¢°. This result follows from the basic premise of finite deformation theory according to which
(Egs. 7 and 8) the shear strain is non-linearly related to the derivative of displacement unlike in the
infinitesimal theory wherein they are linearly related. The difference between the settlements under
the rigid footing by the infinitesimal and the finite deformation theories increases with increasing
average intensity of the load, ¢°, as the non-linearity effect is more with increasing load. The
opposite effect of the settlements by infinitesimal approach being less than those according to finite
deformation theory is discernable outside the footing width since equilibrium of forces dictates that
the stresses outside the footing width should be lesser than those from finite deformation theory to
compensate for the larger ones under the footing width.

Fig. 8 shows the settlement profiles of the reinforced sand bed by the both infinitesimal and finite
deformation theories for settlements, W =0.05, 0.1 and 0.15 for shear stiffness of the fill, G,'=G,"
=0.1, =10, B,=5, ¢ =0.1 and 1 =y, = 0.8. For any settlement, ¥, of the footing, the settlement
profile beyond the footing width by the infinitesimal theory lies always above the settlement profile
by the finite deformation theory indicating lesser settlement. While the settlements of the footing are
the same for both finite and infinitesimal approaches, the corresponding loads or average stresses
would be different. Thus for a given settlement, ¥, the footing according to finite deformation theory
transmits higher load or average stress than the one according to infinitesimal theory, the difference
between these loads increasing with increasing settlements.

The effect of shear stiffness, G,”, on settlement profiles of the reinforced foundation bed beneath a
rigid footing is studied in Fig. 9 for G,"=0.1, £=10, B =5, ¢ =0.1 and gz =1, =0.8. For an
intensity of load, ¢" = 0.1, the normalised settlement reduces from 0.154 to 0.09, a 41.6% reduction
under the rigid footing and increases from 0.0024 to 0.118, a 652% increase, at the edge of the
reinforced bed for a ten fold increase of shear stiffness of the granular fill from 0.05 to 0.5. The
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Fig. 9 Variation of settlement with distance along half-width of the reinforced bed: effect of G,

settlements under the footing decrease while settlements outside of the footing increase with increase
of relative shear stiffness of the granular fill. Stiff granular fill distributes the load uniformly with
larger percentage of the applied load being distributed to outside the loaded region, resulting in an
increase of settlement therein while decreasing the settlement under the loaded region. The slopes of
the settlement profiles beyond the loaded region also decrease with increasing shear stiffhess, G,”, of
the fill, indicating that the loads are distributed more uniformly with increasing shear stiffness of the
granular fill.

The variation of mobilized tension in the reinforcement with distance as effected by shear stiffness,
G,", of the fill above the reinforcement is presented in Fig. 10, for relative shear stiffness, G," = 0.1,

0.08
Gy =0.1;
0.5
0.07
0.06 F 0.3
£
= 0.05F 0.2
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Z L
5 004
< 0.1
3
2 0.03f
g *
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0 0.5 | 1.5 2 25 3

Normalised Distance from Center of Footing, X

Fig. 10 Variation of mobilized tension with distance along half-width of the reinforced bed: effect of G,"
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B.=10, B,=5, ¢ =0.1 and 1=, =0.8. For an intensity of load ¢" = 0.1, the mobilized tension
increases from 0.0187 to 0.07 for a ten fold increase of relative shear stiffness, G,”, from 0.05 to
0.5. The mobilized tension remains constant under the rigid footing since the settlements are uniform.
The mobilized tension increases with increase in shear stiffness, G,", of the fill since stiff granular
fill distributes larger stresses to the region outside the footing resulting in greater normal and
tangential stresses on the reinforcement leading to an increase in the mobilized tension.

The effect of the ultimate bearing capacity, ¢,, of the soft soil on the settlement profile is studied
(Fig. 11) through the parameter, £, (= kBlq,), for G,'=G, =0.1, B, =5, = 1, =0.8. Softer the
soil, smaller the ultimate bearing capacity and larger are the values of f,. The normalised settlements
under the rigid footing and at the edge of the reinforced bed for ¢" = 0.1 increase from 0.096 to
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Fig. 11 Variation of settlement with distance along half-width of the reinforced bed: effect of £
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0.424 and from 0.0023 to 0.0958 respectively for £, increasing from 5 to 25, i.e. from a strong to a
soft soil. ¢~ of 0.1 corresponds to relatively higher percentage of the ultimate bearing stress for
increasing values of £, and hence the settlements increase with f,.

The variation of tension in the reinforcement with distance with increasing values of £, is presented
in Fig. 12 for G'=G, =0.1, B,=5, 4= 1,=0.8 and ¢ =0.1. Softer the soil, larger the total and
differential settlements and greater the shear strains as depicted in Fig. 11. Thus the increase in £,
results in more shear stresses to be developed for constant shear stiffness of the fill resulting in
increase of normal and tangential stresses on the interface of the reinforcement leading to increase
in mobilized tension. The normalised tensions thus are 0.027, 0.033, 0.039, 0.045 and 0.050 respectively
at the edge of the loaded region for B =5, 10, 15, 20 and 25. The mobilized tension decreases
linearly with distance for higher values of £, (= 25) and relatively sharply for low values of £, (=5)
indicating the spread of displacements with distance.

Five (5, 10, 20, 30 and 50) values of the parameter, £, are considered in this study of settlement
profiles (Fig. 13) with G,"= G, =0.1, A, =10, ¢ =0.1 and g, = 1, = 0.8. An increase in S, implies
decrease in the ultimate shear strength of the granular fill since the shear stiffness of the fill is kept
constant. The settlement outside the loaded region reduces while the settlement under the loaded
region increases with decrease in the shear resistance of the granular fill, i.e., increase in values of
B,. The slope of the settlement profile increases at the edge of the loaded region with increase in 3,
indicating punching mode of failure which occurs when the granular fill is relatively soft and thus
fails in shear. The normalised settlement increases from 0.137 to 0.462, a 237.2% increase under the
rigid loading and decreases from 0.00425 to 0.0008 (81.2% decrease) at the edge of the reinforced
foundation bed with the increase in S, from 5 to 50, a ten-fold increase. The increase in S, results
in a decrease in the stresses transferred to the fill outside the loaded region. The settlement profile
for a high value of the shear parameter, f,, of 50, indicates punching mode of deformation as the
granular fill can not transfer any significant amount of load to the ground outside the rigid footing.

Fig. 14 shows the effect of ultimate shear resistance of the granular fill on the mobilized tension
in the reinforcement through £, values of 5, 10, 20, 30 and 50 for G'=G,"=0.1, B,=10, i, =yt =
0.8 and ¢" = 0.1. The normalised tension at the edge of the loaded region increases from 0.033 to
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0.131 for a tenfold increase in S, from 5 to 50. The settlement profile indicates increasing tendency
for punching mode of failure causing an increase in tension in the reinforcement with granular fill
having lesser ultimate shear resistance, i.e. higher values of S, The reinforcement is thus more
effective in relatively softer granular fills.

5.1 Load-settlement response

The load-settlement responses of rigid footings on reinforced sand bed overlying soft clay, for
shear stiffness, G, =0.05, 0.1, 0.2, 0.3 and 0.5 of the fill above the reinforcement are presented in
the Fig. 15 for G, =0.1, 14=0.8, 14,=0.8, 8, =10 and B,=5. A linear ¢* versus W, response is
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Fig. 15 Intensity of load, q*-settlement, W, responses: effect of G



298 K. Ramu and Madhira R. Madhav

exhibited initially by all the curves, the linearity extending to larger applied stresses with increasing
values of shear stiffness, G,", of the granular fill. The ultimate or failure loads on the footings
increase with increasing shear stiffness, G,”, of granular fill, a result similar to that reported by Das
(1989). The ability of the granular fill to distribute the applied load over a larger width can be
deduced from the results presented. At a normalised settlement of 0.25B, the intensities of load, ¢,
are 0.126, 0.135, 0.151, 0.163, and 0.179 for G, values of 0.05, 0.1, 0.2, 0.3 and 0.5 respectively.
Thus the ultimate bearing capacity of a footing on reinforced granular bed increases with increasing
shear stiffness of the granular bed, a result predicted by Meyerhoff (1974) and Meyerhoff and Hanna
(1978).

The variation of mobilized maximum tension, 7,", with intensity of load, ¢*, shown in Fig. 16,
exhibits some interesting phenomenon. In all the cases, 7", initially increases linearly with applied
average stress, ¢". However, the rate of increase of 7, with ¢~ increases with decrease in G,”. Softer
the granular fill, the smaller would be the stresses carried by the granular fill especially at larger
loads. The mobilized tensions are respectively 0.0259, 0.0521, 0.0894, 0.115 and 0.149 for G," =
0.05, 0.1, 0.2, 0.3 and 0.5 and for the intensity of load, ¢* = 0.3. The values of tension increase with
G/, because the stiff granular fill transfers more stresses to the fill beyond the footing causing more
normal and shear stresses to be mobilized at the interface of the fill and the reinforcement, resulting
in larger mobilized tensions in the reinforcement.

The parameter, [, signifying the influence of the undrained strength, c¢,, or the ultimate bearing
capacity, ¢,, has a significant effect (Fig. 17) on the normalized load versus settlement responses.
For low values of the ultimate bearing capacity of the soft ground, ¢,, i.e. high values of g, (> 20),
low ultimate footing pressures are attained with the settlements increasing very sharply. At a
normalized settlement of 0.1B, the intensities of load, ¢°, are 0.103, 0.0833, 0.0623, 0.0509, and
0.0383 for values of £, 5, 10, 20, 30 and 50 respectively. The load-settlement response curves shifts
towards the right with increasing values of £, indicating decrease in settlement for the same
average intensity of load, ¢".

The maximum mobilized tension in the reinforcement varies (Fig. 18) with the ultimate bearing
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capacity, g,, of the soft soil, for £,=5, 10, 20, 30 and 50 and for G,'=G," =0.1 and B =5.
Mobilized tension in the reinforcement increases with increase in £, since as the ultimate bearing
capacity, g,, of the soft soil decreases, it causes larger settlements (Fig. 17) leading to larger
tensions to be mobilized in the reinforcement. The mobilized tensions are respectively 0.0282,
0.0258, 0.0225, 0.0202 and 0.0170 for S, =5, 10, 20, 30 and 50 at settlement, 7, = 0.1.

The influence of ultimate shear resistance, z; of the granular fill on the intensity of load-
settlement responses of the rigid footing for the B, =5, 10, 20, 30, and 50 is presented in the Fig.
19 for G,"= G,"=0.1 and S, = 50. The intensity of load-settlement response curves for soft granular
fills, i.e., for larger values of f,, indicate once again a punching mode of failure while stronger fills
indicate a continuous increase in ¢ with settlement, 7. An increase in B, (=G,/7) implies a
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decrease in ultimate shear resistance, 7; of the granular fill, that is, the granular fill is weak. Hence
its capability to distribute the loads more widely reduces causing the increases in settlements. For
settlement equal to 10% of B, the intensities of load are 0.0651, 0.0715, 0.0761, 0.0812 and 0.0833
for f3, equal to 50, 30, 20, 10 and 5 respectively.

The intensity of load-maximum mobilized tension responses of the footing for B, =35, 10, 20, 30
and 50 are presented in the Fig. 20 for G =G, =0.1 and L =10. All the curves merge at low
stress levels but deviate from linearity with approaching failure stress. The differential settlements
increase towards failure leading to larger shear strains and larger shear stresses in the granular fill
and higher tension in the reinforcement. Granular beds with increasing values of f,, fail by
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punching at low bearing stresses resulting in high values of normalised maximum tension at smaller
loads. The mobilized tensions are respectively 0.0225, 0.0236, 0.0248, 0.0252 and 0.0311 for £, =5,
10, 20, 30 and 50 and for the intensity of load, ¢*=0.1. Mobilized tension is more for stronger
granular fills and correspond to higher bearing stresses.

6. Conclusions

In the present paper, a finite deformation theory is proposed for the analysis and study of the
response of a rigid footing on a reinforced foundation bed incorporating non-linear stress-displacement
response of super soft soil and non-linear shear stress-shear strain response of granular fill. The model
consists of Pasternak shear layer, rough membrane and elasto-plastic Winkler springs to represent
the granular fill, the reinforcement layer and the super-soft soil respectively. Full interfacial friction,
M, (=tan @) is assumed to be mobilized at the top and the bottom faces of the reinforcement.
Parametric study carried out highlights the results of the finite deformation theory and quantifies the
effects of all the relevant parameters on the settlement response of a rigid footing.

The normalised average intensity of load increase by about 41% with increase of shear stiffness,
G,” from 0.05 to 0.5 at footing settlement equal to 25%B. For a ten fold (from 5 to 50) increase in
non-linear parameter, [, the normalized average intensity of load decreases by about 63% at
normalized rigid settlement equal to 0.1B. The normalized average intensity of load decreases by
about 22% for a ten fold increase in f,, (from 5 to 50) at normalized rigid settlement equal to
10%B. The influence of frictional resistance at the interface (4 and z5,) on the average intensity of
load is very less and is equal to only 3% increase for an increase in g and g, from 0.3 to 1.0.
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