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Abstract This paper presents an experimental study
investigating the behaviour of geogrid reinforced sand-clay
foundation systems with clay subgrades of different
strengths. Model tests were carried out on a circular footing
of 150 mm diameter (D) resting on 1 x 1 x 1 m founda-
tion bed having clay subgrades of different undrained shear
strengths (c,), ranging from 7 to 60 kPa. Different series of
laboratory model tests were performed on homogeneous
and layered foundation systems. The layered systems were
comprised of dense sand of varying layer thicknesses
(H = 0.63-2.19D) overlying the clay subgrades. Pressure-
settlement responses obtained indicated that the foundation
performances were largely influenced by footing settlement
(s/D %), layer thickness (H), and subgrade strengths (c,).
The results indicated that the planar geogrid reinforcement,
placed at the sand-clay interface, can substantially improve
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the performance of the foundation beds depending on layer
thickness and subgrade strength. A maximum of about 5.6-
fold improvement in bearing capacity was observed in the
study, for very soft clay subgrade of 7 kPa.
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List of Symbols

Cu Undrained shear strength of clay (kPa)

G Specific gravity of sand and clay

® Frictional angle of sand obtained from triaxial test
@)

Cy Coefficient of uniformity of the sand
(dimensionless)

C. Coefficient of curvature of the sand
(dimensionless)

Yd. max Maximum dry unit weight of the sand (kN/m?*)

H Thickness of unreinforced and geocell-reinforced

sand layer (m)
D Diameter of the model footing (m)
D, Relative density of sand (dimensionless)
K Footing settlement (m)
0 Surface deformation (m)

qc Bearing pressure of homogeneous clay bed (kPa)

qs Bearing pressure of unreinforced layered
foundations (kPa)

Gsg Bearing pressure of geogrid reinforced
foundations (kPa)

I, Bearing pressure improvement factor: g¢/q.
(dimensionless)

Itso Bearing pressure improvement factor: gg/qc
(dimensionless)

Ito Bearing pressure improvement factor: g./qs
(dimensionless)
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Introduction

Soil reinforcement technology is given the utmost importance
in present days to adapt week soil into the competent stable
ground for different civil engineering applications. It was
started with Vidal [1] and became familiar with the pioneer
work of Binquet and Lee [2]. Strip-metallic reinforcements, in
the beginning, were replaced by geosynthetics in different
forms such as sheet-type (planar) geotextile, geogrid, and
three dimensional geocells. The beneficial effects of planar
reinforcements in foundation applications, considering vari-
ous aspects such as reinforcement strength and geometry,
depths of placement, and number of layers etc., have been
studied and demonstrated by several investigators [3-6].
Different parametric investigations were performed through
physical and/or analytical model tests for the last few decades
[7-29]. Most of researches reported so far, on geogrid-rein-
forced foundations, were focused on improving the ‘weak
soil’, either soft clay of ¢, < 15 kPa or loose sand having
D, < 60 %, by varying different parameters.

In practice, situations may arise where reasonably strong
soil also fails to meet the design requirements or margin-
ally competent ground needs to be improved. However,
comparative performance improvement due to geogrid
reinforced systems, in the context of different clay sub-
grades, hasn’t been explicitly studied. Recently, Biswas
et al. [30] presented the effect of subgrade strength on the
performance of geocell reinforced foundations.

Present study envisages to develop an understanding of
the performance of geogrid reinforced foundation systems
having clay subgrades of different undrained shear
strengths (c,) of 7, 15, 30, and 60 kPa. Different series of
physical model tests have been conducted by varying dif-
ferent parameters such as the soil configuration (i.e.
homogeneous and layered) with reinforcement systems.
The results have been analyzed to understand the behavior
of the reinforced foundation systems and to bring out the
effect of subgrade strength on improvement levels.

Testing Program

A typical geogrid-reinforced layered foundation system
(1 x 1 x 1 m) with a circular footing of diameter D, con-
sidered in the present study, is shown in Fig. 1. Two types of
soils are shown: top fill soil is sand and bottom native soil is
clay. Planar geogrid reinforcement was placed at the sand-clay
interface. The thickness of the sand layer and width of the
geogrid are represented as ‘H’ and ‘b’, respectively. The
details of test program are presented in Table 1. One series of
tests on homogenous systems (series A) and two series of tests
on layered systems (unreinforced-series B and reinforced-
series C), having sand layer of varying thicknesses overlying
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Footing

Fig. 1 Schematic geomrtric configuration of geogrid-reinforced
foundation systems

the clay subgrades of different strengths as shown in Table 1,
were conducted. In layered foundations, except subgrade
strengths and the layer thicknesses, other parameters such as
width of the geogrid () and relative density (D;) of sand were
kept constant at 6D and 80 %, respectively.

Materials Used

A steel circular plate of 150 mm diameter (D) and 18 mm
thickness was used as the model footing. The foundation
beds with clay and/or sand were prepared with locally
available red clayey soil and river sand. A biaxial geogrid
was used at the sand-clay interface to reinforce the foun-
dations. The details of material properties obtained from
laboratory are summarized in Table 2.

Test Setup and Methodology

The schematic diagram of the test setup is shown in Fig. 2.
Laboratory model foundation beds were prepared in a heavily
braced steel test tank of dimension 1 x 1 x 1 m. The tank
was provided with a loading frame to load the footing through
amanually operated hydraulic jack of 100 kN capacity. A pre-
calibrated proving ring was used to measure the magnitude of
the load transferred onto the footing.

Foundation beds were prepared in two steps: (1) prepa-
ration of clay beds/subgrades and (2) preparation of sand
bed/layer overlying the clay subgrades. A calibration curve
(Fig. 3) showing the variation of undrained shear strength
(c,) with water content (for uniform compaction effort) was
obtained by conducting several trial tests. For the desired
strength (¢, = 7, 15, 30 and 60 kPa), the required moisture
content and density were obtained from the calibration
curve. The sand bed was prepared through pluviation tech-
nique. Relative density of the sand was kept constant at
80 % throughout the testing program. For sand raining, the
required height of fall to achieve the desired density was
determined through several trials. For the reinforced case,
sand raining was started after placing the geogrid over the
clay subgrade.
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Table 1 Details of the testing program

Test series Foundation configurations Test parameters No. of tests
Variable parameters Constant parameters
A Homogeneous clay cy =7, 15, 30, and 60 kPa - 4
Homogeneous sand - D, =80 %
B Sand bed overlying clay subgrade cy =7, 15, 30, and 60 kPa D, =80 %, b/D =6 16
H = 0.63, 1.15, 1.67, and 2.19D
C Sand bed overlying clay subgrade with cy =7, 15, 30, and 60 kPa D, =80 %, b/D = 6 16

planar geogrid at the interface

H = 0.63, 1.15, 1.67, and 2.19D

Table 2 Material properties

Parameters Materials
Clay Sand Geogrid

G 2.65 2.68 -
LL (%) 42 - -
PL (%) 21 - -
74, max (KN/m?) 20.71 - -
OMC (%) 19.31 - -
D, (%) - 80 -
@° - 40 -
Cy - 3.06 -
Ce - 0.62 -
Ult. tensile strength (kN/m) - - 20
Failure strain (%) - - 11
Secant modulus (at 5 % strain) - - 240

(kN/m)

After preparing the foundation bed to its full height, the
footing was placed at the center of the leveled surface. The
instrumentations (dial gauges, Dy1—D,g in Fig. 2) were suit-
ably positioned and the footing was loaded through the
hydraulic jack, by pushing it into the soil, at a rate of about
3 mm/min. Comparatively, faster rate of loading was con-
sidered to simulate ‘undrained condition’ in saturated clay [6,
31]. The responses of the model foundations were monitored
at different loading stages by recording the footing settlement
and deformations (heave or settlement) at different locations
on the foundation surface (D, 2D, and 3D from the center of
the footing on either side) with eight dial gauges of 0.01 mm
accuracy. During loading, measurements from the dial gauges
and load on the proving ring were recorded at equal intervals
of footing settlements (1 mm) until 24 % of ‘D’.

Results

Test results are presented in terms of pressure-settlement
responses of different foundation configurations having
varying layer thicknesses (H) and subgrade strengths (c,).

The pressure-settlement responses are further analyzed in
terms of bearing pressure ratios (improvement factors),
defined to quantify the improvement of different foundation
configurations as compared to homogeneous foundations.
The improvement factors are defined as the ratio of two
bearing pressures, at similar levels of footing settlements
(s/D), as presented in Eqgs. 1 and 2. In the equations, gs and
gsg are the bearing pressures of unreinforced and geogrid
reinforced layered foundations, respectively; whereas, g, is
the bearing pressure of corresponding homogeneous clay
beds. Besides, the foundation behavior was further discussed
with respect to surface deformation (J) variations.

Iy = (§> [at same level of s/D) (1)

C

e = <@> [at same level of s/D] (2)
C
To evaluate the contribution of planar geogrid rein-
forcement in the foundation performance another factor /g,
was evaluated as per the Eq. 3.

Iy, = <ﬁ> [at same level of s/D] (3)

N
Homogeneous Foundations (Clay and Sand)

In series A, tests were performed on homogeneous foun-
dations of clay having different undrained shear strengths
(cu =7, 15, 30, and 60 kPa) and sand at dense state
(D, = 80 %). The bearing pressure-footing settlement
responses of these homogeneous clay beds are presented in
Fig. 4. It can be noticed that the variation in bearing
pressures with footing settlements were non-linear and
none of the four clay bed response curves showed peak
values within the range of settlements tested (up to
s/D = 24 %). Higher pressure-settlement responses were
obtained for clay beds having higher ‘c,’. The maximum
bearing pressure of about 31 kPa for ¢, = 7 kPa and about
245 kPa for ¢, = 60 kPa can be noted from the response
curves (at s/D = 24 %). At s/D = 2 %, the bearing pres-
sure for very soft clay bed (¢, = 7 kPa) was 17.5 kPa,
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Fig. 2 Schematic
configurations of test set-up
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Fig. 3 Calibration curves for clay

whereas it was 84 kPa for stiff clay (c, = 60 kPa). The
corresponding pressure values at s/D = 12 % were 31.4
and 196 kPa, respectively.

The response of the homogeneous sand bed (D, =
80 %) is also presented in Fig. 4 (dashed line). It is seen
that the bearing pressure of the sand bed increased to about
175 kPa (at s/D = 18 %) and then it became almost con-
stant with footing settlement. In comparison with the
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Fig. 4 Pressure-settlement responses of homogeneous beds: clay and
sand

homogeneous clay bed responses, it is noted that clay beds
having ¢, < 30 kPa depicted softer response (less bearing
pressure) than that of the sand bed. Further, it is to be noted
that the sand bed showed softer response relative to the
clay bed with ¢, = 60 kPa.

The average surface deformations (/D) of the homo-
geneous foundations, at x = D from the footing center, are
presented in Fig. 5. Though the trends are not very
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Fig. 5 Variation in average surface deformation at x = D for
homogeneous beds

consistent with the clay strength, the variations are showing
predominantly heaving for the clay beds [6, 30, 31]. The
pronounced heaving is attributed to the undrained behavior
of the saturated clay which was generated with the faster
rate of loading. The deformation response of the sand bed,
presented in dotted lines, indicated an initial settlement (up
to s/D ~15 %) followed by heaving at the foundation
surface. The maximum settlement (—J/D) was about
0.15 % at s/D = 6 % and maximum heaving (+0/D) was
about 0.6 % at s/D = 24 %. This behavior could be
attributed with the dilation of dense sand. However, away
from the footing center (x > 2D), marginal deformations
were seen for all the homogeneous foundation beds.

Unreinforced Layered Foundation Systems
(Clay + Sand)

Model tests on layered foundations having varying thick-
nesses of unreinforced sand (H = 0.63, 1.15, 1.67, and
2.19D) overlying clay subgrades of different strengths (c,)
were performed in series B. The pressure-settlement
responses of the layered foundations of ¢, = 7 kPa are
presented in Fig. 6. Increase in bearing pressures from 31
to 56 kPa at s/D = 24 % can be noticed from the figure,
for clay subgrades of ¢, = 7 kPa, with 0.63D thick sand
layer. Besides, higher pressure values were noticed with
increase in layer thicknesses (H). The bearing pressures
were increased from 56 to 168 kPa with an increase in
thickness from 0.63 to 2.19D, for ¢, =7 kPa (at
s/D = 24 %). However, reduction in improvement rate
was noticed beyond a layer thickness of H = 1.67D. In
Fig. 6, an increase in bearing pressure of about
161-168 kPa can be noted for an increase in H from 1.67 to
2.19D; whereas, the increase was in the range of 56 to
161 kPa for H = 0.63 to 1.67D (at s/D = 24 %). Similar
variations in foundation performance improvement were
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Fig. 6 Pressure-settlement responses of different foundation systems
with ¢, = 7 kPa

also observed for subgrades of ¢, = 15 and 30 kPa. From
the observations, the optimum thickness for the layered
configuration can be considered as H = 1.67D which could
derive maximum contribution from the clay subgrade and
the overlying sand layer.

Responses of unreinforced layered foundations with stiff
clay subgrade (¢, = 60 kPa) are presented in Fig. 7. It can
be seen that all the responses are lesser than the homoge-
neous clay bed and are very much similar to each other
irrespective of sand layer thickness variations. A minor
difference is noted at H = 0.63D with a maximum bearing
pressure of 203 kPa. However, beyond H of 1.15D, the
responses remained almost unchanged with maximum
bearing pressure of about 190 kPa. The increased bearing
pressure with H of 0.63D is the effect of additional support
derived from the underlying stiff clay. For a relatively thin
layer of sand (H < D), such as 0.63D, the failure surface
extended to the underlying stiff clay subgrade which pro-
vided higher resistance. Whereas, for the thick layers (>D),
the failure surface develops within the sand layer and the
layered responses are dominated by the sand behavior.
Similar foundation behaviors for softer layer overlying
stiffer subgrade and vice versa were also reported by
Meyerhof [32].

Layered Foundation Systems (Clay + Sand +
Geogrid)

Behavior of layered foundations having a planar geogrid at
the sand-clay interface, were investigated in test series C.
The foundation configurations were kept similar to that in
series B, except placing a planar geogrid of width ‘b’, at the
two layers interface. The pressure-settlement responses of
geogrid-reinforced foundations with ¢, = 7 and 60 kPa are
presented in Figs. 6 and 7, respectively. Responses of the
corresponding homogeneous clay bed (series A) are also
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Fig. 7 Pressure-settlement responses of different foundation systems
with ¢, = 60 kPa

provided in the figures. The maximum bearing pressure for
geogrid-reinforced system with very soft clay subgrade
(c, =7 kPa) at /D = 24 % is 175 kPa (at H = 2.19D),
while the corresponding value was 31 kPa for the homo-
geneous clay bed and 168 kPa for unreinforced layered
bed. In the case of stiff clay subgrade (¢, = 60 kPa), the
reinforced beds showed (Fig. 7) higher performance up to
H < 1.15D (compared to the homogenous bed), for s/D in
the range 2-18 %.

In Fig. 8, a comparison of average surface deformation
(at x = D, 2D, and 3D) for the unreinforced foundation
(cy = 7 kPa at H = 0.63D) and the corresponding homo-
geneous clay bed is presented. It is observed that the sur-
face heaving was reduced for unreinforced layered
foundations as compared to the homogeneous clay beds.

Discussion

Pressure-settlement responses presented above indicate that
the foundation performances were largely influenced by
footing settlement (s/D %), layer thickness (H), and sub-
grade strengths (c,). The following sections provide dis-
cussions on the effects of these parameters. In general,
significant improvements in bearing pressures are seen with
geogrid-reinforcement (series C) as compared to the cor-
responding unreinforced layered systems (series B).

Effect of Footing Settlement

Greater improvement in bearing pressure was noticed in
Fig. 6 (¢, = 7 kPa), at higher settlement levels. For
instance, at H = 0.63D and s/D = 6 %, about 1.4 times
higher bearing pressure is seen for the geogrid-reinforced
system (~ 52 kPa), as compared to the corresponding value
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Fig. 8 Surface deformations with footing settlement for homoge-
neous and unreinforced layered foundation on ¢, =7 kPa
(H = 0.63D)

of unreinforced system (~38 kPa). In similar layer con-
figuration, the variations in bearing pressures for geogrid
reinforced foundation is about 70-98 kPa, in the settlement
range 12-24 % of s/D; while, the corresponding values of
the unreinforced system is 45-56 kPa, respectively.

The improvement factors for layered systems are eval-
uated as per Eqgs. 1 and 2. The I values for softer sub-
grades (c, < 30 kPa) are ranging from 1.2 to 5.34
signifying considerable improvements as compared to
corresponding homogeneous clay beds. A typical variation
of improvement factors with footing settlement for differ-
ent layered configurations having the clay subgrades of 7
and 60 kPa are presented in Fig. 9. It is observed that the
improvement factors are enhanced with increase in layer
thickness (H) and footing settlement (s/D) for the very soft
clay subgrade (¢, = 7 kPa). In this case, the Iy varied from
1.78 to 5.34 for an increase in layer thickness from 0.63 to
2.19D (at s/D = 24 %). However, beyond a thickness of
1.15D and a settlement level of s/D > 12 %, the rate of
improvements (/) were reduced which is represented by
flatter slopes. At similar conditions, the Iy for the sub-
grades having ¢, = 15 and 30 kPa are found to be varied as
2.22-2.67 and 1.21-1.63, respectively. This could be
attributed to the punching of sand layer into the softer
subgrades which increases the influence of softer clay
underneath. Besides, the local shear and squeezing out of
the sand layer from the footing bottom resulted in higher
settlement which reduced the overall performance
improvement. In the case of ¢, = 60 kPa, the improvement
factors are in the range of 0.58-0.90 indicating reduced
performance as compared to the corresponding homoge-
neous clay bed which is due to softer sand layer over the
stiff clay subgrade. Besides, it can be noticed that for
s/D > 6 %, the improvement factors are almost remain the
same.
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Variation of improvement factors, Iy, and I, with
footing settlements are presented in Fig. 10, for ¢, = 7 kPa.
It is seen that both the improvement factors are increased
with footing settlements. However, for H > 0.63D, reduc-
tion in the rate of improvements is observed at s/D > 12 %,
which is indicated by a flatter slope. The reduction was due
to punching of the sand column into the subgrade and
squeezing out of the sand layer from the footing bottom.
Hence, the footing had undergone localized settlement
without generating sufficient additional beneficial effects
out of the interface-geogrid.

Improved performances in bearing pressures with
increase in footing settlements for reinforced foundations
are attributed to the ‘membrane resistance’ mobilized along
the planar geogrid [3, 8] which is expected to increase with
deformations at the interface. However, in the present test
program, no deformation measurements regarding this
were available; but post-test exhumations indicated visible
deformations of clay subgrades. Besides, impressions of
geogrid apertures were observed on the clay subgrade,
indicating that interlocking took place during footing set-
tlement through the clay subgrade. Similar deformation
observations at the interface and interlocking aspects were
also reported by Love et al. [3].

In Fig. 11, a typical surface deformations at x = D, 2D,
and 3D are presented for unreinforced and geogrid reinforced
foundations (¢, = 7 kPa; H = 0.63D) at different levels of
footing settlement. The deformation response of corre-
sponding homogeneous bed is also presented for comparison.
The responses, though not very consistent with respect to
distance from footing center, depicted mostly heaving on
foundation surface at x = D and 2D and enhanced with
footing settlements. It is attributed to the combined effect of
undrained behavior of saturated clay and dilation of the dense
sand. However, at x = 3D, variation in surface deformation

6 TTTTTYKK{TTTTTTT‘TTYT
- ¢,=7kPa -
O H=0.63D %
<& H=1.15D fig
- % H=1.67D

4 | X H=2.19D

Improvement Factors
w
|

Footing Settlement, 8/D (%)

Fig. 10 Variation of Ig, and Iy, with s/D (%) at different H/D for
c, = 7 kPa

2 T { T { T T T
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1.5 —---- Homogeneous Clay

B Clay + Sand

Clay + Sand + Geogrid
O x=D —
O x=2D
* x=

Surface Deformation, /D (%)
o
W
\

0 5 10 15 20 2
Footing Settlement, /D (%)

Fig. 11 Typical surface deformations at x = D, 2D and 3D, for
¢y = 7 kPa (H = 0.63D)

was negligible with respect to foundation configurations.
Marginal surface settlement at x = 3D can be noticed in
Fig. 11, for geogrid-reinforced foundation. It is due to the
interlocking of sand layer with the grids while moving-in
toward footing center upon loading. In general, increasing
surface deformation with footing settlement is observed for
different foundations having varying layer configurations and
subgrade strengths.

Effect of Layer Thickness (H)

The pressure-settlement responses have indicated that the
sand layer thicknesses (H), in the range of 0.63D to 2.19D,
significantly affected the foundation behavior at a given
footing settlement. In Fig. 6, bearing pressures at
s/D = 12 % for ¢, = 7 kPais enhanced from 70 kPa to 126,
133, and 143 kPa for the layer thickness (H) variation from
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0.63 to 1.15, 1.67, and 2.19D, respectively. In this case
bearing pressures were improved with increase in H/D values.
However, this is not true at the other settlement levels (such as
s/D = 2 and 6 %) and for other ¢, subgrades (¢, = 15 and
30 kPa). For comparatively stiffer subgrades (¢, = 15 and
30 kPa), a reduction in the rate of improvement can be
observed for thicker layers (H > 1.67D); while, reduction in
pressure values are noticed for the stiff clay subgrade
(cy = 60 kPa) for H > 1.15D. This can be attributed to the
insufficient strain generated at geogrid to derive the mem-
brane resistance which can be the result of the followings:
squeezing out of sand from footing bottom and the reduction
in pressure intensity with increased layer thickness.

In Fig. 12, the effect of layer thicknesses (H) is presented,
in the form of typical variations in improvement factors (),
at the maximum footing settlement level (s/D = 24 %). In
general, for softer subgrades (c, < 30 kPa) the improve-
ment factors were increased with increase in layer thickness
up to about 1.67D. The maximum value of It can be noted
as about 5.34, 2.67, and 1.63 for the subgrades having
cu = 7, 15, and 30 kPa, respectively, at 2.19D; whereas, for
cy = 60 kPa, the responses were almost constant irrespec-
tive of layer thickness variation which could be seen by the
bearing pressure ratio of around 0.80.

Variations inimprovement factors, I, and Iy, with change
in layer thickness for different subgrades, at two different
levels of footing settlement (s/D = 12 and 24 %), are pre-
sented in Fig. 13. The figure depicts that the layer thickness is
significantly influencing the improvement for very soft sub-
grade (c, = 7 kPa); while, the effect is marginal for other
subgrades. For very stiff subgrade, ¢, = 60 kPa, the layer
thickness showed a negative effect. The improvement factor
Its (gso/qs), showing the geogrid-contribution, is also depicted
a decreasing trend with increase in layer thickness. The I, is
found to be in the range of 1.0-1.75. The Iy, values approached
1.0 indicating no geogrid contribution beyond a thickness of
1.67D. This behaviour can be inferred due to the fact that, as
geogrid placement depth increases the reinforcement effect
decreases [10, 13, 16]. Further, as typical foundation systems
show significant depth about 1-1.5 times diameter/width of
the footing [33, 34], the geogrid placed at a depth on/and
beyond 1.67D showed practically no contribution.

Effect of Subgrade Strengths (c,)

The influence of different subgrades (c,) on overall foundation
performance is presented in Fig. 14, in terms of improvement
factors (Igs), for H = 2.19D. In general, a decreasing trend in
improvement factors with increasing subgrade strength can be
noticed which was significantly high at higher level of set-
tlement, such as s/D = 24 %. The I values decreased from
5.34 to 0.77 for an increase in ¢, from 7 to 60 kPa at
/D = 24 %. In this regard, it should be mentioned here that
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the decreasing trend is in terms of improvement factors only;
however, the corresponding bearing pressures were still
increasing with the subgrade strengths.

Pressure-settlement responses of the unreinforced and
geogrid-reinforced layered foundation configurations, at
H = 0.63D with different subgrades (c,), are presented in
Fig. 15. For all the clay subgrades, geogrid-reinforced
foundations showed higher bearing pressures compared to
the corresponding unreinforced systems. The bearing pres-
sure of unreinforced layered foundation are about 45, 112,
145, and 161 kPa for ¢, = 7, 15, 30, and 60 kPa, respec-
tively, at /D = 12 %. The bearing pressures are increased
to 70, 126, 161, and 245 kPa with geogrid reinforcement, at
similar settlement level and subgrade variations.

Variation of I, is presented in Fig. 16 for different
foundation configurations (H = 0.63 to 2.19D) having
different subgrades (¢, = 7 to 60 kPa), at two different
levels of footing settlements (s/D = 12 and 24 %). The
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decreasing trend in improvement factor can be noticed
which is irrespective of layer thicknesses. The effective-
ness of planar geogrid was gradually decreased with

3 T T T T T T T L B B
O H=063D
| o H=115D _|
%  H=167D
& ¥ H=219D |
B sD=12% —|
8 s/D=24%
Q
<
=9
. _|
Q
g 4
o
>
2 1 _
=
i=1
0 T T T N T T T N T T T N T T T N T T T
0 15 30 45 60 75

Subgrade Strength, €, (kPa)

Fig. 17 Variation in Iy, for varying ¢, and H/D at s/D = 12 and 24 %

subgrade strengths (c,) which could be seen through /.
The improvement factor, Ig,, is found in the range of
1.33-5.56 for ¢, < 15 kPa; while, for comparatively stiffer
subgrades (c, > 30 kPa), it is in the range of 0.58-2.29.
The performance reduction is attributed to the restrained
subgrade penetration which is responsible for insufficient
membrane resistance generation and greater sand-squeez-
ing from footing bottom.

The variation of Iy, (=gss/qs), corresponding to similar
foundation configurations, is presented in Fig. 17. The Iy,
are in the range of 1.2-1.6, 1.09-1.15, and 1.08-1.19 for
cu =7, 15, and 30 kPa. This indicates decreasing rein-
forcement contribution with increasing subgrade strength.
However, it is seen from the figure that comparatively
higher I, can be found for ¢, = 60 kPa (H < 1.15D) in
the range of 1.25-1.64. This anomaly in general trend is
due to the definition of Iy, wherein, it is evaluated with
respect to the bearing pressure of unreinforced foundations
(gs). In unreinforced configurations, the bearing pressures
of layered foundations on ¢, = 60 kPa were reduced as
compared to homogeneous clay bed (¢s; < g.). But with
planar geogrid, higher bearing pressures were obtained i.e.,
Gse > qc and g, > gs. Therefore, the Iy, (i.e. gs/qs) is
magnified for 60 kPa (as g. > ¢q,), compared to the other
subgrades (¢, < 30 kPa). It can be stated that the planar
geogrid is most effective in softer clay subgrades
(cy < 15 kPa) and shorter layer thicknesses (H < 1.15D).

Conclusions

The results obtained indicate that the performances of
foundation systems are largely dependent on the subgrade
strength, thickness of the sand layer, and footing settlement
level. In the case of foundation systems with unreinforced
sand layer over clay subgrades, maximum improvement in
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bearing pressure was obtained for very soft subgrade
(cu = 7 kPa), in the range of 5.34 fold, as compared to the
corresponding homogeneous clay bed. Whereas, the same
for the comparatively stiffer clay subgrade, having ¢, =
30 kPa, was 2.29 only. It is concluded that the improve-
ment factor for bearing pressures in the layered foundation
systems decreases with increase in subgrade strength.

The bearing pressures of layered foundation systems
were increased for the geogrid reinforcement placed at the
sand-clay interface. The benefits of the interface geogrid
are attributed to the membrane resistance which enhanced
with mobilized strain level through footing settlement.
However, geogrid-induced improvements were reduced
with increase in layer thickness of the unreinforced sand
and stiffness of the underlying clay subgrades, due to
insufficient strain mobilization for the membrane actions.

Comparing the obtained results, it can be concluded that
the improvement factors for bearing pressures of the
unreinforced and/or reinforced layered foundation systems
decreases with increase in layer thickness and subgrade
strength. The optimum thickness of sand layer, for both the
configurations, giving optimum performance can be con-
cluded as 1.67D, which was mostly effective for softer clay
subgrades (¢, < 15 kPa).
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