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Abstract. Foundation is the key element of every structure which is a compo-
site system, comprising of structural footing and the soil within the zone of sig-
nificant depth of the load transfer. In general, a shallow foundation is preferred
unless otherwise the structure and the ground demands for the selection of deep
foundation. With the recent advancements in the reinforced soil technologies,
geosynthetic reinforced shallow foundations have emerged as an alternative for
getting a sustainable competent support instead of opting for deep foundations.
different forms of geosynthetic elements can be adopted as soil reinforcements
like strip, planar and the three-dimensional geocells. This paper summarizes the
some of the recent developments in the studies on the performance of geosyn-
thetic reinforced shallow foundations. It was noticed that reinforcement of any
form can improve the performance of clay subgrades, depending on footing set-
tlement, layer thickness, and subgrade strength. In general, the improvement
was decreased with increase in subgrade strengths.

Keywords: Shallow Foundations, Geosynthetics, Geocell, Settlement, Bearing
Capacity.

1 Introduction

There is an increasing demand for transforming comparatively week subsoil to com-
petent land for various engineering purposes. Various ground improvement tech-
niques are adopted for the purpose which increases strength and stiffness of soil, re-
duces compressibility that enhance the behavior of founding soil. The soil reinforce-
ment trend has become an obvious choice in various geotechnical structures specially
after the invention of geosynthetics due to its wide applicability, environmental feasi-
bility, ease of access, durability and most importantly, the economy. Amongst the
different ground improvement methods, the soil-reinforcement in different forms is
being widely appreciated for its versatility and technical, economical, and environ-
mental feasibility [1-4].
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Fig. 1. Different shallow foundation systems: a) Homogeneous soil; b) Unreinforced layered,
¢) Geogrid reinforced, d) Geocell reinforced; and e) Geocell-geogrid reinforced systems
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Different shallow foundation systems can be considered as shown in Figure 1. Fig.
1(a) shows the footing resting on the surface of a homogeneous semi-infinite in-situ
soil which may be either fine grained soil (Clay type) or coarse-grained soil (sand
type). Please note that here surface footing and homogeneous semi-infinite soil are the
hypothetical cases. If the in-site soil bearing capacity is not sufficient for the intended
structure, various options shown in Fig. 1(b) to 1(e) are possible. Fig. 1(b) indicate the
top in-situ soil of thickness H was replaced with sandy soil representing unreinforced
layered foundation system. One layer of planar geogrid reinforcement was considered
at the sand clay interface as shown in Fig. 1(c) to represent geogrid reinforced founda-
tion system. Multiple layers of reinforcement may be adopted practically placing
close to the footing. Fig. 1(d) shows the use of three dimensional geosynthetic rein-
forcement, i.e., geocell (height h, length b) placed on the in-situ soil and filled with
sand with a sand cushion bed of thickness u, which represent geocell-reinforced foun-
dation system. If planar geogrid reinforcement is provided below the geocell as addi-
tional base reinforcement as shown in Fig. 1(e), it represents geocell geogrid rein-
forced foundation system. This paper summarises the performance of different shal-
low foundation systems, in particular with geogrid, geocell and geocell-geogrid rein-
forced foundation systems.

2 Experimental Studies on Model Shallow Foundations of
Different Configurations

Biswas [5] conducted model tests on a circular footing of 150 mm diameter (D) rest-
ing on I m x 1 m x 1 m foundation bed having clay subgrades of different undrained
shear strengths (c,), ranging from 7 to 60 kPa representing different configurations as
shown in Table 1. The layered systems were comprised of unreinforced and rein-
forced sand of varying layer thicknesses (H = 0.63 to 2.19D) overlying the clay sub-
grades. The reinforcements used in these tests were planar geogrid, geocells, and geo-
cell-geogrid combined. The foundation beds were prepared in the laboratory in a test
tank and foundation performances were monitored under a rigid circular footing.
More details regarding the experimental studies can be obtained from Biswas et al. [6-
8] and Biswas and Krishna [9-10].

The test results of different foundation systems along with brief review of earlier
studies are presented in following sections, sequentially as unreinforced, geogrid rein-
forced, geocell reinforced, and geocell-geogrid reinforced foundation systems. The
results are presented in terms of bearing pressure-settlement and surface deformation
profiles. Besides, different bearing pressure ratios are introduced to compare the
foundation performance and reinforcement contributions.

3 Foundations on Homogeneous Soil

Pauker [11] probably the first studied the Foundation behaviour on homogeneous
sandy soil, based on the earth pressure theory proposed by Rankine [12]. The Pauker
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[11]’s model was modified by Bell [13] considering both the cohesion and friction
components of soil. Subsequently, Prandtl [14] has developed an analytical solution
on experimental results, defining the ultimate bearing capacity. Terzaghi [15] has

Table 1. Details of laboratory model tests on different shallow foundations configurations [5]

Refer- Types of Foundation Test Parameters No.
ence System Variables Constants of
case Tests

Fig. 1(a) Homogeneous clay and c¢.=7,15,30,and 60 kPa - 5
sand bed D =80% (Sand)

Fig. 1(b)  Unreinforced sand layers c¢.=7,15,30,and 60kPa D, =80% 16
overlying clay subgrades ~ H/D = 0.63, 1.15, 1.67,

2.19

Fig. 1(c) Sand beds overlying clay c.=7,15,30,and 60kPa  Dr=80% 16
subgrades with planar H/D = 0.63, 1.15, 1.67, b/D=6
geogrid at the interface 2.19

Fig. 1(d)  Geocell-reinforced sand ¢, =7, 15,30,and 60kPa D, =80% 16
layers overlying clay A/D = 0.53, 1.05, 1.57, wu = 0.1D, d/D
subgrades 2.09 =0.8,b/D=6

Fig. 1(e)  Geocell-geogrid rein- ¢, =7, 15,30 and 60 kPa Dr=80% 16
forced sand layers over- A/D = 0.53, 1.05, 1.57, wu = 0.1D, d/D
lying clay subgrades 2.09 =0.8, /D=6

extended Prandtl[14]’s model semi-empirically, based on principle of superposition,
considering cohesion and friction, weight of the soil, and the embedment depth. In
this model, the non-linear behaviour of the foundation was proposed incorporating
different ‘bearing capacity factors’, such as Nc, Nq and Ny, as the function of friction
angle of soil. Later, the study was further modified to take care of effects of footing
shape and different modes of failures (Fig. 2). Afterwards, based on Terzaghi[15]’s
theory, the classical soil mechanics has flourished by researchers considering different
aspects of foundations, such as effect of soil-saturation [16], loading eccentricity and
inclination [17-25], compressibility of soil [26-27].
2 oG
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Fig. 2. Boundaries of zone of plastic flow after failure under different foundation conditions

[15]
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Typical bearing pressure-footing settlement responses of homogeneous clay foun-
dations of different undrained shear strengths (c,), ranging from 7 to 60 kPa, and ho-
mogeneous sand bed (D, = 80%) are presented in Fig. 3(a). The figure also shows the
results obtained from the repeated tests as reported in Biswas [5]. In general, higher
pressure-settlement responses were obtained for clay beds with higher ‘cu’ values. In
comparison with the homogeneous clay bed responses, it is found that clay up to
cu = 30 kPa depicted a softer response (less bearing pressure) than that of the sand
bed. A comparison of theoretical ultimate bearing pressure, as per ¢, = 5.14 ¢, [17]
with the maximum bearing pressures obtained from the experiments is presented in
Fig. 3(b). The differences are in the range of 13-21% with respect to the theoretical
values.

4 Foundations on Layered Soil

The foundations, in practice, encounters layered soils underneath due to Earth's natu-
ral stratigraphic nature which is considerably different than that analyzed as homoge-
neous. Button [28] has realized the issue and initiated the study on foundations on
layered soil with saturated clay. Later, Brown and Meyerhof [29] had conducted sev-
eral model tests on layered configuration under rigid strip and circular surface footing
with saturated clay of varying strength. The most popular theory till date on layered
soil has been developed by Meyerhof [30] through laboratory physical model studies.
Two types of configurations were considered: dense sand over soft clay and loose
sand over stiff clay (Fig. 4). Subsequently, it was modified by Meyerhof and Hanna
[31] considering inclined loading. Afterwards, several studies have enriched the topic
with different parametric variations with sand and/or clay [27, 32-39].
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Fig. 3. (a) Pressure-settlement responses of homogeneous beds (after Biswas and Krishna [40]:
Clay and Sand; (b) Comparison of ultimate bearing pressures for clay beds
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Fig. 4. Failure mechanisms in layered soils defined by Meyerhof [30]

Biswas and Krishna [40] presented the results of model tests on layered founda-
tions having varying thicknesses of unreinforced sand (H = 0.63, 1.15, 1.67, and
2.19D) overlying clay subgrades of different strengths as shown in Fig. 5. In general,
the figures are indicating significant improvement in bearing pressures as compared to
corresponding homogeneous clay beds. Theoretical evaluation of bearing capacities
for layered configurations having a sand layer overlying clay subgrade was done as
per Meyerhof [30] and Meyerhof and Hanna [31] and presented in Fig. 6 for H =
1.15D.
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Fig. 5. Pressure—settlement responses of homogeneous and layered foundations having clay
subgrades (c.= 7 kPa and 15 kPa) for different layer thicknesses (H) [40]
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Fig. 6. Comparison of ultimate bearing pressures for layered soils with different clay subgrades
for H=1.15D
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5 Reinforced Foundations: Strip/Sheet Type Reinforcements

Traditionally, deep foundations are adopted to transmit the structural loads to a com-
paratively stronger stratum avoiding the shallow soft soil and/or week layers. This is
not always feasible with respect to economics and other technical issues, not even the
other methods, such as soil-replacement, different compaction methods or physio-
chemical treatments, to overcome the inadequacy [41-44]. In several such situations
‘soil reinforcement’ is found to be the most viable alternative and performed much
better with greater control compared to conventional methods.

Binquet and Lee [45] pioneered the studies on the behaviour of planar-reinforced
foundation systems identifying the mechanisms of failures as ‘general shear’, ‘tie-pull
out (or slippage)’, and ‘tie-break (or rupture)’ (Fig. 7). However, the basic character-
istics of strength development of soil reinforcement was introduced by Schlosser and
Long [46], and afterward, the ‘Sigma and Tau Model’ by Hausmann [47]. The mech-
anism of improvement through soil-reinforcement interaction is also known as ‘mem-
brane action’ [48].
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Fig. 7. Arrangement of model tests and modes of failure [45]

Various forms of soil reinforcement are devised, available and used in different oc-
casions. The metallic strip soil-reinforcement is the most primitive type [45, 49-51],
which suffers from corrosion, cost effectiveness, and limited beneficial effects. De-
pending on performances, environmental feasibility, economics etc., reinforcements
are modified in terms of material and configurations: gradually, the strip reinforce-
ments were replaced by sheet-type reinforcement which was superseded by three
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dimensional geocells. The invention of geosynthetics has been a revolution in this
modifying technology which has taken care of the issues mentioned above successful-
ly with much higher degree of satisfaction and become an obvious choice in this pre-
sent era. It has been successfully used as planar form [6, 52-57].

Several researchers have studied the beneficial effects of planar reinforcement, of
different forms with different model parameters, on the performance of different types
of shallow footings. Fig. 8 [58] presents a typical configuration considered in most of
the studies [1, 49, 53, 55-57, 59-61] indicating ‘q’ as applied load on the footing of
width ‘B’. The other parameters shown in the figure are: ‘u’ — the placement depth of
the first layer reinforcement from footing bottom, ‘h’ — the vertical spacing between
the reinforcements, ‘b’ — the reinforcement width, ‘N’- the number of reinforcement
layers, and ‘d’ — is the total depth of reinforced soil. Selected studies on reinforced
foundations using planar reinforcements are summarised in Table 2 indicating the
influencing parameters. It can be seen from the Table 2 that upto 6 layers of rein-
forcement were considered while the maximum reported bearing capacity ratio (BCR)
is about 6. As per the reported studies, it may be mentioned that with a reinforcement
side about 5-6 times footing width (B), having placed at a vertical interval of 0.3-0.5B
with 5-6 layers up to a depth of about 3-4B from footing bottom can optimize the
bearing capacity improvement of the foundation by an amount of 1.5-2.0 times that of
the unreinforced condition.

= b -

Fig. 8. Typical geogrid-reinforced foundation [58]

Bearing pressure — settlement responses of reinforced foundation beds (as shown in
Fig. 1c) with sand layer thicknesses (H) were varied as 0.63, 1.15, 1.67, and 2.19D
overlying the clay subgrades of different undrained shear strengths (¢, =7, 15, 30, and
60 kPa) are shown in Fig. 9. As seen from the figures, providing one reinforcement
layers at the interface the performance of layered foundation system significantly
improved. For very soft clay subgrade (¢, = 7 kPa), the maximum bearing pressure for
reinforced system at s/D = 24% is 175 kPa (at H = 2.19D); while the corresponding
value for the homogeneous clay bed was only 31 kPa. In the case of stiff clay sub-
grade (¢, = 60 kPa), the reinforced beds showed higher performance up to H < 1.15D
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(compared to the homogenous bed), for s/D in the range 2-18%. The theoretical ap-
proaches proposed by Love et al. [48] and Burd and Frydman [38] were considered
for the theoretical evaluation of bearing capacity and compared with the experimental
results as shown in Fig. 10.

Table 2. Summary of selected studies on shallow foundations with planar reinforcement

Reference Footing Type Reinforcement Optimum Parameters Found
Type wB  bB_ AWB N BCR
Binquet and Lee Strip Aluminum strip 0.33 20 0.33 6 2-4.
[45]

Akinmusuru and Square Rope fiber 0.5 10 0.5 3 2.9
Akinbolade [65]

Fragaszy and Rectangular Aluminum strip 0.33 6 0.33 3 1.7

Lawton [49]
Guido et al. [52] Square Geogrid/geotextile 0.25 3 0.25 3 2.8

Kim and Cho Strip Geotextile 0.5-1.0 - - -

[66]
Huang and Strip Metal Strip 0.5 6 0.5 3 6.34

Tatsuoka [51]

Mandal and Sah Square Geogrid 0.175 - 0.2 1 1.56
[53]

Shin et al. [60] Strip Geogrid 0.4 10 0.4 5 1.4
Omar et al. [67]  Rectangular/strip Geogrid 0.33 8 033 6-7. 345
Khing et al. [68] Strip Geogrid 0.67 6 0.67 1 1.3

Das and Khing Strip Geogrid 0.67 6 0.67 1 1.3-

[69] 14
Alawaji [63] Circular Geogrid 0.1 4 0.1 1 3.2
Das and Omar Strip Geogrid 0.33 8 0.33 - 3-5.5

[64]
Michael and Square Geogrid/geocell 0.25 - 0.5 3 2.6
Collin [54]
Sitharam and Circular Geogrid 0.3 6 0.4 6 3.24
Sireesh [55]
Basudhar et al. Circular Geotextile 0.25 3.5 1 3 5.5
(1]
Sawwaf [62] Strip Geogrid 0.6 5 0.5 4 2
Latha and Square Geogrid 0.1 5-6 0.5 4 2-2.5

Somwanshi [56]

Theme Lecture 2 39



A. Murali Krishna and Arghadeep Biswas

Bearing Pressure (kPa) Bearing Pressure (kPa)
0 50 100 150 200 0 50 100 150 200
0 PN T T [N Y RN T R T R T 0 PR W S LN T TNNT U (N W TN O WO ST W
g s €, =TkPa = 1 ¢, =15kPa 1
] e Homogencous Clay | B s Homogeneous Clay |
s ] ‘.‘ ~—— Clay + Sand + Geogrid 7| 5 B ——— Clay + Sand + Geogrid -
s i o H-08 4 5 A ; O =080
& ] 4 o H-Lisp T T =] % © H=115D
S < | * n=1em 4 § N : * H=161D
2-10 ' * n-2190 —| £-10—] * H=219D—
g ] 1§ 7 ]
5 ] : 15 ] g ]
£ ] i 1% .1 : .
@ .15 —| ; — @15 — 4 —
g 1 ! 18 1 ]
L ; EI \ ]
20 —| ] — 20— Y —
[T S I N Y N VO L \l\ L %% 1 2511 L'y I R f |
@
Bearing Pressure (kPa)
B Pre
§ % FrAe i o 385 0 50 100 150 200 250 300 350
0 § i i D g g e g L 0 I NS AN TS AR SRS NN RN BN
s — i S
g ] 1z -
E 18 B
< -10 — — g0 —
H ] 7 ]
§ 7 ] ]
E 3 1% €, = 60kPa |
@ -15 — €, =30 kPa -] aas -~ Homogencous Clay ]
£ Homogencous Clay ; 1 g —— Clay + Sand + Geogrid . |
H als - Clay + Sand + Geogrid ! H E O H=083D " E
20 s ”:‘:‘?;g E 220 0 H=1150 Y =
b ”imo 5| * H=161D 4 |
- o 3 - * H=219D 1 B
I* a-210 . 3 4 4
a1 e by v Lo i 10901 L sl b Lo Lo B 19 18

[@] (d)

Fig. 9. Bearing pressure-settlement responses of geogrid-reinforced foundation having different
clay subgrades: a) c. =7 kPa; b) ¢, = 15 kPa; ¢) ¢u = 30 kPa; and d) ¢, = 60 kPa
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Fig. 10. Comparison of ultimate bearing pressures for geogrid reinforced foundation system
with different clay subgrades for H=0.63D
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6 Reinforced Foundations: Cellular/Geocell Reinforcements

The cellular system, popularly known as Geocells, usually made of geotextiles or
geogrids. Geocell is a three-dimensional, honeycombing, interconnected and alround
cellular confinement system devised by Webster and Watkins [70]. The geocell pock-
ets generally filled with granular materials as sand or gravel. It contains and confines
the soil within by restricting the shearing upon application of applied load and the
composite-matrix behaves like a semi-rigid slab to redistribute it onto the underlying
subgrade with a reduced intensity to improve overall bearing capacity of the founda-
tion system [71]. Considerable numbers of studies are reported till date[3, 7, 9, 71-82]
mentioning its superiority. Biswas and Krishna [9] have documented a critical review
of the parametric effect on the geocell-reinforced geo-systems. Table 3 presents
summary of various research works conducted but with geocell reinforcement. In this
case the maximum BCR value reported is about 9. This signifies the extent of the
improvement that could be achieved with inclusion of geosynthetic reinforcement in
the shallow foundations.

Bearing pressure — settlement responses of geocell reinforced foundation beds (as
shown in Fig. 1d) with sand layer thicknesses (/) were varied as 0.63, 1.15, 1.67, and
2.19D (with u of 0.1 D) overlying the clay subgrades of different undrained shear
strengths (¢, = 7, 15, 30, and 60 kPa) are shown in Fig. 11. In general, bearing pres-
sures are increased with layer thickness up to H = 1.15D for all the subgrades. How-
ever, the increase in bearing pressures is not consistent with the variation in geocell-
heights for 2> 1.57D on comparatively stiffer subgrades (¢, > 7 kPa).

The behaviour of geocell-soil composite is quiet complicated and difficult to ana-
lyse due to its heterogenic configuration. Few attempts are made involving mechanics
and empirical relations to estimate its performance; however, each of the study is
having their inherent drawbacks in compromising/idealizing the soil-reinforcement
interaction. Amongst such, the mechanism proposed by Zhang et al. [83] (Fig. 12) and
Latha et al. [84] are able to minimise the difference between the estimated and exper-
imental findings. Zhang et al. [83] has discretized individual components and mecha-
nisms to superimpose them to get the geocell behaviour; whereas, Latha et al. [84] has
converted the geocell-soil layer into an equivalent composite layer of soil with en-
hanced shear parameters. In this method, the geocell-soil layer is simulated as a com-
posite soil having higher cohesion with unaltered internal friction angle. The geocell
induced cohesion is termed as apparent cohesion (c¢,) and calculated as

_ oy
r=7, P

With the modified shear parameters, the equivalent stiffness of geocell (E,) layer is
calculated
Eqg = 4(A03)%7 (Ky + 200M016)
where, ‘4o3’ is the additional confining pressure due to membrane stress calculated as
}AO’g _ ﬂ(1 - Ea)’

Dq 1-¢&,
where, ‘¢,” is the axial strain at failure, ‘D, is the initial diameter of geocell pocket,
‘M’ is secant modulus corresponding the axial strain in geocell wall, ‘K’ is coeffi-
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cient of passive earth pressure and ‘K,’ is the dimensionless modulus for the unrein-
forced sand as defined in their study.

Table 3. Summary of selected studies on shallow foundation with geocell reinforcement

Reference Footing Reinforcement/ Optimum Parameters Found
Type Geocell material

wB b/B dB hB BCR

Mandal and Gupta [88]  Rectangular Geogrid - 2 055 15 8
Mhaiskar and Mandal Rectangular Geogrid 0 34 0625 28 3
[89]
Bathurst and Jarrett [3] Strip Geoweb/Geogrid - - - - -
Krishnaswamy et al. Strip Geogrid - - - 0.5 -
[77]
Dash [90-91] Strip Geogrid, non- 0.1 12 1.2 3.14 8
oriented polymer
Dash et al. [76, 85, 92- 0.1 8 1.2 2 9
94]
Circular Geogrid 0.1 4 0.7 0.8 4
Circular Geogrid 0.33 6 0.8 1.68 7
Strip Geogrid 0.1 8 1.2 275 8
Strip Geogrid 0.1 10 1.2 1.6
Strip Geogrid 0.1 12 12 314 8
Circular Geogrid 0.1 8 1.2 1.6 6
Strip Geogrid 0.1 8 1.6 1.2 4.5
Sitharam et al. [95] Circular Geogrid 0 5.5 0.8 2.4 6
Yoon et al. [96] Square Waste tire thread 02 417 054 0.39 3
Zhou and Wen [78] Circular Geogrid - 1 0.13 0.1 3
Emersleben and Mayer Circular Geogrid 0 - 0.77 0.67 1.5
[971
Sireesh et al. [98] Circular FLACP 0.4 5 0.8 1.8 4
Minaxi Rai [99] Circular Geogrid 0.1 667 04 0.8 14
Zhang et al. [83] Circular Geogrid 0.85 5.5 - 0.13 8
Pokharel et al. [79] Circular Geogrid 0.13 1.37 137 067 25
Tafreshi and Dawson Strip Geogrid/geotextile 0.1 42  0.67 1.33 3
[80]
Tanyu et al. [100] Circular Textured HDPE - - - - -
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Fig. 11. Bearing pressure-settlement responses of Geocell-reinforced foundation having differ-
ent clay subgrades: a) cx = 7 kPa; b) cu = 15 kPa; ¢) c¢x = 30 kPa; and d) ¢, = 60 kPa
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Fig. 12. Discretized geocell-mechanism consisted of confinement, membrane action and stress
distribution as proposed by Zhang et al. [83]
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For the theoretical estimation of bearing capacity of geocell reinforced foundation
systems, M is considered as average secant modulus of the geogrid as 200 kN/m;
D, = 0.8D. Comparison of theoretical and experimental bearing pressures for geocell
reinforced foundation systems is presented in Fig. 13. The comparison presents a
reasonably good agreement. The differences in bearing pressures can be noticed
which may be attributed to the buckling of geocell-walls and squeezing out of sand
which could not be considered in analysis.
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Fig. 13. Comparison of ultimate bearing pressures for geocell reinforced foundation systems
with different clay subgrades
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7 Geocell-Geogrid Reinforced Foundations

Providing a layer of planar geogrid over the soft ground before placing the geocell-
mattress serves in two ways: i) It facilitates the easy movement during construction
and ii) Enhances the overall performance of the geocell-reinforcement by providing
additional support [70,75]. Dash et al., [76, 85]; Sitharam et al., [86] and Hegde and
Sitharam [87] have highlighted the benefits of using base geogrid in addition to the
geocell-reinforcement through their experimental studies.

Biswas and Krishna [10] presented the studies on geocell-geogrid reinforced shal-
low foundations of various configurations (Fig. 1e) with varied sand layer thicknesses
(H = 0.63,1.15, 1.67, and 2.19D) and the clay subgrades of different undrained shear
strengths (c, = 7, 15, 30, and 60 kPa). Figure 14 presents the bearing pressure — set-
tlement responses obtained from the experimental studies. It is seen from the figure
that the bearing pressures of the geocell-geogrid foundations were increased signifi-
cantly with footing settlement (s/D).
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Fig. 14. Bearing pressure-settlement responses of Geocell- geogrid reinforced foundations with
different clay subgrades: a) cu =7 kPa; b) cx = 15 kPa; ¢) cu = 30 kPa; and d) c. = 60 kPa
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8 Comparative Discussion of Different Foundations

From the above sections it obvious that the foundation performance in terms of bear-
ing pressure is depending on various parameters i.e., settlement (s), subgrade strength
(cu), thickness of the top layer (H) and type of reinforcement. Figure 15 provides the
comparison of bearing pressure - settlement responses of different foundation systems
with top layer thickness (H) as 1.15D for two clay subgrades of ¢, = 7 kPa and 30
kPa. It can be noticed that the load bearing capacity of the foundation beds were in-
creased with increasing superiority of reinforcement types: i.e., unreinforced < ge-
ogrid < geocell < geocell-geogrid. Significant improvements in bearing pressures for
reinforced foundations, compared to the unreinforced systems, can be noticed. How-
ever, for reinforced foundations, a comparatively higher level of footing settlements
(/D > 6%) is required for considerable improvement in bearing pressures, depending
on subgrade clay strength and reinforcement superiority. For instance, for ¢, = 7 kPa,
improvement for geocell-reinforced configuration, compared to the geogrid rein-
forcement, was significant beyond 18% of s/D. It is attributed to the complex interac-
tion in between foundation soil and the reinforcements. For very soft clay such as ¢, =
7 kPa, the subgrade could easily be penetrated upon footing load. In this case, the
interfacial resistance through reinforcement was considerable; however, due to less/no
resistance against penetration, subgrade support was minimal. In case of comparative-
ly stiffer subgrades (¢, > 15 kPa), foundations were responded in other way; i.e. min-
imal interfacial resistance and maximum subgrade support.
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Fig. 15. Comparison of Pressure-settlement responses of different foundations systems (H =
1.15D): a) cu =7 kPa; b) cu =30 kPa;

9 Conclusions

Reinforced shallow foundations may provide alternative solution to deep foundation
under certain circumstances. Test results in terms of bearing pressure-settlement re-
sponses obtained from different model studies are discussed, sequentially for unrein-
forced (homogeneous and layered), geogrid reinforced, geocell reinforced, and geo-
cell-geogrid reinforced foundation systems. It was noticed that reinforcement of any
form can improve the performance of clay subgrades, depending on footing settle-
ment, layer thickness, and subgrade strength. In general, the improvement was de-
creased with increase in subgrade strengths (c,). A maximum of about 12-fold im-
provement in bearing pressure was obtained for very soft clay subgrade of 7 kPa with
geocell-geogrid configuration; while, the maximum bearing pressure of about 720 kPa
was noted for the similar reinforcement configuration with ¢, = 60 kPa. Optimum
height of geocell-mattress for softer subgrades (c. < 15 kPa) was 1.57D. In the case of
stiffer subgrades (c,> 15 kPa) the optimum height was 1.05D. The geocells contribu-
tion, in improved bearing pressures, was higher for stiffer subgrades, while geogrid
contribution was higher for softer subgrades.
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