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15 Abstract: Multiple layers of geosynthetic reinforcement, placed below foundations or in the supporting layers of road
16 pavements, can improve section performance through several mechanisms, leading to reduction in stresses and
17 deformations. This paper aims to present a new analytical solution, based on the theory of multi-layered soil system to
18  estimate the pressure-settlement response of a circular footing resting on such foundations, specifically those
19  containing geocell layers. An analytical model that incorporates the elastic characteristics of soil and reinforcement is
20  developed to predict strain and confining pressure propagated throughout an available multi-layer system, is proposed.
21 A modified elastic method has been used to back-calculate the elastic modulus in terms of strain and confining pressure
22 with materials data extracted from triaxial tests on unreinforced and geocell-reinforced soil samples. The proposed
23 model has been validated by results of plate load tests on unreinforced and geocell-reinforced foundation beds. The
24 comparisons between the results of the plate load tests and proposed analytical method reflected a satisfactory accuracy
25  and consistency, especially at expected, practical, settlement ratios. Furthermore, to have a better assessment of
26  geocell-reinforced foundations’ behavior, a parametric sensitivity has been studied. The results of this study show that
27  the higher bearing pressure and lower settlement were achieved when number of geocell layer, secant modulus of
28  geocell and the modulus number of the soil were increased. These results are in-line with the experimental results of
29  the previous researchers. The study also permits the limits of effective and efficient reinforcement to be determined.
30
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1. Introduction

In the last decades, due to its cost savings, ease of construction and ability to improve the visual appearance,
geosynthetic reinforced soil has been significantly exploited in geotechnical engineering applications such as
road construction, railway embankments, lifeline provision, stabilization of slopes, and improvement of soft
foundation beds (e.g., Collin et al., 1996; Raymond, 2002; Hufenus et al., 2006; Dash et al., 2007; Bathurst et al.,
2009; Madhavi Latha and Somwanshi, 2009a; Zhang et al., 2009; Ling et al., 2009; Palmeira and Andrade, 2010;
Pokharel et al., 2010; Boushehrian et al., 2011; Lambert et al., 2011; Yang et al. 2012; Thakur et al., 2012;
Tavakoli Mehrjardi et al., 2012; Leshchinsky and Ling, 2013a,b; Yang and Han, 2013; Tanyu et al., 2013, Chen
et al., 2013, Soudé et al., 2013; Avesani Neto et al., 2013; Kachi et al., 2013; Moghaddas Tafreshi et al., 2014;
Indraratna et al., 2015). A desirable use of such reinforcements would be to improve the bearing capacity and
settlement of footings. With this in mind, many researchers have investigated the beneficial ability of planar and
cellular reinforcement (e.g. geocell) constructions and how best to arrange the inclusions so as to deliver
effective reinforcement and to improve their bearing capacity and settlement response (Dash et al., 2007;
Sitharam et al., 2007; Madhavi Latha and Rajagopal, 2007; Zhou and Wen, 2008; Chen and Chiu, 2008; Yoon et
al., 2008; Sharma et al., 2009; Wesselo et al., 2009; Sireesh et al., 2009; Eid et al., 2009, Pokharel et al., 2010;
Zhang et al., 2010a; Yang et al., 2012; Lambert et al., 2011; Kumar and Kaur, 2012; Tanyu et al., 2013; Tavakoli
mehrjardi et al., 2013; Dash and Chandra Bora, 2013; Chen et al., 2013; Mehdipour et al., 2013; Biswas et al.,

2013; Hegde and Sitharam, 2014; Huang, 2014, Song et al., 2014).

Recently, two of the current authors have shown that geocell reinforcement can be significantly more
effective than a planar reinforcement, in improving the behaviour of foundation beds under static and repeated
loads (Moghaddas Tafreshi and Dawson, 2010a;b). They attributed this to the superior confinement offered by
the geocells in all directions, due to the frictional and passive resistance developed at the soil-geocell interfaces

that increases the sand’s bearing capacity and decreases the settlement of the foundation bed.

An analytical approach to the design of such footings and to explain their pressure-settlement behavior would
be very useful. Although, there have been many experimental studies into the use of geocell reinforcement in
civil engineering works, there are few analytical studies (e.g., Zhang et al. 2009; 2010a;b). Zhang et al. (2010a)
presented a simple bearing capacity calculation method for a geocell-supported embankment on a soft subgrade
based on the study of the reinforcement functions of a geocell layer beneath a road embankment. They indicated
that their results were relatively close to the experimental results. Zhang et al. (2010b) idealized a geocell-

reinforced mattress as a beam on a Winkler foundation in order to analyze its settlement response. Semi-analytic
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solutions were developed to assess the deformations of, and internal forces in, the foundation ‘beam’. They
reported that the interface resistance, related to the horizontal deformation of the composite beam (i.e., geocell-

soil ‘beam’), had a reduction effect on the embankment settlement.
2. Aim

A literature review, briefly reported above, indicated that there remains a lack of analytical study into the
behaviour of footings supported by a geocell-reinforced bed, particularly when that bed includes a multi-layered
geocell. Therefore, this article seeks to redress this omission by providing a relatively simple analytical method,
based on “n”-layered soil system theory (Hirai, 2008) and surface settlement of equivalent system (Vakili et al.,
2008), for the evaluation of the pressure-settlement response of both unreinforced and multi-layered geocell-
reinforced foundation beds. The results of this method have been compared with the results of plate load tests
(Moghaddas Tafreshi et al., 2013) to investigate its validity. In addition, the effects of various parameters such as
geocell and soil stiffness modulus, geocell layer height and diameter of plate load have been investigated so as to
understand mechanisms for improving the pressure-settlements behaviour of such footings. Note that, although,
the settlement-stress behavior of plate loading tests is not elastic, yet the aforementioned analytical method
simulated the behavior as a Multiple Linear Elastic (MLE) model (i.e., non-linear elastic) permitting calculation

of the elastic modulus of each layer, for each loading step.
3. Problem statement

Geosynthetic inclusions are most effective if used in the zone significantly stressed by the footing. Since, a
concentrated stress bowl occupies a zone equal to or twice the depth of the footing width/diameter (the “effective
depth” being approximately 1.2 — 2 m for a typical footing width/diameter), and the heights of commercially
produced geocells are usually less than 200 mm (available cell depths produced by two key manufacturers in
Europe and USA), a single thick layer of geocell beneath the footing is not possible for field construction. Even
if it were, such a thick geocell layer would likely make compaction of cell-fill extremely difficult (Thakur et al.,
2012; Moghaddas Tafreshi et al., 2014), consequently decreasing the performance of a thick single layer of
geocell. Hence, practically, if such a depth of soil needs to be reinforced by geocells, it necessitates designers to

use 3 to 4 layers of geocell with thickness <200 mm.

Hence, the use of several layers of geocell (say, three or four) each with a thickness < 200mm and with
vertical spacing between successive layers of geocell is a practical alternative and could be a beneficial

means of reinforcing the soil beneath a footing. The schematic cross-section of the foundation bed containing
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geocell-reinforcement layers with the thicknesses of hg, and of the footing, is shown in Fig. 1. In this figure,
the first geocell layer is located at a depth of u beneath the footing and the next geocell layers are placed after
an unreinforced soil thickness of hs. It should be noted that, although there are three probable mechanisms by
which geocell transfers stress through the depth of foundation bed (“lateral resistance effect”, “vertical stress
dispersion effect” and “membrane effect”), this study tried to simulate all these factors by considering soil-
geocell layer as a composite material. Some simplification for a complicated problem like the current system
is inevitable. Here, the characteristics of the composite material have been defined according to the soil and
soil-geocell specimens in triaxial tests; and the simplifying assumptions made in the solution system mean
that the behavior of the geocell layers are considered to be uniform layers that only deform vertically. Since
the “n”-layered soil system theory by (Hirai, 2008) and surface settlement of equivalent system (Vakili et al.,
2008) were employed for the evaluation of the pressure-settlement response of multi-layered geocell-

reinforced foundation beds, a summary of these methods is presented in Sections 5 and 6.
4. Pressure-settlement variation of footing on unreinforced bed

For a semi-infinite soil medium of the elastic modulus E, and Poisson’s ratio v,, subjected to uniform
pressure g on a circular footing with radius a, the immediate settlement at the depth z below the center of flexible
footing is written as Eq. (1) (Harr, 1966). Eq. (1) is valid for a flexible footing and should be multiplied by n/4

for a rigid footing.

Zaq(l—v,f)( 1+£_z_) 1. z/a 1)

E, a? a y 7?2

5. N-Layered Soil System Theory (Hirai, 2008)

w(z)=

Hirai (2008) developed the elastic relationships of multilayer soil stiffness modulus that have been investigated,
previously, by Palmer and Barber (1940) and Odemark (1949). Fig. 2 shows a multi-layered soil system
composed of n-layers of soil subjected to vertical loads g. As shown in Fig. 2, the present procedure uses the
elastic moduli, i.e. Young’s modulus of E,,, Poisson’s ratio of v, and thickness of H,, for m® layer in n-layers of

multi-layered soil system. Parameters D and Dy are diameter and embedment depth of a footing, respectively.

The n-layered soil system shown in Fig. 2 was transformed into an equivalent two-layered soil system illustrated
in Fig. 3a. The equivalent elastic modulus of Ey, (Hirai and Kamei, 2003; 2004) for (n—1) layers in Fig. 3a (where

H=H;+H,+Hs+.... + Hy.1) was represented by:
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Next, the two-layered soil system in Fig. 3a was transformed into an equivalent single soil layer with elastic
modulus of E, and Poisson’s ratio of v, (the thickness of an equivalent single layer is H=H.+H,) as shown in Fig.
3b, using the equivalent thickness relations (3) and (4) (Hirai and Kamei, 2003; 2004; Hirai, 2008). For the case

where E,>E,;:

E 1/3

n

and for the case where E4<E,.:

1/3
H, -D; = 0.75+0.25(E—HJ (H -Dy) (4)

n

Likewise, Fig. 4 shows an equivalent system of soil layers to that previously illustrated in Fig. 2, but now each
soil layer has an equivalent thickness of H;. and uniform E and v values for every layer (=E, and v,). Thus the
system is reduced to a single layer system of thickness Hye+HaetHset.... + HpyetHp and stiffness properties E,
and v,. The equivalent thickness of each individual layer is required so as to obtain the thinning and strain of each
layer of the multilayered system as described in Section 7.2. According to the Palmer and Barber method (1940)
for a two-layer system and to Odemark’s method (1949) for a multi-layered soil system, Eqgs. (5a) and (5b),
respectively, were derived by Hirai (2008) for estimating the equivalent thickness of each layer for the case

where E~E,:

E.1 2 1/3
m—m={%} (Hy-Dy) (52
n\-—"1
E (1 2) 1/3
—V,
—J—m\- "n/ H =2~ 5b
me {En(l—vri)} m (m n) ( )
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131  For the case where E,<E,, by considering Terzaghi’s approximate formula (1943), the equivalent thickness is

132  given by Egs. (6a) and (6b):

1/3
E,1-v?)
H, —D; =|0.75+0.25¢ 2~ 1’ (H,-D;)
le f {En(l—vf)} 1 f (6a)

E,@1-v72)

H  =|0.75+0.25
me {En a-v2)

1/3
} H, (m=2~n) (6b)

133 where H,, and H,,. are the values of H, for the first and subsequent layers (m=2 to n), respectively and Ei, w1,
134  E,w,and E, vy, are values of Ey; and v for layers 1, n and m=2 to n, respectively.

135 6. Surface Settlement of Equivalent System (Vakili et al., 2008)

136  Vakili et al. (2008) developed the method of Foster and Ahlvin (1959) to evaluate the surface settlement of the
137  equivalent system shown in Fig. 4. According to this method, the actual vertical surface deflection of a footing
138 (w) was obtained by adding the amount of thinning, w,, of the equivalent layer (with thickness of H,) between
139 the surface (z=0) and a depth of z=H, to the vertical deflection at a depth of z=H, of a semi-infinite mass below
140  that depth (i.e. deflection of w, at bottom of the equivalent layer). In the case of uniform pressure “q” on a
141  flexible circular footing with radius “a” (Fig. 4), supported by a semi-infinite mass, w, is obtained by substituting

142 the value of z=H, from Eq. (3)/ or Eq. (4) into Eq. (1) to obtain Eq. (7):

2 2
:zaQ(l_Un) 1+(Hej _i 1+ He (7)

2
2a(l-v,), 1+ [Hej
a

143 Similarly, the vertical deflection at the center of loading on surface (i.e. wyat depth of z=0) of uniform equivalent

144 Jlayer (i.e. for the footing on the equivalent layer), substituting the value of z=0 into Eq. (1) results:

_ 2a(l-v?)q

0 En

(®)
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Egs. (7) and (8) are valid for a flexible footing and should be multiplied by n/4 for a rigid footing. The

vertical thinning of the equivalent layer (with thickness of H, as in Fig 3b) between the loading surface (z=0) and

a depth of z=H, (i.e. (wp-wy)), can be converted to the thinning, w,, of the original layer (thickness H as in Figs. 2

and 3a), using Eq. (9):

szEE—n(WO'Wl) )

H

Hence, Egs. (7) and (9) may be summed to obtain the actual total surface settlement of the circular footing

(W=wy+ws).

7. Pressure-settlement variation of footing on multi-layer geocell-reinforced bed

7.1. Methodology

Fig. 5 shows a schematic model of a shallow circular footing with diameter, D=2a, located on a typical n-

layer foundation bed composed of “m” geocell layers and “n-m” soil layers, under the application of a

uniformly distributed surface load, g. The thicknesses of geocell and soil layers are hy and h,, respectively.

The first geocell layer is placed at a depth of u beneath the footing and the remaining geocell layers are

located after an unreinforced soil thickness of hs. The effective depth, He, is assumed as the depth to a point

below the footing at which only 10% of the applied stress on footing surface acts. The elastic modulus, E;,

and Poisson’s ratio, v; (i=1, 2, 3, ...., n) of each layer is as given in Fig. 5. H,_; is the thickness of the (n-l)th

layer which can be calculated using Eq. (10).

Hn.1 = Hett — u — mhg — (m-1)h (10)

The following simplifying assumptions are made in this analysis, as follows:

The soil layers are homogeneous, isotropic and non-cohesive;

The unreinforced and reinforced layers deform only in the vertical direction;

The footing is circular with no embedment depth, Ds=0;

The behaviour of unreinforced and reinforced layers is assumed to be nonlinear elastic;

Poisson’s Ratio is assumed to be in the range 0.2 - 0.3 (see below).
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Note that, although ‘toothpaste’ lateral squeezing of soil between geosynthetically-reinforced soil layers is a
possibility for plastic soils, granular soils are unlikely to experience this if the reinforcing layers confine the
granular soil closely. As observed in the tests at near full-scale by Wu et al. (2013), it is then the
reinforcement with the granular soil that controls, partly horizontal movement due to the frictional resistance
developed between the reinforcement and the soil and due to the nearby position of the reinforcing layers

disrupting potential shear planes/dislocation zones.

However, it is known that geocell layers don’t expand much horizontally once properly filled with granular
soil and compacted (Dash et al., 2007; Pokharel, 2010). Thus the proposed analytical model does not directly

consider lateral deformation but, instead, allows for some, indirectly, by using:

(1) elasticity moduli of the soil and geocell-reinforced layers that were obtained from calibration of the
proposed equations (see Section 8.1) to the data obtained in the triaxial test that included some lateral

deformation, and

2) Poisson’s Ratio values of 0.2 — 0.3, for the unreinforced and geocell-reinforced layers of the
foundation bed to compute the equivalent thickness of the multi-layered system (see Section 5), being in-line
with typical values as used by Mhaiskar and Mandal (1996) and Zhang et al. (2010c), as described later (see

Section 8.1.2).

7.2. Incremental Formulation using Nonlinear Elastic Method

As mentioned in section 2, the “n”-layered soil system theory (Hirai, 2008) and surface settlement of
equivalent system (Vakili et al., 2008) were employed to evaluate the pressure-settlement of footings
supported by a multi-layer geocell-reinforced bed as shown in Fig. 5. Fig. 3 shows the process of substituting
the n-layer system with an equivalent single-layer system, here with the limitation that D;=0. To do so, firstly,
the upper “n-1” layers of thicknesses Hj, Hy, Hs, ....and H,; (Fig. 5) should be replaced by a single layer of
thickness (Hes=H;+H,+Hs+....+ H,1) having an equivalent modulus of Ey in Fig. 6a (Hirai, 2008). The
equivalent elastic modulus (Ey) of layers 1 to n-1, is calculated by using Eq. (2) for the footing with no

embedment depth (Ds=0) as Eq. (11).
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_ . (1_Vn Hj 11
o Z{EI (1—‘/,'2)} Her )

j=t

where, H; and E; are the thickness and elastic modulus of i layer, respectively. The n-layer system in Fig. 5

is thus reduced to a two layers system as shown in Fig. 6a.

The two-layered system (Fig. 6a) can be reduced to an equivalent single-layer system (Fig. 6b) with elastic
modulus of E, and an equivalent thickness of H.. The equivalent thickness (He) with the elastic modulus of E,
and Poisson’s Ratio of v, is then defined by Eq. (12a) for the case where E4>E, and by Eq. (12b) for the case
where EL<E,. Eq. (12a) and Eq. (12b) provided for the same Poisson’s Ratio of the two layers in Fig. 6a

where E, is the elastic modulus of the n™ layer.

E 1/3
He:[E_HJ H st (12a)
n
E 1/3
H, = o.75+o.25(E—HJ H ot (12b)
n

Consequently, the use of Eq. (11) and Eq. (12) deliver an equivalent single homogeneous semi-infinite mass

of material which can be substituted for the n-layer system as shown in Fig. 6b.

Generally, the footing settlement (i.e, soil surface settlement), w should be calculated using Egs. (7) to
(10). Since, the nature of footing pressure-settlement variation is nonlinear, the behavior of unreinforced
layers and reinforced layers (Geocell and soil inside of its pockets) are considered to act as MLE (Multiple
Linear Elastic) layers. The MLE model provides an ability to calculate the elastic modulus of each layer, for
each load step, using the confining pressure of the current and previous stages as described in Egs. (13) to

(23).

To calculate the elastic modulus of the i" layer, requires knowledge of the strain of layers 1 to n-1. To
compute these, the deformation and equivalent thickness of the i" layer (Fig. 5) are required. Using Eq. (5)

and Eqg. (6) for the footing with no embedment depth (Ds=0), supported on a multi-layer system, the
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equivalent thickness of each soil layer, H. with the same E, and v, was determined by Eq. (13a) for the case

where E>E, and by Eq. (13b) for the case where E;<E,, respectively.

Ea-vd))|
Hi =1 ———120 H,
ie {En(l—Viz)} i (13a)

2 1/3
Eillow) (1_V”)} H, (13b)

Hi = 0.75+0.25{ 5
E,(@-v)

Then, from Eqgs. (7) and (9), for a rigid circular footing with radius a subjected to uniform pressure g, the

thinning and strain of the i layer are defined as Eqs. (14) to (16):

SHe S 5 h,

3 Znaq(l—uﬁ) = 2 14
Wi =S (L - s =) (14)

D He

2a(1-v, |1+ (12—)°
a

E
W, :E—"(Wi—Wi—l) (15)
i
Vo 16
& =——
TR, (16)
Where:

Hie: equivalent thickness of the i" layer based on the elastic parameters of the n™ layer

=i
w;: displacement at a depth of z He
=1

wpi: the vertical deformation within the i™ layer of thickness H,(due to actual thinning of the i" layer)
&;: the strain across the thickness of the i*" layer

In the j™ loading step, the displacement increment of soil surface due to loading increment of 0;-0;-1 can be

calculated by Eqgs. (17) to (20):
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27ra(qj —qJ'_l)(l_Ur%) Heyo He He
_ ( /1+(—) — )1+ )
4E, a a 2al-v,) ’1+(|-:;)2 17

Wi 2ma-u@; ~0;)

0 4E, (18)
Aw ] =E—“(Awg —Awlj) (19)
Ey
wl=wl?yaw,) +aw,] (20)
Where:

Awlj : vertical displacement increment on loading centerline at a depth of H, for loading increment of gj-gj.4, (i.e.

at the bottom of the equivalenced layer)

Awg . vertical displacement increment at surface (of equivalent layer) beneath centre of load for loading

increment of g1,
szj : vertical deformation (thinning) increment of the original layer of thickness of H,

w ) vertical displacement at surface of system for loading of ;.

Similarly, the strain increment for the i"" layer at the j" loading step can be calculated using Egs. (21) to (23)

using the adjustments already employed to formulate Eqgs. (14) and (16):

S H,

( 1+(|:l )2_
a

=i
2 He
=1

a

, 27a(d; —q;)L-0))
wW. =
: 4E

)

n

=i
ZH le (21)
1=1

@+ = )
zHle
2a(l- v, )\[1+(EL—)?
a
(Aw,)] :E—_”(Awii—Awii_l) (22)
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(23)

230 where:

231  H: equivalent thickness of the i" layer based on the elastic parameters and thickness of the n™ layer as defined
232  byEq(13),

233 Aw/ : displacement increment of equivalent layer for layers 1 to i based on the elastic parameters of n™ layer in

I =i
234 depth of Z H, for loading increment of g;-g.1,
=

235 (Awp)ij : deformation increment (thinning) of layer with thickness of H; for loading increment g;-g;.1,

236 & :strain of layer with thickness of H; subjected to loading g.

237 8. Results and discussion

238 To validate the results of the method presented above, the pressure-settlement response of a footing on
239 unreinforced and geocell-reinforced beds was estimated and compared with the results of four static plate
240  load tests (Moghaddas Tafreshi et al., 2013). As Fig. 7 shows, they performed the static plate load tests of a
241 footing supported on unreinforced soil and reinforced soil with geocell layers in a test pit measuring
242 2000x2000 mm in plane and 700 mm in depth using a 300 mm diameter rigid plate. The vertical distances of
243  the first layer of geocell (u) from the footing and also that from each other (hs) were 0.2 times the footing
244  diameter. Also, the width of the geocell layers (b) was held constant at 5 times the footing diameter (b/D=5).
245 Since the horizontal dimensions of the test pit were about seven times bigger than the diameter of the footing
246 model and it was observed that the soil surface bulging around the footing model extended less than 1.5 times
247  the footing diameter from the circumference of the footing, the boundary effect of the pit walls on the test
248 results was likely insignificant. Also, regarding the test pit depth, the zone of influence of the footing will be
249 over a depth of less than 2 diameters beneath the footing (the “effective depth”), so the boundary effect of
250  test pit base on the test results may also be considered to be insignificant. Thus it should be viable to compare

251  the analysis results with the experimental ones.

252 The soil was well graded sand (SW, according to the Unified Soil Classification System, ASTM D 2487-
253 11) with a specific gravity of 2.68 and passing through the 38 mm sieve. The geocell used in the tests was

254 non-perforated and fabricated from continuous polypropylene filaments as a non-woven geotextile, with
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255  ultimate tensile strength of 13.1 kN/m and pocket size of 110x110x100 mm® (lenghtxwidthxheight). The
256 details of engineering properties of the geotextile and soil properties are given by Moghaddas Tafreshi et al.,

257  (2013).

258 As part of this validation, the effects of several parameters including geocell and soil stiffness modulus,
259 geocell layer height and number of geocell layers on pressure-settlement response of footing were
260 investigated. The results of triaxial tests on unreinforced and geocell reinforced soil samples were used to
261  estimate the elastic modulus of the different layers during the loading steps (Noori, 2012). The soil, geocell
262 material and the density of the soil filled into the geocell pockets, used in both the plate load tests and triaxial
263  tests were the same. Six triaxial tests on unreinforced and reinforced soil samples with one layer of geocell, at
264 three confining pressures of 50, 100 and 150 kPa were conducted. The triaxial samples had a diameter of 100
265 mm and a height of 200 mm as shown in Fig. 8. The geocell-soil composites layers are of 100 mm in
266 diameter and 100 mm in height and positioned at mid-height of the specimen. The stress-strain response of
267 unreinforced and geocell reinforced samples with single layer of the geocel-soil composite under three
268  confining pressures are shown in Fig. 9. This figure indicates that the geocell reinforcement increases the
269 deviator stress (i.e., shear strength) of the samples considerably compared to unreinforced samples,
270 irrespective of confining pressure. This behavior is essentially due to the increase in confining effect of
271 geocell layers which cause an internal confinement in reinforced samples. On the other hand, vertical stress
272 applied to the infill induces a horizontal active pressure at the perimeter of the cell of geocell. The infill wall
273 interface friction transfers load into the cell structure which, in turn, mobilises resistance in surrounding cells.
274 It is also evident that cells that surround a loaded cell offer greater passive resistance due to the lateral strain

275 in the vicinity of the load— consequently leading to an improvement in the overall performance in strength.

276 Note that, triaxial compression tests on a single geocell layer sandwiched between two soil layers may give
277 different results compared to the test on a single, less constrained geocell. Since, the present analytical
278  formulation was employed to simulate the results of plate load tests supported by geocell layers of 100 mm
279  thickness, thus using a single layer of geocell with the same thickness in triaxial test sample with a height of

280 200 mm was inevitable.
281 8.1. Elastic modulus of unreinforced and geocell-reinforced layers

282 Since the six triaxial tests were conducted at three specified confining pressures of 50, 100 and 150 kPa, thus

283  the tangential elastic modulus at different strain levels can be obtained from the stress-strain responses in Fig. 9,
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when the confining pressures are exactly 50, 100, and 150 kPa. Hence, at each stage of loading during the
analysis, a continuous function of confining pressure and axial strain is required to obtain the tangential elastic
modulus when the strain level and confining pressure being varied. Thus, in this section the elastic modulus of
unreinforced and geocell-reinforced soil layers in terms of strain and confining pressure, E=f(o3,¢) for each
loading step, was modeled non-linearly from the data of six triaxial tests at the three confining pressures of 50,

100 and 150 kPa (see Fig. 9).

8.1.1. Elastic modulus of unreinforced layers
Based on the data extracted from Fig. 9a, the vertical stress (6;=03+04) Of triaxial samples was found to be a
function of the confining pressure (c3) and axial strain (g). Therefore a nonlinear regression model was

developed to estimate the vertical stress (o4) for different values of o3 and .

Several alternative modeling approaches were trialed before selecting, as optima, a non-linear power model
with of the largest multiple coefficient of determination, R?=0.91, and a minimum value of standard error,

Es=0.11, to estimate the vertical stress (o) as a function of different parameters was obtained as Eq. (24):

Using Eq. (24), the absolute average percentage of error, e,. and maximum percentage of error, ema. in
estimating the value of o; were found to be 2.5% and 4.6% respectively.
The tangential modulus of elasticity can be derived as the derivative of stress with respect to strain (from Eq.

(24)) as presented in Eq. (25a). The function of f (¢) is defined in Eq. (25b).

E =61.47 65" *f (¢) (25a)

0.34 3%
+ e 3.17¢

&

f (6)=(-3.17 e 317¢ 034 ) (25b)

8.1.2. Elastic modulus of geocell-reinforced layers
Madhavi Latha (2000), based on the results of triaxial compression tests on geocell-encased sand, proposed

an empirical equation in the form of Eq. (26) to express the elastic modulus of the geocell reinforced sand (Eg).

26
Ey =4 0" (K, +200M %°) (26)

Where:
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K,: the dimensionless modulus number of the unreinforced sand in the hyperbolic model proposed by Duncan

and Chang (1970),

M: the secant tensile modulus of the geocell material (e.g., geotextile and geogrid) in kN/m, assessed at an

average strain of 2.5% in load-elongation, and

o3 the confining pressure in kPa.

In fact, the geocell layers are modeled as equivalent composite layers with enhanced stiffness and shear
strength properties. The term in parentheses of Eq. (26) expresses the Young’s modulus parameter of geocell-
reinforced soil in terms of the secant modulus of the geocell material (M) and the dimensionless modulus number

of the unreinforced soil (K,).

However, due to the fact that the suggested relationship by Madhavi Latha (2000), Eg. (26), is not a function

of axial strain level, it is modified to Eq. (27) as a function of both confining pressure (o3) and axial strain ().

@7)

Eg =a 03" (K, +,M%)*f (¢)

The function of f'(¢) is assumed as Eq. (25b) and then the parameters of a;, a,, b; and b, are obtained from the
triaxial tests results of geocell-reinforced soil (Fig. 9b).The constants parameters in Eq. (27) depend on the type
of infill soil and strength of geocell material, which must be calibrated according to the results of triaxial tests on
soil and geocell, with the same properties that would be used in the foundation bed. Fitting Eq. (27) to the data of

Noori (2012) yields the elastic modulus as a function of o3, ¢, K, and M as Eq. (28).

E, =0.120°" (K, +100M %) *f (¢) (28)

At each loading step, the elastic modulus of unreinforced and reinforced layers were estimated using the
confining pressure (at mid-height of the layer) and the strain computed at the end of the previous loading step.
The confining pressure in the middle of each reinforced layer was obtained by multiplying the distributed
vertical stress by the coefficient of lateral pressure (k;). The value of k; is proposed by authors as Eg. (29), in
which the value of lateral pressure coefficient for unreinforced soil k,,=0.5 has been suggested by Madhavi

Latha (2000). For the M=0, Eq. (29) results the lateral pressure coefficient of unreinforced soil (k).

(29)
k, =kgy (K, +100M 1) /K

u

Overall, Egs. (25a) to (29) reveal that the proposed formulations would be able to consider the variation of

geocell performance in regard to the strain level and confinement stress variations across the depth of the
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foundation bed, provided the elastic modulus of the different layers (soil layers and the geocell-reinforced layers)
are allotted appropriate values that differ from layer-to-layer and from one loading step to the next. Based on the
results of triaxial compression tests, the value of the hyperbolic parameter of Duncan and Chang (1970), K, is
found as 483.3 (the authors’ evaluation not reported here). Also, the secant modulus of the geocell material at
2.5% strain, M, is given by the manufacturer as 114 kN/m (M= 114 kN/m). Due to the confinement of the soil by
the geocell wall, the Poisson’s ratio of geocell-reinforced layers may be less than that in unreinforced layers. The
range of Poisson’s ratio for granular soil (i.e. sand in the present paper) is about 0.3-0.35 and for geocell filled
with sand from 0.17 (Mhaiskar and Mandal, 1996) to 0.25 (Zhang et al., 2010c). Thus, a Poisson’s ratio of 0.3 is
used for unreinforced layers and a Poisson’s ratio of 0.25, 0.2, and 0.2, is used respectively for reinforced layers

with one, two and three layers of geocell.

8.2. Validation of proposed analytical method

The presented analytical method was validated by comparing the results of model analyses with plate load
tests results (Moghaddas Tafreshi et al., 2013) for an unreinforced bed and for beds reinforced by one, two
and three layers of geocell. Fig. 10 compares the results of the analytical method and tests in the form of
footing pressure-settlement responses, for different values of geocell mass. These comparisons are done for
parameters of K,=483.3, M= 114 kN/m, h;=100 mm and D=300 mm. Since, the analytical method has not
considered any variation in the geocells’ width; it is assumed that the width of the geocell-reinforced layers

being sufficient to ensure the anchorage derived from the adjacent stable soil mass.

The predicted responses show a better match with the experimental ones at lower footing settlement
levels (i.e., s/D<8%). For larger footing settlements (e.g., s/D>8%), the analytical predictions under-estimate
the experimentally determined settlements, implying strain softening in the geocell-soil layers in-situ relative
to the performance in the triaxial or that the assumption of no lateral strain is non-conservative. The
difference between the predicted responses and experimental ones might more generally be attributed to the
selected value of lateral pressure coefficient, the selected values of Poisson’s ratio, the simplifying
assumptions used in the analytical method, the discrepancies between the experimental and analytical

systems and the differences in simulating the field and the experimental conditions of multiple layers.

Since the practical design of shallow footings is mostly governed by footing settlement, footing
settlement must be limited to specific values, depending on the super-structure. Thus, the close comparison of

analytical and experimental results in the lower range of settlement (i.e., less than 6% of the footing
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diameter) is encouraging. This implies that the analytical method presented is capable of estimating the
behavior of footings supported by geocell layers and may be conveniently applied as a tool to estimate the

pressure-settlement response of footings over most practical ranges of geotechnical use.
8.3. Predictive parametric study

Using the analytical model presented, a parametric study was carried out to account for the variability of
those parameters that could not be considered in the physical tests, so as to verify the model’s predictive
capability. Particularly, variation in the secant modulus of geocell (M), the dimensionless modulus number of the

soil (Ky), the thickness of geocell layers (hg) and the number of geocell layers (Ng) were investigated in this way.

Fig. 11a shows the effect of the secant modulus of the geocell (M) on the pressure-settlement response of a
foundation reinforced with three layers of geocell. The results reveal the beneficial effect of the reinforcement’s
rigidity (see Eq. (28)) in decreasing the footing settlements, so that at a given bearing pressure, the value of the
settlement decreases as the secant modulus of geocell (M) increases. The similar results reported by Madhavi
Latha et al. (2006) for geocell-supported embankments showed that higher surcharge capacity and lower
deformations are associated with increase in the value of the M parameter. This performance could be attributed
to the internal confinement provided by geocell reinforcement with increase in M. The confinement effect is
dependent on the secant modulus of the reinforcement, the friction at the soil-reinforcement interface and the
confining stress developed on the infilling soil inside the geocell pocket due to the passive resistance provided by
the 3D structure of geocell (Sireesh et al., 2009; Moghaddas Tafreshi and Dawson, 2010a). In addition, as seen in
Fig. 11a, there is a limiting value of M (=100 kN/m) beyond which no further load-settlement benefit is achieved.
Almost certainly this is because the behavior of the unreinforced soil between the reinforced layers is now
limiting the response of the overall system.

To see what the effect of K, is, the variation of pressure-settlement of the reinforced bed with three layers
of geocell is presented in Fig. 11b. The results show that the bearing capacity of a footing at a given
settlement is significantly increased due to an increase in the K, value. Thus, the role of the soil type and the
soil compaction in performance of geocell-reinforced beds, which the composite model suggested in the
present study, can take into account this effect. However, a dense sand matrix tends to dilate under footing
penetration, thereby mobilizing higher strength in the geocell reinforcement, leading to greater performance

improvement (Madhavi Latha et al., 2009b).
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The rigidity of the geocell layer is predominantly influenced by the thickness of geocell. To have a better
assessment of the effect of a geocell’s thickness in a geocell-reinforced foundation, the variation of the
pressure-settlement relationship of the unreinforced bed and of the reinforced bed with three layers of geocell
is presented in Fig. 11c. The benefit of a thicker geocell mat is evident, so that a thicker geocell decreases the
footing settlements, tending to improve its bearing capacity. This appears to be a consequence of greater
opportunity of geocell-soil interaction (in the form of wall-friction and confining pressure imposed by the
pocket walls) and the increased stiffness of the effective zone beneath the footing consequent upon an
increase in the thickness of geocell. This is in-line with the findings of Dash et al. (2007), Sitharam et al.
(2007), Madhavi Latha et al. (2006) Moghaddas Tafreshi and Dawson (2010a) who reported that the
settlement of a trench’s soil surface was decreased due to the provision of a thicker geocell in the backfill.
Furthermore, the rate of reduction in footing settlement and the rate of enhancement in load carrying capacity
of the footing can also be seen to reduce with increase in the value of hy. The reason is that, as multiple,
thicker reinforcement layers are used, then the reinforced zone extends deeper beyond the zone most
significantly strained by the applied load, so that little further benefit accrues. From a practical point of view,
as the thickness of a geocell layer is increased; the problem of lower achieved compaction in the geocell
packets would be encountered, so that higher compactive effort is necessary as the thickness of vertical webs
of the geocell is increased, owing to hindering of vertical densification (Thakur et al., 2012; Tavakoli
Mehrjardi et al., 2013). For this reason, multiple thin geocell layers may, in practice, be preferred to fewer,

thicker layers.

Fig. 11d presents the bearing pressure-settlement response of the unreinforced and reinforced foundation
beds with one, two, three layers of geocell. From this figure, it may be clearly observed that, as the number of
geocell layers increases (i.e., the increase in the depth of the reinforced zone), both stiffness and bearing
pressure at a specified settlement increase substantially. Likewise, at a given bearing pressure, the value of
the settlement decreases as the number of geocell layers increases. However, the rate of reduction in footing
settlement is seen to reduce with increase in the number of geocell layers. It is likely that the additional layers
are interacting with soil that is strained less and less by the applied load, therefore delivering diminishing
increments of additional reinforcement effect. Yoon et al. (2008) and Moghaddas Tafreshi et al. (2013) in
their studies on the effect of multi-layered geocell reported a similar effect with increase in the number of 3D

reinforcement layers.

9. Conclusions
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In this study, an analytical approach based on the theory of multi-layered soil system theory (Hirai, 2008;
Vakili et al., 2008) was developed to estimate the pressure-settlement response of a circular footing supported by
unreinforced and multi-layered reinforced beds. Definition of elastic modulus for unreinforced and reinforced
layers in terms of strain and confining pressure, along with the equivalent elastic method were the main
processes of problem solution. The new method delivers predictions of load-settlement that are in good
agreement with measured values for a geocell-reinforced application, and thus gives confidence of its usefulness
for expected geotechnical applications. The results of the new model, as applied to geocell installations, can be

summarized as follows:

(1) The response of pressure-settlement in both reinforced and unreinforced conditions is nonlinearly and
significantly affected by the secant modulus of geocell, the dimensionless modulus number of the soil,
thickness of geocell layers and the number of geocell layers.

(2) The results emphasized that the performance of geocell-reinforced foundation is always much better than
when unreinforced.

(3) The analytical results show that the increase in the number of geocell layers, the secant modulus of the
geocell and the dimensionless modulus number of the soil, strengthen the behavior of geocell-reinforced
foundation against the surface loading, which is in-line with the experimental results of researchers.

(4) The parametric study shows a decrease in rate of enhancement in bearing pressure, at a given footing
settlement with increase in the number of geocell layers, the secant modulus and the thickness of geocell
layers.

It should be stated that the results obtained are based on a circular loading plate, one type of geocell
reinforcement, fixed width of geocell layers and non-cohesive soil. Consequently, specific applications should
only be made after considering the above limitations.
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Nomenclature

a Loading plate radius (m)
b Width of the geocell layers (m)

a,, a,, by and b, Model parameters to estimate the elastic modulus of gocell-reinforced layers

D Loading plate diameter (m)

D¢ Embedment depth of footing (m)

Eq Elastic modulus of layer of geocell and soil (kPa)

Ex Equivalent elastic modulus of upper soil layer of thickness H (kPa)

Ei, Ej,Em En Elastic modulus of layer i, j, m, n (kPa)

f(e) Function to consider the strain level in estimating the elastic modulus of unreinforced and

geocell-reinforced layers

He Equivalent thickness (m)

Hie Equivalent thickness of the first layer (m)

Hue Equivalent thickness of the m™ layer (m)

Hegt Effective depth (m)

Hie Equivalent thickness of the each layer (m)

hg Height of geocell layers (m)

Hum Thickness of m™ layer (m)

hs Vertical spacing of the geocell layers (m)

K, Lateral pressure coefficient for geocell-reinforced layers

Ky Dimensionless modulus number of the unreinforced sand in the hyperbolic model
Kun Lateral pressure coefficient for unreinforced layers

M Secant tensile modulus of the geocell material at an average strain of 2.5% (kN/m)
MLE Multiple Linear Elastic

n Number of layers of multilayered system

Ng Number of geocell layers

u Vertical distance of the first layer of geocell from the footing (m)
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q Uniform pressure on a circular footing with radius “a” (kPa)

w Actual total surface settlement at the center of the circular loading surface (m)
e Vertical displacement at surface of system for loading of ¢; (m)
Wo

Vertical deflection at the center of loading on surface (at depth of z=0) of uniform

equivalent layer (m)

Wy Vertical deflection at bottom of the equivalent layer (m)

Wi Vertical deflection on top of i equivalent layer (m)

Wi Vertical thinning of i original layer with thickness of H; (m)

W, Vertical thinning of the original layer with thickness of H (m)

z Depth of the backfill (m)

Aw Vertical deformation (thinning) increment (m)

AW ii Displacement increment of equivalent layer for i layer (m)

(Awp)ij Deformation increment (thinning) of layer with thickness of H; for loading increment g;j-;..
(m)

Awlj Vertical displacement increment on loading centerline at a depth of H. for loading

increment of gj-gjj., (M)
Aw Vertical displacement increment at surface (of equivalent layer) beneath centre of load for
0
loading increment of g;-0;j., (M)

szi Vertical deformation (thinning) increment of the original layer of thickness of H (m)

Strain across the thickness of the it" layer (%)

gij Strain of layer with thickness of H; subjected to loading g; (%)
0] Angle of shearing resistance of soil being reinforced (degree)
Vi Poisson’s ratio of layer n

o4 Deviatoric stress (kPa)

o1 Vertical stress (kPa)

03 Confining pressure (kPa)
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Fig. 1. Schematic of multi-layered geocell-reinforced foundation bed
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Fig. 3. (a) Equivalent two-layered soil system for Fig. 2 (b) Equivalent single layer soil system with the same E, and v, for

Fig. 3a. (Hirai, 2008)
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Equivalent single layer system with the same E,, and v, for two-layered system in Fig. 6a.
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Fig. 7. Geometry of the test configurations used to validate the results of the method presented (D=300 mm,

u=h,=0.2D=60 mm, h;=100 mm and b/D=>5 (Moghaddas Tafreshi et al., 2013)).
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Fig. 10. Comparison of analytical and experimental results for (a) unreinforced bed, (b) reinforced bed with one layer of
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Fig. 11. Variation of pressure-settlement response of geocell-reinforced bed for different (a) secant modulus of geocell (M), (b)

soil dimensionless modulus (Ky), (c) thickness of geocell layers (hg), and (d) number of geocell layers (Ng)
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