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Abstract

Presence of reinforcement elements such as geogrid in the cushion layer of the non-connected pile raft foundation changes
the load transition mechanism and the portion of piles and raft from the total load. In this paper, experimental studies have
been conducted on a non-connected pile raft foundation located in a sandy soil. The effect of parameters such as piles spac-
ing, the thickness of cushion, position, length and number of geogrid layers on the behavior of load settlement, the portion
of piles and raft from the total load, and distribution of axial and frictional stress along the pile and position of neutral axis
were studied. The results showed that in unreinforced cases, with an optimum cushion thickness and piles spacing, the low-
est settlement is observed. The use of geogrid in the cushion layer increases the bearing capacity and the portion of the piles
from the total load and led to a move up in the neutral axis to the top of the piles. The optimum position and length of the

first and second geogrid layers have also been studied.
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1 Introduction

In recent years, several studies have been conducted on rein-
forced soil to increase the bearing capacity and reduce set-
tlement using vertical elements such as piles, micro piles,
stone columns and horizontal elements such as geosynthet-
ics. Usually, pile foundations are used to back up the super-
structures by transferring the load from the soft surface lay-
ers to the firmer deep underground layers [1-3]. In special
geotechnical conditions or heavy loads, the composition of
the pile with the raft is desirable to increase the bearing
capacity and reduce settlement. Therefore, the concepts of
connected and non-connected pile raft foundation are stud-
ied based on the connection of pile to raft. In the pile raft
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system (connected and non-connected), both pile and raft
contribute to transferring the load to the underlying layers.
In non-connected pile raft foundation, the cushion plays
a significant role in transferring the load from the upper
structure to the raft and the pile. Therefore, geometrical and
mechanical properties of this layer have significant effects
on the behavior of non-connected pile raft [4]. A number of
studies have been conducted on the non-connected pile rafts
using numerical models [5—-13], analytical methods [14—17]
1 g laboratory tests [18, 19], centrifuge models [20, 21] and
large-scale models [22]. Today, the composition of horizon-
tal elements (geogrids) and vertical elements (pile) has been
widely used, which may refer to the foundation located on
sand columns and geogrid [23], or structures located on piles
and geogrids [24-27].

Fioravante et al. [28] studied the effect of stiffness of
the pile and soil and the cushion on the behavior of non-
connected pile raft using centrifuge modeling. The results
showed that the presence of cushion caused a negative fric-
tion in the upper part of the pile and will create a positive
friction in the lower part. The results also proved that the
transfer of the load is carried out by the cushion. When the
stiffness of the cushion is reduced, the efficiency of the pile
raft decreases.
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Tradigo et al. [7] studied a 3D finite element model of
connected and non-connected pile raft and compared them.
Effects of some parameters such as the thickness of cush-
ion and number of piles on the behavior of the system and
distribution of axial stress in pile length were investigated.
The results showed that in non-connected pile raft, negative
frictional stresses are created at the upper part of the piles.
Further, the neutral axis has moved downward by increasing
the cushion thickness.

Deb et al. [23] explored analytical relations to determine
the behavior of foundation located on geogrid layers and
stone columns. A spring model was utilized to simulate ele-
ments of stone columns. The soil behavior under geogrids
is shown in the Kelvin—Voight model. The results showed
that the use of geogrid layers in the space between the sandy
columns and the raft is effective in reducing settlement. The
first layer of geogrid also played a more important role in
reducing settlement. The use of geogrid layers resulted in
reducing the transmission of stress to the soft soil around
the stone column.

Xing et al. [22] studied the large-scale behavior of pile
raft with geogrid. They conducted their studies on two res-
ervoirs (one with geogrid and the other without it). The find-
ings showed that lateral displacement of soil at the front of
piles (external medium) was less than the lateral displace-
ment of soil between piles, and small bending stresses might
occur in piles in the test without geogrid. Under lower loads,
the rate of applied forces is close to each other when using
geogrid and without it, while following the rise of applied
loads, the applied force to piles in testing with geogrid is
increased faster than experiment without geogrid. The axial
force of piles varies nonlinearly along the pile. The nega-
tive friction force is formed at the upper part of the piles
and this force is less in tests with geogrid compared with
the tests without geogrid. Also under the ultimate load, the
earth pressures on the central cap were greater in the test
with geogrid, while its subsoil carried less earth stress as
compared with those for the test without geogrid. Moreover,
the maximum earth pressure was obviously distributed along
the edge of central cap in the test with geogrid.

Saeedi Azizkandi et al. [29] conducted some centrifuge
tests on a group of installed piles and found that the relative
density ratio of soil has an important role in determining
the pile—soil—pile interaction. The reason for decrease of
pile—soil-pile interaction in a small value of relative density
can be explained as the occurrence of relative displacement
between the interface of soil and pile which in turn causes
a decrease in the pile—soil interaction and consequently
decreases the pile—soil—pile interaction.

In seismically active areas, due to the rigidity of the inter-
section, devastating stresses will be cumulated at the pile cap
which can lead to a structural failure at the junction of pile
and raft. Also, in most design codes (ASTM 1969, British
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Standard 1986, Singapore Code2002), strong limitations
have been imposed for the allowable stresses in the piles
which may lead to uneconomical design of the foundation
system [21].

A number of researchers studied the dynamic response of
the connected and non-connected pile raft foundation sys-
tem under seismic loads. The result indicate that the internal
forces, including axial forces and the bending moment, along
the piles were small in the non-connected pile raft founda-
tion compared to the connected pile raft foundation and the
effects of superstructure frequencies on these internal forces
were minimal [30]. In connected piled raft, piles bear higher
moments and lateral loads and reduce lateral movements
more effectively. Superstructure tends to increase the pile
moment and raft inclination where the frequency effect is
also critically important [31].

In this study, the presence of layers of geogrid in cush-
ion was investigated. The presence of geogrid in cushion
changes the behavior of pile raft system. There is little
research about the use of geogrid layers in the cushion,
which requires a comprehensive review. In the present paper,
a laboratory investigation on the pile raft foundation with
reinforced cushion by a geogrid layer is conducted. So, the
behavior of the non-connected pile raft in the reinforced and
unreinforced cases will be discussed by changing the param-
eters of the thickness of the cushion and the piles spacing.
In addition, the optimum location of the first and second
layers of the geogrid in the cushion and the optimum length
of these layers have been investigated.

2 Experimental Setup

All tests were conducted using the instrumentation shown in
Figs. 1 and 2. Figure 1 shows a schematic illustration of the
boundary conditions, the location of piles and LDVT sensors
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Fig. 1 Cross-section of test model



International Journal of Civil Engineering (2019) 17:709-722

nm

Strain Indicator

Fig.2 General view of the testing apparatus with its attachments

in the test trench. Figure 2 shows a photo of the hydraulic
jack, loading frame, data logger, and strain indicator that are
described below:

2.1 Loading System

The loading system includes a hydraulic jack, loading frame
and control unit. The load is applied by an automatic hydrau-
lic jack with a capacity of 15 tons and a course of 15 cm
with a controlled rate. The hydraulic jack is equipped with
a pressure sensor that transmits the data related to pressure
and force to the data logger. The loading frame consists of
two columns of IPE200 connected to concrete weights of 7.5
tons buried in soil and a horizontal beam of 4 m in length
from 2IPE240. A borehole with a length of 2 m, a width of
2 m and depth of 1.5 m was drilled to conduct tests on the
ground.

2.2 Recording Data and Instrumentation

To record the displacements, two LVDTs with a precision
of 0.001 mm are used. The readings of forces and displace-
ments are transmitted to a data logger and recorded at a
rate of one reading per second on the PC. To ensure the
results and performance of the loading equipment, before
each test, all equipment are calibrated. So, a load cell is used
to calibrate the pressure gauge of the jack and a microm-
eter is used for LVDT calibration. To record the stresses of
the piles during loading, in the direction of the axis of the
central pile (P1) and the corners (P3), strain gauges were
installed at intervals of 10 cm. In addition, at the top of the
lateral pile (P2), a strain gauge is also installed. Three strain
gauges were placed in the pile environment at each level at
120 degrees from the center of the pile. The arrangement of
strain gauges is shown in Fig. 3. The reading information
of strain gauge is transmitted to a strain indicator and one
reading is recorded every second.
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Fig.3 Arrangement and location of piles and strain gauge

3 Material
3.1 Sand

Two types of silicate sand have been used as sandy bed and
cushion. The properties of sands are shown in Table 1. The
particle size distributions are shown in Fig. 4. According
to the unified soil classification system (USCS), both types
of soils are classified as poorly graded sand (SP).

3.2 Pile and Raft

To model the raft, a square metal plate with the width of
300 mm and the thickness of 25 mm has been used. To
model the piles, an aluminum tube with an external diameter
of 22 mm and thickness of 1 mm with an elastic modulus of
70 GPa has been used. Bolton et al. [32] and Gui et al. [33,
34] investigated the effect of particle size on the behavior of
pile raft and concluded that if the ratio of the pile diameter
to the Ds; of the soil is more than 20 times, the particle size
has an ignorable effect on the results. In the present study,
this ratio is equal to 37, which is suitable for comparing the
results of this study with other studies on the pile raft.

Table 1 Properties of soils

Parameter Unit Bed soil Cushion
Specific gravity - 2.66 2.61
Maximum dry unit weight kN/m? 17.7 16.52
Minimum dry unit weight KN/m? 13.38 13.62
Dy, mm 0.6 2.1

Cc - 0.5 1.14
Cu - 2.33 2.94

2
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100 are placed in the position of the holes in the soil. After the
.90 placement of all the piles, the shingle is removed.
X 80 In tests with geogrid, after preparing the sand bed where
S the piles are placed, the geogrid layer is placed on the sand
% 70 surface and then the cushion layer is poured and tampered
g 60 on the geogrid like the sandy bed. The relative density of
& 50 the sandy bed and the cushion is 60% and 90%, respectively.
B 40 Cushion After preparing the soil sample, the raft is placed on it
% 30 and the cylinder of the jack is placed in the center of the
a, 0 plate to prevent the load application with eccentricity. Two
LVDTs are used to measure the deformation during loading.
10 In each test, loading is gradually applied to the soil in steps
0 T of 200 kg. This load is kept constant on the jack until the
0.01 10 100

Grain Size(mm)

Fig. 4 Particle size distribution

3.3 Geogrid

In all series of tests, bi-directional geogrids are used. The
properties of geogrid used in this study are shown in Table 2.

4 Tests’ Preparation

To obtain a uniform soil bed, the method of raining in the
air and slapping by the tamper in 10 cm layers was used. In
this method, first, the amount of soil required for each layer
is weighed and uniformly poured into the test trench and
then compacted by the tamper to reach the desired density.
To control the uniformity of unit weight in the depth of the
sand bed, cube boxes are placed at different depths of the
soil bed and the unit weights are measured. After each test,
the entire soil is depleted and prepared for the next test by
the manner described above. This method makes the tests
accurate and repeatable if necessary.

After preparing the soil bed, the piles are slowly inserted
into the soil by the jack. The penetration rate of the piles in
the soil must be as slow as possible to prevent disturbance
of the soil. To place the piles in the proper place, a metal
shingle with holes adapted to the location of the piles is
used. This metal plate is placed on the sand and the piles

Table 2 Index properties of geogrid

Parameter Unit Value
Thickness mm 1.8
Mass per unit area Kg/m? 0.532
Ultimate tensile strength kN/m 7.6
Aperture size mm 23
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settlement changes become negligible. During loading and
every second, the measure of load, settlement and strain of
the piles are recorded.

5 Test Procedures

A schematic view of the tests is shown in Fig. 5. In addition,
a summary of reinforced and unreinforced tests is shown in
Table 3.

Twenty-four tests were conducted in reinforced and unre-
inforced conditions and a series of repeated tests were per-
formed to ensure the accuracy of the tests. In total, 33 tests
were carried out in this study.

All variables used in this study are expressed in non-
dimensional form. These parameters are H/B, S/D, U/H, h/H
and L/B. B is the footing width, H is the thickness of cush-
ion, S is piles spacing, D is the diameter of piles, U is the
distance between the first layer of geogrid from sand bed, &
is the distance between the second layer of the geogrid from
sand bed and L is the length of geogrid.

Tests are carried out in four series. In series 1, the aim
is to study the effect of cushion height (H/B) and pile
spacing(S/D) to obtain optimum values of H/B and S/D in
unreinforced cases. Different thicknesses of the cushion

B
>
—> Cushion
— Geogrid
—+— Sand
D
-
S
R e 2
- T >

Fig.5 Geometry of the tests
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Table 3 Test program Test series H/B S/D UH hiH L/B No.of  No. of tests
geogrids
1 0.17-0.34-0.5 2-4-6 - - - 0 12
2 0.34 4 0-0.3-0.6-09 - 6 1
3 0.34 4 0 0.3-0.6-09 6 2
4 0.34 4 0 0.6 5-4-3-2-1 2
(H/B=0.17, 0.34, 0.5) and different piles spacing (S/D=2, —~ 800 . . .
4, 6) were studied in these cases. g S/D=2 i i i
In the series 2, using the optimum values of S/D and H/B T 600 4-------- ] R !
obtained from series 1, the optimum location of the first 7 g
layer of geogrid in cushion was determined. The first layer of § 400 +-------- g
the geogrid was placed in positions of U/H=0, 0.3, 0.6, 0.9. 06) ] ——H/B=0.17
The length of the layer of the geogrid in this case was equal < 200 - 2 oI . _A—H/B=0.34 -
_ . . . . ® 1 1 ’
to L=6B. In series 3, using t.he optimum values obt.alned 2 : : o—H/B=0.50
from the first and second series of the tests, the optimum 0 & . . ;
location of the second layer of geogrid in the cushion was 0 5 10 15 20
determined. For this purpose, the second layer of the geogrid 0/B(%)
was placed at positions of #/H=0.3, 0.6, 0.9. Finally, in (a)
series 4, the optimum length of geogrid was determined. In 800
this series of tests, the various lengths of layers of geogrid E
] _ _A_D_ 4
were considered as (6-5-4-3-2-1)* B. = 600
5
8
. . o 400
6 Results and Discussions a
(@)}
- N £ 200 { &
e 'results of the tests a.re presented in two relnfOFced and S : H/B=0.50
unreinforced cases. Bearing pressure versus normalized set- m 0 & | .
tlement, the portion of piles from the total load and distri- 0 5 10 15 20
bution of axial stress in the pile length will be discussed. 5/B(%)
In unreinforced case, the optimum thickness of the cushion (b)
and the optimum piles spacing and in the reinforced case, 800 .
the optimum position of the first layer of the geogrid, the & S/D=6 i
optimum position of the second layer of the geogrid and the % 600 +-----—--- (I
optimum length of geogrids were obtained. § !
6.1 Unreinforced C § 400 oo g I i
. nreintorce ases o o
) 200 y —+—H/B=0.17
6.1.1 Effect of Cushion Thickness E 5 ! ! H/B=0.34
m 0 ¢ ! ! ——H/B=0.50
Figure 6 shows the variations of bearing pressure versus nor- 0 é 1'0 1'5 20
malized settlement in cases of H/B=0.17, 0.34 and 0.5. As 6/8(%)

it is seen in /D=2, 4, 6, with increasing the H/B, bearing
pressure is increased. Due to the distribution of load, with
increasing the thickness of the cushion, the high stress in
the cushion (material with higher density) and lower stress
in the lower sandy bed (material with a lower density) are
formed, which plays an effective role in increasing the bear-
ing pressure.

To better understand the effect of cushion thickness, the
variation of bearing pressure versus H/B in normalized

Fig.6 Variation of bearing pressure versus normalized settlement for
different thicknesses of the cushion ata S/D=2,b S/D=4, ¢ S/D=6

settlement of 2%, 5% and 10% is shown in Fig. 7. As can be
seen, with increasing the H/B, the slope of first and second
part of the curve is not the same. The factor that creates

@ ﬂ:} @ Springer
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Fig.7 Variation of the bearing pressure versus H/B in normalized set-
tlements (2%, 5% and 10%) ata S/D=2,b S/D=4, ¢ S/ID=6

this behavior is the arching effect. This effect is imperfectly
formed in a specific thickness of the cushion.

Jenck et al. [35] suggested that a full arching occurs
only when the H/S (H =height of cushion and S =spacing
between piles) is greater than 1.6. Also, BS 8006 [36] sug-
gested that lowest thickness of the cushion for forming par-
tial and full soil arching is 0.7 and 1.4, respectively. Accord-
ingly, for S/D =2 and 4, a partial arching in H/B=0.17 and
a full arching in H/B=0.34 and 0.5 are observed. As can be
seen in Fig. 7a, b, the slope of the first portion of the curve
(with increase of H/B from 0.17 to 0.34) is more than the
first portion of the curve (with increase of H/B from 0.34
to 0.5). This phenomenon in high settlements (normalized

@ ﬂ:} @ Springer
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Fig.8 Share of the piles from total load for different thicknesses of
the cushion: a S/D=2,b S/D=4,¢ S/ID=6

settlement between 5 and 10%) is more visible as full arch-
ing does not occur because of low load and settlement. In
S/D=6 and H/B=0.50, a full arching occurs. So it can be
seen in Fig. 7c that there are no obvious differences between
the slopes of first and second portions of curves.

Figure 8 shows the portion of the piles from the total load
during loading. The axial forces in piles were calculated
based on the measured axial strain in the piles by the strain
gauge at the tip of them. The axial force can be calculated
by N = ¢,E A; where ¢, is the axial strain in pile, E, is the
elastic modulus of the pile and A, is the net cross-section
of piles. As it can be seen, in all causes (S/D=2, 4, 6), the
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increase in cushion thickness results in reducing the portion
of piles from the total load. In the early stages of loading,
the portion of the piles is small. With the increase in the
load, the portion of piles increase rapidly and remains at a
constant value. By increasing the thickness of the cushion,
more of the load on the cushion is depleted, which causes
less force to apply on the pile.

The maximum portion of piles, in /D=4 and H/B=0.17,
equals to 34% and the minimum, in /D=6 and H/B=0.5,
equals to 14%. At low stress levels, change in the thickness
of the cushion has an insignificant effect on the portion of
piles. This effect is more evident at a high stress level.

Figures 9 and 10 show the effect of the thickness of the
cushion on the axial and frictional stress distribution in the
central pile (P1) and corner piles (P3) at a medium load of
311 kPa in S/D =4. The reason for the choice of S/D=4 is
that at this distance minimum settlement and the maximum
bearing pressure are observed.

Because part of the load tolerated by the soil around
the piles is transmitted to the piles, the maximum stress
applied to the piles does not occur at the tip of the piles,

Pile axial stress P1 (1%x10 e 4 kPa)

1 1.5 2 2.5 3
0 " —k { {
. 1 \ 1 :
Vb ] gp=4
210 A i pa
2 L !
g1 l —e—H/B=0.17 "]
8 30 4. g - --&- H/B=0.34 |
K — = H/B=0.50
40 Lo |
(a)
Average skin friction P1 (kPa)
-15-10 -5 0 5 10 15 20 25 30 35
0 - —

. —e—H/B=0.17
€10 - --&- H/B=0.34
i’/ — m— H/B=0.50
520 1 - :

(0] o 1 |
o : L |
30 { S/D=4 A :
0=311kpa o ' :: :

40 1 1 1 1 1

(b)

Fig.9 Variations of axial stress and frictional stress along the cen-
tral pile (P1) in different thicknesses of the cushion (S/D=4 and
o=311 kPa). a Distribution of the axial stress along the pile. b Distri-
bution of the frictional stress along the pile

Pile Axial Stress P3 (1x10 e 4 kPa)

2 2.5 3
U A . Sib=4 |
g o=311lkpa
20l Wapo SN S—
§ —e— H/B=0.17
--------- --&- H/B=0.34 --1
— - H/B=0.50
(a)
Average skin friction P1 (kPa)
-15-10 -5 0 5 10 15 20 25 30 35
0 +—- ! ! ! !

—e— H/B=0.17

| |
10 { o o— --& - H/B=0.34
o 1 ol 1 1
~ 1 1 1 1 — - H/B=050
£20] | W—r—rm-a— o
[ A |
o N i
30 {1 S/D=4 ! : .TA- !
o=311kpa ' ' !
40 1 1 1 1 1 1
(b)

Fig. 10 Variations of axial stress and frictional stress along the cor-
ner piles (P3) in different thicknesses of the cushion (S/D=4 and
o=311kpa). a Distribution of the axial stress along the pile. b Distri-
bution of the frictional stress along the pile

and a negative friction occurs at the upper part of the piles.
In the upper part of the piles, the displacement of the soil
is more than the displacement of the pile that results in the
formation of a negative friction and formation of a positive
friction in the bottom of the pile. Negative skin friction at
the upper part of the piles is much less than the positive skin
friction at the lower part of piles. A place in the pile where
the displacement of the soil and pile is the same as the loca-
tion of the transfer of negative friction to the positive friction
is called neutral axis. In this axis, the greatest axial force is
created in the pile. As the thickness of the cushion increases,
the amount of frictional stress increases in the upper part of
the pile, and the neutral axis is moved downward. As it was
shown previously in Fig. 8, the increase of the thickness of
the cushion results in reducing the portion of piles from the
total load, so less force has been transmitted into the piles
and the deformation of the piles is reduced compared with
the soil, which increases the negative friction.

As shown in Figs. 9a and 10a, the central pile toler-
ates more force compared with the corner piles. In addi-
tion, in the upper part of the corner piles there is more
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negative friction compared with the central pile, so the
neutral axis in the corner piles is at a lower level than
the central pile.

6.1.2 Effect of Pile Spacing

Figure 11 shows the effect of pile spacing on bearing pres-
sure at the normalized settlement 2%, 5% and 10%. As it
is seen, increase of S/D from 2 to 4 leads to increase in
bearing pressure and the increase of S/D from 4 to 6 leads
to decrease of bearing pressure. In all cases, the minimum

—=5/B=2% |  H/B=0.17

——3/B=5%

——05/B=10%

Bearing Pressure(kPa)

g % oo | ’
[a =z 1 =
< —+5B=5% | /5034
5 600 4 —€-0B=10% - -4
% |
o
a
> 300 -t
£ - !
© ! | |
Q | | |
o4 : : ; |

2 3 4 5 6

S/D
(b)
— 900 - . .
o —&-0/B=2% | H/B=0.5
3 —&— 0/B=5% !
g 600 4 —®—06/B=10% __.________ [
@ |
) |
o !
[®)] T
£ |
® |
()] 1
o t
5

Fig. 11 Variation of bearing pressure versus S/D in normalized settle-
ments (2%, 5% and 10%) for a H/B=0.17, b H/B=0.34, ¢ H/B=0.5
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of settlement was observed in S/D =4. Piles spacing has an
effect on two factors: 1—interactions between the piles and
2—volume of enclosed soil between the piles. In S/D =2,
the smallest distance between the piles is observed, in
which case the piles cause interactions with each other
due to their proximity and reduce the efficiency of the
piles. Low piles spacing causes individual piles resistance
to not fully mobilize. In addition, the interaction effects
of the piles on each other cause more displacement of the
piles under the loads. In this case, less volume of soil is
enclosed between the piles. The enclosed soil between the
piles increases the shear strength. In this case, we have
the most interaction effects and the least amount of sand
confinement.

In S/D =4, the interaction effects are insignificant com-
pared to the previous ones due to more piles spacing. In this
case, the volume of enclosed soil is higher, and the great-
est bearing pressure is observed. In S/D =6, the lowest pile
interaction effects and the maximum amount of enclosed
sand are observed. Although large volumes of sand are
enclosed in the piles, the effects of enclosed sand on the
shear strength decrease due to the large distance between
the piles. While in low settlements, piles spacing has a little
effect on the load pressure, this effect is remarkable at high
settlements. In low settlements, less stress is applied on the
soil layer under cushion so the effect of the piles spacing is
negligible.

The share of the piles from the total load at different
piles spacing was shown in Fig. 12. The highest and lowest
portion of piles from the total load is observed in S/D=4
and S/D = 6, respectively. Reduction of interactional effects
of piles on each other has led to increase in the force
applied to the piles in the S/D=4. In S/D =6, the corner
and lateral piles undergo less load due to the spacing from
the center, which results in reducing the share of the piles
in this case.

Figures 13 and 14 show the changes in axial and frictional
stress distribution along central (P1) and corner (P3) piles at
different piles spacing. Due to the high volume of data, only
results related to H/B=0.34 in a medium load (311 kPa) are
present here.

The increase of S/D from 2 to 4 results in reducing the
amount of friction in the upper part of the central and cor-
ner piles. At S/D =2, due to the small distance between the
piles, pile—soil interactional effects are greater than S/D=4
where this process has increased soil deformation compared
to piles and it has increased negative friction further and
led to neutral axis transition downwardly. As it is seen in
corner piles, more negative friction has been created than
central piles.

The maximum and minimum negative friction occurs in
S/D =6 and S/D =4, respectively. Negative friction reduces
the force applied to the piles so, as it is seen in pervious
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section, the minimum and maximum portion of piles are
observed in S/D =6 and S/D =4 respectively.

Regarding the results of the unreinforced case, the optimum
value is in H/B=0.34 and at higher H/Bs, the change of the
bearing pressure is negligible. In addition, at different piles
spacing, the greatest bearing pressure was observed in S/D=4.
Therefore, in the reinforced tests, H/B=0.34 and S/D =4 were
considered.

6.2.1 Optimum Position of First Layer of Geogrid

With respect to the given results in Sect. 6.1, optimum
values observed in the unreinforced case are S/D=4 and
H/B=0.34. Therefore, the studies related to the reinforced
case focused on these cases. For this purpose, a geogrid layer
with length L =6B has been placed in different positions of
the cushion (U/H=0, 0.3, 0.6, 0.9). Figure 15 shows the
normalized settlement versus bearing pressure in different
positions of the geogrid layer in the cushion. The existence
of the geogrid layer increases the bearing pressure. Also in
reinforced case, the bearing pressure settlement behavior is
stiffer than the unreinforced case. The stiffness is indicated
by the inverse slope of bearing pressure settlement in the
linear portion of curves.

Figure 16 shows the bearing pressure at various positions
of the first layer of the geogrid in the cushion at normalized
settlement 2%, 5% and 10%. In low settlements, the bearing

@ ﬂ} @ Springer
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Fig. 15 Variation of bearing pressure versus normalized settlement
for different locations of first layer of geogrid

pressures in the tests with and without geogrid are close. In
low settlements, deformation of the geogrid is not enough
to promote load transfer by membrane effect but with the
increase of settlement, the membrane effect of the geogrid
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Fig. 16 Variation of bearing pressure versus U/H in normalized set-
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Fig. 17 Variation of bearing pressure versus normalized settlement
for different locations of the second layer of the geogrid

is formed and increases the bearing pressure. Increase in the
distance of geogrid from the top of piles led to a decrease in
the bearing pressure. In the case of U/H =0, due to the direct
transmission of the load to the piles, the force applied to
the piles increases and consequently the bearing pressure is
also increased. In U/H=0.9 the reinforced and unreinforced
behavior are close together. The transition of the geogrid
layer upwardly (rise of U/H) changes the behavior of the soil
from reinforced to unreinforced cases.

6.2.2 Optimum Position of Second Layer of Geogrid

To obtain the optimal position for the second layer of
geogrid, the first layer of geogrid is placed at optimal posi-
tion (U/H=0). Figure 17 shows bearing pressure at various
positions of the second layer of geogrid. It can be seen that
the second layer of geogrid plays an important role in the
increase of bearing pressure. The existence of the second
layer of the geogrid in the cushion causes the vertical loads
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to be distributed in the horizontal level and thereby reduces
the load transfer to the first layer of the geogrid and increases
the bearing pressure. The maximum and minimum bearing
pressures were observed at //H=0.6 and /H=0.9, respec-
tively. In /H=0.9, the effect of the second layer of geogrid
is negligible.

Figure 18 shows the bearing pressure at various positions
of the second layer of geogrid (W/H=0.3, 0.6, 0.9) in cushion
at the normalized settlement of 2%, 5% and 10%. Following
the increase of A/H from 0.3 to 0.6, the bearing pressure is
increased and by increase of 4/H from 0.6 to 0.9, the bearing
pressure is decreased. Therefore, the minimum settlement
and maximum bearing pressure occur in the position of the
second layer at W/H=0.6.

6.2.3 Optimum Length for Geogrid Layers

To determine the optimum length for geogrid layers, dif-
ferent lengths of geogrid layers (L/B=6, 5, 4, 3, 2, 1) are
examined in optimum states (H/B=0.34, S/D=4, U/H=0,
h/H=0.6). Figure 19 shows bearing pressure versus normal-
ized settlement for different lengths of geogrid. It can be
seen that the bearing pressure has been reduced by reduc-
ing the length of geogrid layers. Insignificant changes have
been observed in reduction of bearing pressure following the
decrease of L/B from 6 to 5 and then to 4 while bearing pres-
sure is extremely decreased by further reduction in L/B to 3.

By reducing the length of the geogrid, the shear stresses
mobilized on the surface between the geogrid and the cush-
ion are reduced as well as the load transfer in the horizontal
level. However, in the case of L= B, the bearing pressure is
increased compared with the unreinforced condition. This
is because of the direct transfer of the load by geogrid layer
to the piles and the enclosure of the soil between the first
layer and the second layer that increases the shear strength
of the cushion.
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Fig. 18 Variation of bearing pressure versus 4/H for different normal-
ized settlements (2%, 5% and 10%)
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Fig. 19 Variation of the bearing pressure versus normalized settle-
ment for different lengths of the geogrid layers

Figure 20 shows the bearing pressure in different lengths
of the geogrid layers in normalized settlements of 2%, 5%
and 10%. As can be seen, in low settlements, the length of
the geogrid has little effect on bearing pressure. This effect is
more significant at higher settlements. The bearing pressure
is increased with a high slope as the length of the geogrid is
increased from L= B to 4B while with increase in the length
of the geogrid layers from L=4B to 6B, small variations are
seen in the rate of increase of the loading pressure. Thus, the
optimum length of the geogrid layer is L=4B.

6.2.4 Portion of Piles from Total Load

Figure 21 shows the share of piles from the total load in rein-
forced and unreinforced cases at S/D =4 and H/B=0.34. At
the beginning of loading, the portion of piles from the total
load is negligible and with increase in the load level, the por-
tion of piles starts to increase rapidly and finally tends to be
a constant value. The portion of the piles begins to decrease
at the end of loading.
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Fig.20 Variation of bearing pressure versus L/B in normalized settle-
ments (2%, 5% and 10%)
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cases

There is an insignificant difference between reinforced
and unreinforced cases at the low loading levels (< 100 kPa).
Following further increase (about 200-500 kPa) in unre-
inforced case, the portion of piles from the total load is
approximately 30%. In the reinforced case with one layer
(at U/H=0) and two layers (U/H=0 and h/H=0.6) of the
geogrid, the portion of piles is approximately equal to 34%
and 25%, respectively. In high levels of load (> 500 kPa) in
both reinforced and unreinforced cases, the portion of piles
begins to decrease.

In the presence of a geogrid layer, the excess load cre-
ated by the vertical component of the tensile force in the
geogrid increases the portion of the piles from the total load.
Although in this case, a portion of the vertical load is trans-
ferred by the geogrid layer to the horizontal plane in the
cushion, but this load transfer occurs at high settlements.
Before the excessive settlements occur and the membrane
effect of the geogrid starts, the additional force is tolerated
by the piles. In the presence of two layers of geogrid, the
upper layer of the geogrid depletes part of the load and less
load is tolerated by the lower geogrid layer. This phenom-
enon causes less load to be transferred by the piles and has
been mentioned by Deb et al. [23].

6.2.5 Distribution of Axial and Skin Frictional Stress in Piles

Figures 22 and 23 show the axial and frictional stress dis-
tribution along the central pile (P1) and corner piles (P3)
in unreinforced, reinforced with one layer and two layers
of the geogrid in an average stress of 311 kPa. 311 kPa was
chosen because at this load level, the portion of the piles
from the total load is almost constant and at this level, the
foundations in both reinforced and unreinforced conditions
have not reached their final bearing capacity.

The axial force in the piles changes linearly with
increasing load. In all cases, in the upper part of the cor-
ner piles, the negative friction is formed due to the greater

A
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Fig.22 Variations of axial stress and frictional stress along the cen-
tral pile (P1) in reinforced and unreinforced cases. a Distribution of
the axial stress along the pile. b Distribution of the frictional stress
along the pile

displacement of the soil relative to the pile. The amount of
negative friction in the unreinforced condition is greater
than that of the reinforced case, which reduces the force
applied to the pile compared with the reinforced case. In
the central pile in case of unreinforced and reinforced with
a geogrid layer, a negative friction in the upper part of
the pile was created, but in the case of two layers of the
geogrid, no negative friction was created.

As shown in Fig. 22b and 23b, the addition of geogrid
layers to the cushion reduces negative friction in the upper
parts of the piles and thus reduces the difference between
the positive and negative frictional forces along the piles.
Therefore, it can be concluded that the use of geogrid lay-
ers causes a more uniform distribution of forces in the
piles.

The cushion layer confined between the two-layer
geogrids acts similar to an assumed raft at the top of piles
and applies this behavior to connected pile raft and there-
fore negative friction is not created. Negative friction is
further created in corner piles than in the central pile.
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Fig. 23 Variations of axial stress and frictional stress along the corner
pile (P3) in reinforced and unreinforced cases. a Distribution of the
axial stress along the pile. b Distribution of the frictional stress along
the pile

7 Conclusion

Based on the conducted tests on the non-connected pile raft
in both reinforced and unreinforced cases, the following
results were obtained:

1. In unreinforced case, the highest bearing pressure has
been observed in a certain thickness of the cushion.
With a further increase in the thickness of the cush-
ion, a slight increase has been observed in the bearing
pressure. The optimum thickness of the cushion was
observed at H/B=0.34.

2. In unreinforced case, the amount of force applied to
the piles decreases with increase in the thickness of the
cushion. In addition, in the upper part of the piles, a
negative friction is created and the neutral axis moved
to the top of the pile by increasing the thickness of the
cushion.

3. In the unreinforced case, at a given pile spacing, the
greatest bearing pressure has been observed. As S/D
increases from 2 to 4 and from 4 to 6, the bearing pres-

sure increases and decreases, respectively. Also in
S/D =4, the maximum force applied to the piles and the
lowest negative friction in the upper part of the piles
were observed.

In all cases (reinforced and unreinforced), in the corner
piles, there is further negative friction compared with
the central pile that causes the neutral axis to move
downwards in the corner piles.

In the presence of a geogrid layer, the maximum bearing
pressure occurs when the geogrid is located on the bot-
tom of the cushion (U/H=0). In this case, the portion
of the piles from the total load increases, less negative
friction in the pile was created compared to the unrein-
forced case, and the neutral axis moves upwards to the
top of the pile.

The optimum position of the second layer of the geogrid
is at //H=0.6. In this case, there is less negative friction
in the upper part of the pile compared with conditions of
the unreinforced and reinforced with a geogrid layer.
The optimum length of the geogrid layers was 4B. Fur-
ther increase of the length of the layers of the geogrid
has little effect on increase in the bearing pressure.
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