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ABSTRACT: In the piled raft foundation, in contrast to the pile group, both raft and piles transfer the
imposed load to the foundation soil. The concentration of shear stresses and bending moments at the
connection point of the pile and raft in the piled raft may cause a structural collapse in the pile while
the geotechnical bearing capacity of the pile has not fully mobilized. This problem may be solved by
disconnecting the piles from raft and inserting a soil layer between the piles and the raft. This layer in
non-connected piled rafts is called cushion. In a non-connected piled raft, the cushion plays an important
role to mobilize the bearing capacity of the foundation soil, adjusting the load transfer mechanism,
and changing the system stiffness. The behavior of a connected and non-connected piled raft is too
complicated to easily estimate the load sharing ratio and stiffness for the preliminary design. In the
present research, based on the test results of the pile group and the unpiled raft, an analytical approach
is introduced to calculate the load sharing ratio and the stiffness of the connected and non-connected
piled rafts. To verify the proposed analytical model accuracy, 21 small scale tests on the unpiled raft, pile
group, connected and non-connected piled rafts were conducted. According to the results increasing the
number and length of piles, increases the bearing capacity. In a non-connected piled raft, increasing the
cushion thickness decreases the load sharing ratio of piles, stiffness, and bearing capacity of the system.
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1- Introduction

In a piled raft foundation, both raft and piles transfer the
imposed load from the structure to the subsoil. In the piled
raft, for a specific imposed load, less number of piles is
needed to reach the same settlement in comparison to the
pile group [1-3]. At the connection points of pile and raft,
high moment and shear forces are transferred to the pile head
and structural collapse may occur, while the geotechnical
capacity of the pile is not fully mobilized [4, 5].

By disconnecting the piles from the raft and interposing
a compacted granular soil layer between the raft and pile
heads, the mentioned problem can be resolved. This system is
known as a non-connected piled raft foundation [6-10]. The
interposed layer which is called cushion, distributes vertical
stress between the subsoil and the pile heads uniformly and
prevents structural damages at the pile head. The physical
properties and the shear strength parameters of the cushion
influence the mechanism of load carrying and load sharing
of piles and subsoil in non-connected piled raft foundations.
In a non-connected piled raft system, due to the increase of
the subsoil stiffness, the raft settlement is reduced and the
bearing capacity of the piled raft is enhanced [11, 12].

In a non-connected piled raft foundation, the stiffness
difference between piles and the subsoil and also the
compressibility of the subsoil cause to produce the relative
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settlement at the piles head elevation and develops the
negative skin friction at the upper part of the piles [13].

The aforementioned literature review indicates that
interposing the cushion between the piles head and the
raft in a non-connected piled raft foundation creates a
complicated system with various interactions. Also, the
cushion plays an important role in the load transfer and
distribution mechanism, mobilizing negative skin friction
and the bearing capacity of the subsoil. In the current study,
an analytical model is developed to determine the stiffness
of the non-connected piled rafts and the load sharing ratio of
piles according to the stiffness of the unpiled raft and the pile
group. To verify the proposed analytical model accuracy and
validity, 21 small-scale tests were conducted.

2- Methodology

To estimate the stiffness of a non-connected piled raft,
the settlement of the piled raft is needed. In a non-connected
piled raft, the total applied load is shared between the
piles and the subsoil. The piles and raft can be considered
independent springs. In a non-connected piled raft, the
settlement of the raft is equal to the sum of pile settlement
and the compression of the cushion above the pile head.

In this study, to calculate the compression of the
cushion, as depicted in Fig. 1, the cushion with a thickness
of h_ is interposed between raft and piles and divided into
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a column above the pile head and a hollow cylinder above
the subsoil in section A-A. The internal friction angle and
elasticity modulus of the cushion are ¢_and E , respectively.
The differential settlement, which occurs at the pile head
elevation, mobilizes shear stress within the cushion. On the
other hand, due to the high rigidity of the raft in comparison
with the cushion, no differential settlement occurs in the
cushion at the raft bottom [14]. In this model, to express the
force equilibrium in the cushion, a unit element of the inner
column with height dz is considered (Fig. 1-c). By solving
the obtained equations, first, the transferred vertical stress
on the pile head (Pi(0)) and then the compression of the
cushion above the pile head (Si) can be derived as:
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While the stiffness of the non-connected piled raft (kpr) is
the combination of the unpiled raft and group pile stiffness, it
can be expressed as:

kap
(Wp +Si)

kp Wp

kpr:kr+ :kr+
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The load sharing ratio of a non-connected piled raft as the
portion of the load taken by the piles can be derived as:

Ov _ kpwp _ Wp
Qpr (kr + kp Wp_ )(Wp +Si)
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apr =

“4)

kr
E(Wp +Si) +Wp

To conduct the experimental tests, the dimensions of
the square steel plate as the model raft was 200 mmx200
mmx10 mm, and to model the piles, solid steel pipes with
10 mm diameter were used. The soil container was a steel
cubic tank with 1000 mm dimension. Firouzkouh No. 161
dry sand was used to model the cushion and the subsoil.
The relative densities of subsoil and cushion were 50% and
96%, respectively. A new air pluviation system, developed at
Ferdowsi University of Mashhad [15], was used to prepare
reproducible and homogenous specimens and deposit the
sand into the soil container.

3- Results and Discussion

According to the load-settlement curves, by increasing
the length of the connected or non-connected piles, the load
sharing ratio of the piles, which is defined as the portion of
the carried load by the piles, is increased and the bearing
capacity of the raft is enhanced. Increasing the number and
the length of piles increases the resistance of the pile against
the imposed vertical load and the stiffness of the piled raft
as well. In the non-connected piled rafts, the thicknesses of
5, 10, and 20 mm for cushion were used. The stiffness of the
cushion is much less than the rigid piles and by increasing
the cushion thickness the stiffness and the load-bearing
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Fig. 1. Schematic view of the cylindrical unit cell for the cushion. (a) Before settlement. (b) After settlement. (¢) Unit element in cushion
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capacity of the non-connected piled raft were both reduced.
On the other hand, the differential settlement at the pile head
elevation is the result of the compressibility of the cushion
and the stiffness difference between the piles and the subsoil.
Any increase in the cushion thickness causes to affect more
length of the piles by the down drag force of the negative skin
friction and reduces the load sharing ratio of the piles and
increases the settlement of the raft.

The stiffness of the connected and non-connected piled
rafts was also measured according to the load-settlement
results. At the initial loading stages, the stiffness of the piled
raft foundations increases and after reaching the maximum
amount, by increasing the interaction effects among pile-raft-
soil, the stiffness of the piled rafts reduced. The magnitudes
of the connected and non-connected piled raft stiffness
predicted by the analytical model are in good agreement with
those measured experimentally and the maximum differences
are within an acceptable range.

4- Conclusions

In the present research, an analytical model is developed
to calculate the stiffness and the load sharing ratio of piles
in non-connected piled rafts. Also, experimental tests were
carried out to study the behavior of non-connected piled
rafts and to provide a verification tool for the analytical
model. According to the test and model results, the following
conclusions can be drawn briefly:

(1) The bearing capacity of the non-connected piled raft is
considerably more than the pile group. Increasing the number
or length of the piles reduces the settlement of the piled raft.

(2) In non-connected piled rafts, by disconnecting the piles
from the raft the geotechnical bearing capacity of the piles
can be fully mobilized.

(3) In non-connected piled rafts, the role of the cushion
is to distribute the vertical stress beneath the raft almost
uniformly. Increasing the cushion thickness decreases the
load sharing ratio of piles and the stiffness and the bearing
capacity of the non-connected piled rafts.

(4) The compressibility of the cushion and the stiffness
difference of pile and subsoil mobilize negative skin friction
at the upper part of the non-connected piles.
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Fig. 3. (a) Model schematic view. (b) picture of connected piled raft foundation model, (c) picture of pile
arrangement in the non-connected piled raft in the subsoil
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Table 2. Physical properties of the tested sands
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Fig. 4. Variation of elastic modules with vertical stress of cushion
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Fig. 5. Picture and a schematic view of the loading system, soil tank, raft, piles, and measuring devices
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Fig. 6. Load-settlement curve of the unpiled raft, connected and non-connected piled raft and pile
group (N=5, L/D=10)
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Fig. 10. Variation of stiffness with the settlement for the combination of the unpiled raft and pile
group, connected and non-connected piled raft (N=5, L/D=10)
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Fig. 11. Variation of stiffness with the settlement for the combination of the unpiled raft and pile
group, connected and non-connected piled raft (N=5, L/D=20)
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Fig. 12. Variation of stiffness with the settlement for the combination of the unpiled raft and pile
group, connected and non-connected piled raft (N=9, L/D=10)
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Fig. 13. Variation of stiffness with the settlement for the combination of the unpiled raft and pile
group, connected and non-connected piled raft (N=9, L/D=20)

oY +4



Difference (%)

405 O NC5-10-05 O NC5-10-10 & NC5-10-20 7 NC5-20-05 22"
& NC5-20-10 < NC5-20-20 [> NC9-10-05 O NC9-10-10 20 4
30 4 # NC9-10-20 O NC9-20-05 © NC9-20-10 + NC9-20-20 o C5-10 o €520 & C9-10 v C9-20
18 cfmiom o= o am oot
20 164 o
e [m}
Sq " -
1 3120 e
2 Bog DD‘:@@DWVE
i Lo © o o g9V s
0 <& 7] o~ Vo 000 O
=] o o8 o0 0 4
8 8- o o o VAN
o o© A A
-10 olS) OA A
- (@] v A4 VAN
6V vz ov R 09090 OODO — ngv@
7AN o Z
-20 A “1 v o v 2 DADAEOVDAAXX &
IR 28a & Topa
J 2 ) E AAVVVVV vV
230 - A ATA o v v
O T T T T
1 0 5 10 15 20
-4()

Setllement (mm)

(b) (a)

Zowd 48ly o 93 (a) Joto gl 00w 03 ymedd 5 (DB lol gl 51 ouel Cuwd dy (S BWAT O punds NP JSUWS
o e (5 gowid 413l (o1 53 (b) (Jaaio &

Fig. 14. The difference between experimental and analytical results of stiffness for (a) Connected
piled rafts. (b) Non-connected piled rafts

50

o C5-10 © C5-20 & (C9-10 v (C9-20

09e RV
45580 RASARGSSTM
g AA PAN VVV
o 429 99 g \va%
? oo A@iggA Ov vvvvvvv
o) VAV V4

o | O

Difference (%)
=
1

%)
=3
1
<P<]
<t
< P
<

10

0 5 10 15 20
Setllement (mm)

ov99r gy bl a0 Cuedd g (BRI lojT gl I ode] Cawd Ay gowd 3]y (o (o BWAT Ol pedd VO JSS

Fig. 15. Variation of stiffness difference between the experimental results and estimated by Pol-
ous method
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Fig. 16. Variation of analytical stiffness-settlement results for non-connected piled raft (N=5, L/D=10)
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Fig. 17. Variation of analytical stiffness-settlement results for non-connected piled raft (N=5, L/D=20)
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Fig. 18. Variation of analytical stiffness-settlement results for non-connected piled raft (N=9, L/D=10)
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Fig. 19. Variation of analytical stiffness-settlement results for non-connected piled raft (N=9, L/D=20)
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Fig. 20. Variation of piles load sharing ratio versus settlement in the connected and non-connected piled
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Fig. 22. Variation of piles load sharing ratio versus settlement in the connected and non-connected piled
raft (N=9, L/D=10)
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