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Abstract: The load and deformation of the pile-capped horizontal reinforced cushion of the pile-supported and geogrid-reinforced

composite foundation were discussed to obtain the deformation and the tension stress of the reinforced material. Treating the pile

and the soil as linear elastic object, and considering the static equilibrium and the compatibility of deformation as well as the in-

fluence of the reinforced material, the calculation method of the pile-soil stress ratios in different depths of the reinforced materi-

al was deducted. This method takes the following influence factors into account: differential settlement between pile and soil,

horizontal reinforced cushion, pile distance, diameter of the pile cap and so on. Finally, to validate the proposed method, a

case study was illustrated, which shows that the calculated value is close to the observed value. The pile-soil stress ratio and the

bearing capacity of the composite foundation will be higher after setting up the horizontal reinforced mattress. This method is fea-

sible for calculating the pile-soil stress ratio of the pile-supported and geogird-reinforced composite foundation.

Key words: road engineering; pile-supported and geogird-reinforced composite foundation; compatibility of deformation; pile-

soil stress ratio; differential settlement

0 Introduction

Pile-supported and geogrid-reinforced composite
foundation is a new technology used in foundation treat-
ment. It comprises of horizontal reinforced geogrid and
vertical columns as shown in figure 1. (1) Embank-
ment; compressed embankment soil to get rid of the frac-
ture of pavement; (2) Reinforced geogrid: improve the
bearing capacity of foundation, reduce the un-uniform
and excessive settlement and benefit the horizontal drain-
age of soft foundation; (3) Improved region: vertical
piles squeeze the periphery soft soil to get better bearing
capacity and smaller settlement value; (4) Substratum
soil ; provide the end resistance of rigid piles.

Many engineering practice cases ' ~° suggested that
this foundation-treating is capable of solving problems
like insufficient bearing capacity, intolerable settlement
and unstable foundation. But it should be noticeable that
the engineering practice has preceded much than its de-
sign theory, such as the issue of the determination of

pile-soil stress ratio. Currently numerous investigators
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Fig.1 Composition of the pile-supported and
geogrid- reinforced composite foundation
devote into this issue on the basis of their different as-
sumptions. Rao, et al. simplified the deformed shape of
the horizontal geogrid to be a parabola and used the ob-
tained practice data o, to determine the pile-soil ratio'”’.
Chen, et al. improved the traditional soil arch effect a-
nalysis method in the HEWLETT limit state space based
on the equilibrium of embankment soil body in the equiv-
alent treating zone of single pile, and derived the compu-
ting formula of load bearing ratio for pile'®’. Zheng, et
al. idealized a circular arc to simulate the deformation of
reinforcement and idealized a completely plastic consti-
tute model for the pile, analyzed the pile-soil stress ratio

mechanically'®’. Yang, et al. took the constraint effect
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of horizontal reinforcement and the shearing forces on the
pile-soil interface into account, used the limit equilibri-
um conditions to get the bearing capacity of two-direc-
', In References[11] and

[12 ], the similarity criterion of composite foundation

tional composite foundation''

model test was obtained by dimensional analyzing ap-
proach, the model test was designed in accordance with
similarity theory to obtain a number of distribution data of
pile-soil stress, incorporating with the load transferring
properties of foundation, a simplified calculation model
was constructed, together with practice-convenient desig-
nating method for composite foundation.

In this study, the deformation of horizontal rein-
forcement was analyzed, and the influence of reinforced
cushion on pile-soil stress ratio was discussed. On the
basis of elastic theory, in line with static equilibrium and
deformation compatibility, a computational method of
pile-soil stress ratio for pile-supported and geogrid-rein-

forced composite foundation was derived.
1 Establishment of calculation model

1.1 Basic assumptions

The interaction among the components of pile-sup-
ported and geogrid-reinforced composite foundation is
complex. For simplicity, some assumptions should be
given as below

(1) Due to the minor deformation, rigid pile and
soil are idealized to be linear elastic material.

(2) The settlements along pile cap are identical,
and the loading is distributed to pile and the top of soil

beneath pile cap according to elastic theory, i.e. :

o, =680, = B, o,
PO T EdL +E(DP -4
, E(D* -d*)
O =00 = E(D - &)
where o, is the stress of the top of pile cap;6, and§, are

stress distribution coefficients of pile and soil under pile
cap respectively; £ and E_ denote elastic modules of
pile and soil; d is the diameter of pile; and D is the di-
ameter of pile cap.

(3) The stiffness of pile is much larger than that of
soil, the vertical deformation of inter-pile soil induced by
loads is symmetric about the plane of r = L/2, while the

transversal displacements of both pile and soil are ig-

nored, where, L is the inter-pile interval.

(4) The settlement on the horizontal plane at the
depth of z =/, is uniform, above this plane there is rela-
tive vertical displacement between soil beneath pile cap
and soil between two neighbor pile caps.

1.2 Model establishment
The deformation of composite foundation resulted

from the embankment loads is presented in figure 2.

Reinforced geogrid

Embankment soil

| [
| |
| |
| Inter-pile- |
| capsoil |
| |
| |
| |
| |
|
|

N

Pile  Soil under pile cap

AR\

Fig.2 Deformation of pile-supported and geogrid-
reinforced composite foundation
Due to the action of upper loads, the geogrid be-
tween pile caps deforms downwards to the shape of cate-
nary line. When the differential settlement between pile
and soil is adequately small, the catenary can be re-
placed by parabola' ™! with the curve equation as:

y=2fsx2, (1)

n

sing = (2)

J165" + b2
where, s is the pile-soil differential settlement; b, is the
clearance interval of two pile caps; 6 is the angle from
horizontal level to the tension direction of geogrid.

Thus, the corresponding length of deformed curved

SiS;
I A N
s_zj0 L+ (5D dv =
1 by b, b2 b,
ol 2 g™ (3t gt (g ) -

7 , (3)
! L(bill §+bi' ﬁ+ (bi* 2
285 ' 8s | 4N 4 T '8y

The strain of geogrid is:
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_S+D
&r " D+b,

The settlement of inter-pile soil is assumed to be u-

(4)

niform for simplicity, as shown in figure 3. The height of
shading section s’ is the average settlement value. In ac-
cordance with the fact that the area embraced by axis x,
two dotted lines and the parabola equals to the shading

area, we have:

(5)

Fig.3 Deformation of reinforcement
Thus, the differential settlement between inter-pile-cap
soil and pile is 2/3s, the schematic diagram of deformed

model can be simplified to that illustrated in figure 4.
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Fig.4 Calculating model of the pile-supported and

geogrid-reinforced composite foundation
2 Calculation of pile-soil stress ratio

2.1 Mechanical analysis of soil
According to the fourth assumption, a typical cylin-
drical soil element with inter radius of d, outer radius of
D and height of dz is extracted from the region between
the plane of z =1, and pile cap, as shown in figure 5. Its
equilibrium equation is;
o.(2)A," = (0.(2) +do)A' - rmddz +
r'wDdz =0, (6)
where ,A_"is the area of soil under pile cap which can be
computed by the formula A, =0.25 w (D> -d’) ;0. is

the vertical stress of the element; and 7 is the surround-

v v

~ 1 1

o.+do.

Fig.5 Analysis of soil element under pile cap
ing friction of pile which can be obtained by Berrum for-
mula .
T = kytan o, (z), (7)
where, 7’ is the inter-element vertical shearing stress a-
biding by Mohr-Coulomb criterion ;
7' = o, tang +c, (8)
where, k is the static lateral earth pressure coefficient ;o
is the internal friction angle of soil; ¢ is soil cohesion; o,
is the horizontal stress of soil element on the plane of r =
D.
As mentioned in assumption (3),0, = o, =uo./
(1 -u), we have:
"
I -n
where, u, is Poisson’s ratio of soil.

o.(z)tang + c, (9)

s

Substitute equation (7 ) and equation (9) into
equation (6), add the stress boundary condition of soil

beneath pile cap: o, 1., =~ 0, =~ 8,0, we can
solve the differential equation to get:

k, PR

= (= - i 10
(" (El 820-511)6 El ( )
4(1 H tangpD — K,tanpd)
where, E, = H 5 ) ;
D —Dd
c
E, = D — 4

The mechanical analysis of a soil element between
two pile caps above the plane of z = [jwith inner radius of
D, outer radius of L/2 and height of dz is conducted as
presented in figure 6. It is known that there is no shear-
ing stress on the symmetric plane of r = L/2. Similar to

the above analytical process, we have:

E
o."(z) = E—“l(l -e") +Ez-0o,, (11)
1

n
z

g = FEo
where, o, is the stress on the top of soil between pile
caps, and other parameters as below;

1l -p =2
E. 1-pl 7

s

E, =
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tang La
E4 1 - i, L2 ( 820-51)) 5
K,  4Dtang E, 4c¢D
Es = — 2 2 2 2
1l -wu, L =D E " L’-D
0:"(2)
vV Vo
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0:"(z)+do."(2)

Fig. 6 Analysis of soil element between pile caps
Then the settlement of inter-pile-cap soil above the

plane of z =1 is:

o
u,' = JO e "dz. (12)

In assumption (4 ), it has been presumed that there

is no relative displacement between soil under pile cap
and inter-pile-cap soil at the plane of z =/,. So we have;
o.(ly) =a/() =0 (13)

The value of [, can be determined by solving equa-

tion (13). We can regard the soil under the plane of z =
[, as an integrity and choose an element with inter radius
of d, outer radius of L and height of dz to analyze, as

shownn in figure 7.
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Fig.7 Analysis of soil element

Through analogical handling technique, we obtain;
E
o.”(z) = Eﬁ( e’ - 1) +E,z - o, (14)

1

_ m

&’ = Lo,
3

" is the vertical stress of soil element under the

z

where , o

plane of z =1 ; other parameter is.

E,
4-K,- tanﬁ“ﬂf - 520'5p)

1
kg = - 12 _ P H
E,
4K, tanpd —-
E,
E, = 2 _ 4

Then we integral the strain in the range of [ — [, and

| and get the settlement of soil below the plane of z =1

!
u," = L/(’az"'dz, (15)
where, [ is the length of pile.

Adding two compartment of settlement in equation
(12) and equation(15) yields the total settlement of soil
between two pile caps along the pile:

u, = u, +u,". (16)
2.2 Mechanical analysis of pile
The schematic diagram of stress analysis of pile ele-

ment is given in figure 8.
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Fig.8 Analysis of pile element

Using similar technique in section 2.1, we have;
{”z'@ = By( =) + By = b0y, )
e, = E,o.

z 9

4K0tan¢( E, 820;{, )4

where, E; = p z
1
4K 4K tangp E
E9 = d E 5
E IR e
10 = ’
E, 1-pu,

and p, is Poisson’s ratio of pile. By integration, the com-

pression quantity of pile can be solved:
!

u, = ng'dz. (18)

Conducting the integral static force analysis on the

pile as illustrated in figure 9, we get the equilibrium e-

quation
!
kuy'A, = [ rmddz = 8,0,4, =0, (19)
Solving equation(19) yields:
v Lb‘ L4K0tango
T kood
& 820'sp £yl &
N L -V RED

where, k is the coefflclent of foundation reaction for soft
soil.

Considering that the pile stiffness is much larger
than that of soil, we can see approximately the summa-
tion of pile compression and pile displacement as the set-
tlement of pile cap, i.e

uy, = uy + uy" (21)
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Fig.9 Static force analysis of pile
As mentioned in equation(5), we can rewrite the
relative settlement between pile cap and inter-pile-cap

soil as below .
_ 2
3
2.3 Calculation of pile-soil stress ratio
According to the Technical Code for Building Pile
Foundations, the vertical limit bearing capacity of pile is

Q., we can define o, = AQ /A, where, A denotes the

(22)

Uy — Uy

serviceable degree of the bearing capacity of pile which
can be measured through in-situ tests. From assumption
(2), we can write:
o o
p sp
o, = o, = . 23
b= = (23)

Substituting equation ( 16 ), equation (21 ) and

equation(23) into equation (22) generates the value of
n, which is the stress ratio of pile cap and inter-pile-cap
soil beneath the geogrid under reinforcement. The force
analysis of the geogrid covering the pile cap and soil is
presented in figure (10) and figure (11) respectively.
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Osp

Fig.10 Analysis of reinforcement above pile cap

O O
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Fig. 11 Analysis of reinforcement between pile caps

wD’ wD’
e

oA, - oA, - TuDsin 6 -

o — TmwDsin § = 0, (24)

Tw(L-D)sing =0, (25)
Combining equation (24 ) and equation (25), we

solve for stress of both pile and soil ;

4Tsin 0
a-sp( = O-Sp - D ’
4TLsin 6

st T s + LZ ilr;2' (26)

Then the stress ratio of pile cap and inter-pile-cap
soil above reinforcement is:
o

n' = 2, (27)
g

st

It can be found obviously that n" <n. The inclusion
of horizontal reinforcement transfers the loads sustained
by soil to the pile and increases the bearing capacity of

composite foundation.
3 Case study

A test area of composite foundation locates on the
Pearl River Delta Plain. Prestressed pipe piles of PHC-
A400-95 are used, equipped with concrete caps on the
top of piles. All is covered by geogrid of CATT60. The
diameter of pile is 40 cm, the interval of piles is 2.4 m
and pile length is 12 m. Other parameters can be re-
ferred to Reference[ 14 ]. Knowing that d =0.4 m, b, =
1.27 m, k, =0.625,p =20°, ¢ =30 kPa, Poisson’s rati-
os: pile of 0. 25 and soil of 0. 4, elastic modulus; soil of
5 MPa, pile of 4 x 10*MPa, relative settlement of pile
cap and inter-pile-cap soil is 21 mm. Values of all the
parameters seen in equations above are calculated and
listed in table 1.

Tab.1 Calculated values of parameters

E, E, E, E, Es
(m™") (KN/m*)  (kN~' - m?)  (kN/m*) (kN/m®)
0.625 132.05  9.33(107%) 77.44 21.45

Eyg E, Eyg Ey Ey

(kN/m*) (kN/m?) (kN/m?) (kN/m*)  (kN7! - m?)

13.72 17.45 768.07 -384.53  8.33(107°°%)

Both calculated values and measured values for pile-
soil stress ratio can be found in table 2.

The inclusion of horizontal reinforcement makes it
possible to increase pile-soil stress ratio for piled em-
bankment. It is a good paraphrase of the design thought
that “to elaborate completely the bearing capacity of soil,

and pile should be responsible for the complement”. An
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apparent growth of pile-soil stress ratio can be observed

from the ground below reinforcement to that above it.

Tab.2 Comparison between calculated and measured values

Pile top Inter-pile-cap Measured
Pile-soil
soil soil pile-soil
stress ratio

stress(kPa)  stress(kPa) stress ratio

Above
174.25 12.82 13.59 14.05
reinforcement
Below
192.07 9.41 20.41 22.43

reinforcement

4 Conclusions

(1) Regarding both pile and soil as elastic materi-
al, the incorporation of static equilibrium condition and
deformation compatibility solved the pile-soil stress ratio
for pile-supported and geogrid-reinforced composite foun-
dation. The application possibility is verified by good a-
greement of calculated results and in-situ measured val-
ues.

(2) Loads transferring from soil to pile developed
by horizontal reinforcement increased pile-soil stress ratio
together with the bearing capacity for composite founda-

tion.
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