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Pile-soil stress ratio in bidirectionally reinforced composite ground by
considering soil arching effect
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Abstract: To discuss the soil arching effect on the load transferring model and sharing ratios by the piles and inter-pile subsoil in the
bidirectionally reinforced composite ground, the forming mechanism, mechanical behavior and its effect factors were discussed in
detail. Then, the unified strength theory was introduced to set up the elastoplastic equilibrium differential equation of the subsoil
under the limit equilibrium state. And from the equation, the solutions were derived with the corresponding formulas presented to
calculate the earth pressure over and beneath the horizontal reinforced cushion or pillow, the stress of inter-pile subsoil and the
pile-soil stress ratio. Based on the obtained solutions and measured data from an engineering project, the influence rules by the soil
property parameters (i.e., the cohesion ¢ and internal friction angle ¢) and pile spacing on the pile-soil stress ratio n were discussed
respectively. The results show that to improve the load sharing ratio by the piles, the more effective means for filling materials with a
larger value of ¢ is to increase the ratio of pile cap size to spacing, while to reduce the pile spacing properly and increase the value of

cohesion c is advisable for those filling materials with a smaller value of ¢.
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1 Introduction

Double direction or bidirectionally reinforced
composite foundation (also named pile-net or pile-
supported composite foundation) is an effective soft soil
foundation treatment which has been developed in recent
years. This kind of composite foundation is formed by
setting a reinforced cushion (horizontal reinforcement
which can adopt earthwork synthetic material, such as
earthwork cloth, geotechnical grille and geocell) on the
top of the reinforced pile (vertical reinforcement which
can be flexible, semi-rigid or granular material pile). So
it has the virtue of both the traditional vertical and the
horizontal reinforcement technology'' 2. And now it has
been widely used at home and abroad” . HAN and
GABR™ made numerical analysis of the pile-net
composite foundation. RAO and ZHAOP! investigated
the stress ratio of the pile-net composite foundation.
CHEN et al' and XU et al'”! discussed the bearing
mechanism of the geocell gravel cushion-gravel pile
composite foundation and the pile-net composite
foundation through indoor and outdoor model test
separately. However, because of the complexity of
interaction mechanism among pile, reinforced cushion
and inter-pile soil, the theoretical study is still so little
presently that it is far behind engineering practice.

Generally, the load transfer mechanism of this kind of
composite foundation is composed by the soil arching
effect, the film tension or the rigid beam slab effect of
the reinforced cushion and the differential settlement
effect led by the pile-soil relative stiffness. The degree of
load transfer can be expressed by the stress ratio of pile
to soil n (n=c./o;, o.is the stress on the pile top, o;is the
stress of subsoil among piles). In this work, the influence
of the soil arching effect on the stress ratio of pile and
soil was mainly discussed.

Actually, TERZAGHI"™ discovered the soil arching
effect during the model test. And he defined it as a
phenomenon that stress was transferred from the yielded
soil area to the unyielded soil area nearby. From then on,
some researchers have conducted study in this field, such
as the numerical analysis research of the soil arching
effect by KOUTSABELOULIS and GRIFFITHS™ and
the analysis of soil arching forming process by
HANDY!"". And the engineering practice shows that the
soil arching effect is beneficial to the stability of tunnel,
retaining structure of slope or foundation pit. But the
behavior of soil arching effect in bidirectionally
reinforced composite foundation is quite different from
that behind those familiar retaining structures. Little
research work has been done on this type of soil arching
effect at present, most of which is based on model test in
the sandy filling. For example, LOW et al'!! examined
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the cylindrical soil arching effect aroused by sandy filler
on the upper of the pile-beam by model test. HEWLETT
and RANDOLPH!"? analyzed the spatial soil arching
effect existing in the sandy filling of the embankment in
foursquare pile layout based upon model test. While
CHEN et al'™®! further studied the three- dimensional soil
arching effect in pile-supported embankments. However,
the mechanism of soil arching effect is still not clear and
worth performing deep study currently. And how to
consider its favorable influence effect on the pile-soil
stress ratio and bearing capacity of composite foundation
has become the research focus and difficulty.

Therefore, a further discussion on the mechanism
and the characteristic of the soil arching effect in
bidirectionally reinforcement composite foundation was
carried out by using the hemisphere model and the
unified strength theory. And by setting the elastoplastic
equilibrium equation of the foundation, the formulas
were obtained to calculate the stress of pile top, the stress
of soil among pile and the pile-soil stress ratio under
rectangle pile layout, which may improve the calculation
theory of composite foundation.

2 Mechanism of soil arching effect in
bidirectionally reinforced composite
foundation

For the soil arching effect in the embankment with
the filling height A and unit weight y of the filling, it is
generally considered that the vertical earth pressure on
the top of the soft soil foundation less than j# indicates
the soil arching effect, of which some typical models
have been used, including prismatic, cylindrical and
hemisphere, etc. And the prism model mostly uses the
soil wedge shape advised by Carlson, which has been
developed the Carlson soil wedge method. But this
method considers that the filling load on top of the arch
cone is all taken by pile top, which is obviously not
consistent with the reality. So the hemisphere model is
adopted in this work.

When the fill height exceeds the height of the
pressure arch, the differential settlement between the top
part of the soil piles and the soil on the top of the pile cap
can make the stress of the embankment filling
redistribute on the horizontal plane of the pile top within
a certain range, and the major stress direction rotate to
parallel with arch connection between two adjacent pile
caps. Thus the compacted filling in this arch region
forms an arch shell which transfers a part of the weight
of the embankment on top of the soil between piles and
pile cap (i.e., soil arching effect). The extent of this load
transfer is relevant to properties of the filling, fill height,
pile spacing and pile cap dimension, etc. If the pile
spacing is too big, while the pile cap is too small, the soil

arching effect will be insufficient, which can make the
soil between piles bear too much load, the differential
settlement between the pile tops and the soils between
piles exceeds the allowable range, the top surface of the
embankment has a mushroom-shaped protuberance. In
contrast, the due economic effect of the pile-supported
embankment cannot be achieved.

According to HEWLETT’s model experiment
results!'?) the soil arch formed in the embankment filling
above the pile top in foursquare pile layout is
half-shell-shaped (Fig.1). In the further analysis of the
single soil arch, one soil arch is split into two parts
approximately, one is four triangular prism plane soil
arches with two ends contacted with the top of the pile
cap directly, and another is a sphere-shaped soil arch
lapped on top of the four triangular prism plane soil
arches (Fig.2). Part of the gravity above the soil between
piles transferred to pile cap through soil arch makes the
vertical stress of the pile cap greater than that of the soil
between piles.

Embankment top

Fig.2 Uncoupling of single soil arch: (a) Four plane soil arch;
(b) Sphere soil arch

Under the self-weight of the embankment,
HEWLETT et al''” considered that the plastic point of
the soil arch must be located at the center point of the
crown or the soil arch above the pile cap which cannot
occur at other places. After a limit analysis of the
elementary soil above the pile cap and that on the top of
soil arch, he showed that:



J. Cent. South Univ. Technol. (2008) 15(s2): 001-007

3

Oy :Kpo-r (1)

where 0y and o, represent the tangential stress and
radial stress of soil in polar coordinates, respectively;
while K, is the coefficient of Rankine’s passive earth
pressure.

Then two calculation formulas of the load sharing
ratio were obtained. The smaller one in the two
calculation results reflect that soil enters plastic state at
this point, and the load sharing ratio by pile body was
determined by this point, so the smaller value was
chosen to be the practical load sharing ratio of pile body.

While CHEN et al thought that when the
embankment filling is too low (compared to pile spacing),
neither the soil elements on the top of the pile cap, nor
the soil elements on the top of the soil arch have entered
limit state. Taking the soil elements on the top of the soil
arch as an example, the resultant force of both pile-top
earth pressures and inter-pile earth pressures calculated
by using Eqn.(1) is greater than the gravity of the
embankment. On the contrary, when the embankment
filling is relatively high, the resultant force of both
pile-top earth pressures and inter-pile earth pressures
calculated under limit state is less than the gravity of the
embankment. Only when the gravity of the embankment
is a certain specific value (related to some factors such as
pile spacing, pile cap dimension and properties of the
filling), can the equilibrium condition of the
embankment be met. Therefore, based on Eqn.(1), using
undetermined coefficient o (I/K, < a <1), ie,,

0y =0K,0, )

solving a by the balance equation of embankment
within the equivalent area for the single pile, the pile-soil
load share ratio can be obtained.

The similarity between the two methods mentioned
above is that they both start the research with balance
equation of soil. Though they have considered the
influence of part of the properties of the filling on the
soil arching effect by the coefficient K, the consideration
is not comprehensive, such as only containing the
condition of foursquare pile layout while missing the
influence of soil strength, cohesion, etc. Based on the
unified strength theory, the formation conditions of the
soil arching effect, the mechanical characters and the
influencing factors of the soil arch in the quadrate pile
layout were analyzed in this work.

3 Analysis model of soil arching effect in
bidirectionally  reinforced composite
foundation

The hemisphere soil arch model in quadrate pile
layout is shown in Fig.1. In Fig.1, H is the height of

embankment filling; s, and s, denote the pile spacing; b is
the cap width, while % is the cap height. In this analysis,
an assumption was made that the thicknesses throughout
the soil arch is consistent, and adjacent soil arches don’t
overlap mutually. One soil arch is split into two parts
approximately according to Fig.2. The force of the unit
body on the top of the soil arch is shown in Fig.3
considering the influence of gravity (unit weight is ).

O Center of inter-pile

Fig.3 Analysis model of soil unit at top of arch

Based on Fig.3 and the equilibrium condition of
micro-unit, the vertical balance equation of the unit on
the top of the soil arch is

do, . 20, -0y) _
dr r

3

According to the symmetry of spherical coordinate
system, 0, =0, is obtained. And 0y =0, is taken
by earth pressure theory, accordingly o, =0, =
0y =0,, 03=0,,and
0,=(0,+03)/2—sing(o, —03)/2 4)

Thus it meets the unified strength theory!'¥:
Fe l-sing _ bo, +03

l+sing ' 1+b

_ 2¢cycos @

1+sing
(0,<(0,+03)/2-sing(o, —03)/2) )
, 1-sing

T (+b)1+sing)

(0,=(0,+03)/2—sing(o, —03)/2)

2
(bo, +0y)-03= N9 C.OS(p
I+sing

According to the condition of the second formula
(where ¢y and @ are the cohesion and internal friction
angle of the filling respectively), and o, in the second
formula of Eqn.(5) can be calculated as

2¢, coS
0, = KO, +——— d

, (6)
1-sing
where & = (1+sin@)/(1-sin@).
Since Eqn.(6) is true only on condition that the soil
has reached the limit state, it is set that

0, = B(xo, + 2¢,cos@

l—singo) M
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where S is a undetermined coefficient, 0<< f < 1. 18

And then, integrating Eqn.(3) and Eqn.(6), it can be 6,=p ( Ko, + 2¢, C.OS (PJ (14)
obtained l-sing

do o, 4pc cosg

o AR r(i—sing) 7" ®

The solution to the equation above is

2Bcycos
(1= Br)(1-sing)

C is the integral coefficient.

o = CpABrD _ 4

3—2ﬂxr ®)

where
The pressure on the top of the soil arch ¢ (Fig.4) is
the dead weight of the embankment filling above it.

s, = V(H =5y +53/2) (10)

Taking Eqn.(10) as the boundary condition of
Eqn.(9), the coefficient C may be obtained as

= y(H—\/sb+s /2)+ AL

23— Zﬁ )
2,500 cosp 2(Br-1)
(1= (I —sing) /(\/sb +s /2) (11)

According to Eqn.(11) and Eqn.(9), taking r =
\/(sb —b)? +(s, —b)* /2, we can obtain the pressure of
the arch face under the top of the soil arch oy, then the

O-O = O-r |r:

stress on inter-pile subsoil oy, may be educed as

O = Oy + (5, =) +(s, =) /12 (12)

H

b2

-

0
Center of inter-pile subsoil

Jsg+s2 2
Fig.4 Analysis model of inter-pile subsoil
The soil arch above pile top consists of four plane

arches. By the force analysis of soil elementary of pile
top (Fig.5), the vertical balance equation was set as

do, )

=0 13
dr r (13)

The relationship between the tangential stress and
radial stress of the elementary soil of soil arch of pile top

where B is the undetermined coefficient, 0<<f;<X1
generally taking f=0;.

Fig.5 Stress analysis of soil unit above pile top

Then, integrating Eqn.(13) and Eqn.(14), it can be
obtained

2 B¢, cos @
(1- Bx)(1—sin @)
where D is the integral coefficient.

As shown in Fig.6, the pressure on the inside side of
the soil arch of pile top is

o, =D+ (15)

2¢, cos @

Oy, = (K0, ) (16)

1-sing

b/2

Fig.6 Inner stress analysis model of soil arch

(sy,=b)/2 or (s,~b)/2

Substituting &, |5, 2= O > Oy lr=(5,~1)/2= Oip

in Eqn.(15), the integral coefficient of the plane soil

arches in the long, short side may be attained as

a _ 2 ¢, cos @ Sy =D g
D= = s q)))/( ) (17
D, = (0, - 2fc, cos @ )/(sa —b)ﬂ,(_l

(1- Bx)(1—sin @) 2

In order to calculate the load on the pile top shown
in Fig.7, first the integral of the tangential stress of the
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| b/2 (s,=0)2
dr r

7

da=2(s/2=r,)dr

(a)

| 9 b2 (s,=b)2
dr ”

4

ile ca
da=2(s/2-r,)dr

] (b)

Fig.7 Stress calculation model at pile top: (a) Long side;
(b) Short side

soil on the pile top aroused by the plane soil arches in the
long was calculated, short side respectively within the
top of the pile cap, then the relevant pressure on pile top
P, and P, may be attained, the sum of which is the
pressure on pile top Py:

B, =F,+h,

Sp /2
P, = 2f<;,_b>/22(sb 12-r)0ydr = E, + E, + E; + E,

u

S, /2
P, =2 (” b)/22(sa/2—r)agdr:E5+E6+E7+E8
Sy~

(18)
where
K s, —b
Ey = 2D;5,[(()7 - (2],
2 2
46D, s s. —b
) :_L[(_b)ﬁﬁl —( b )ﬂml]’
B+l 2 2
25, be, cos 2
£, =200 PK gy
l-sing 1-px
4c, cos 2k s s —b
By =TSO LK gy ly
l-sing 1-pfx 2 2
S s, —b
E.=2D Sapr _Pa " Y\px ’
5 2Sa[(2) ( > )]
46D, _ s s. —b
E6 =_L[(_a)ﬁk+l_( a )/31c+1]’
PBr+1 2 2
2s, bcy cos 2K
=2l oS K gy,
l-sing 1-fx
deycosp K S, 5 S, b,
E, =——20""71 2 2 1 BI1(=2) — (=2
g et AN =G

For foursquare pile layout (i.e. sy=5,=5), Py=2Py.

The undetermined coefficient £ can be solved by the
balance equation of the embankment within the
equivalent area of a single pile, namely:

YsaSoH = Py (B) + 0y (B)(5,5, —b%) (19)

If f<<1, it shows that the soil arch has not yet
entered the plastic state, and the soil within the
equivalent area of a single pile meets the equilibrium
condition of forces. While if =1, the soil arch has just
entered the plastic state. And if f>1, it shows that the
soil arch has entered the plastic state. When the soil arch
enters the plastic state, the shared loading proportion
cannot get further increase. So this part of unbalanced
gravity should be distributed to pile cap and inter-pile
subsoil by the load sharing ratio of pile when the soil
arch has just entered the plastic state. This means after
the soil arch has entered the plastic state, the load sharing
ratio of pile keeps unchangeable, then f=1. It also
shows that the embankment has a critical height H,
which makes the soil arch just enter the plastic state,
namely f=1. After obtaining § and P,, the pile-soil
stress ratio n and the load sharing ratio of pile £ can be
educed as

={Pu(ﬂ)/(sasbo-su)’ ﬁ<1 (20)
P.(D/(s,8,04,), PB=1
2
E:{mm/(ys H), < o
R()Nys*Hy), B>

If substitute f=1 into Eqn.(19), then the obtained H
is just the critical height of embankment H,, which is
related to the pile spacing, pile cap size and properties of
the embankment filling. If let ¢c¢c=0 and =1, then the
solutions of Refs.[12—13] may be obtained, which can be
seen as the special case of the method in this work.

4 Application

One trial section project under treatment adopted
prestressed pipe pile with an inner diameter d;=220 mm
and external diameter ¢,=400 mm respectively!'”). The
pipe pile was laid in foursquare with a pile spacing /=2.4
m. And a reinforced concrete support plate of 100 cm X
100 cm X 35 cm (thickness) was set above every pile top.
After filling 30 cm-fine-sand on the top of the support
plate, a layer of plastics-steel geotechnical grille was laid.
The subsoil was silt and mucky sandy loam. Unit weight
of the fill y=15 kKN/m’. The filling height is 3.5 m.
According to the result of indoor and outdoor tests, c=
10 kPa, ¢=30°. The measured and calculated values of
the stress of pile top, the stress of inter-pile subsoil and
the pile-soil stress ratio above the geotechnical grille
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cushion are listed in Table 1. The setting of earth
pressure cell is shown in Fig.8.

Table 1 Comparison of pile-soil stress ratio n above grille

Measured result Calculated values

o/kPa o/kPa n o/kPa o/kPa n
167.35 437 38.28 225 10.83 20.7
167.35 17.9 9.35 225 10.83 20.7

Earth pressure 1

cell I:Ig Izé
L= 47 =57 =67
Geotechnical ]
grille Splint
Pipe pile

Fig.8 Instrumented earth pressure cells around pile

From the comparison between the calculated and
measured values, the calculated value of earth pressure
on pile top above the grille is more than the observed
result, while the calculated inter-pile subsoil stress value
and the pile-soil stress ratio are among the observed
values, which shows that the method in this work is
consistent with the actual situation to some extent.

5 Parameters analysis

In order to discuss the influence rules by properties
of subsoil, pile spacing, on the load sharing ratio of pile
body, a parameter analysis was conducted in this work
based on the engineering example above.

When analyzing the effect of pile spacing and other
factors on the load sharing ratio of pile body E, the ratio
0 of the width of pile cap b to the pile spacing s was
taken as 1/2, 1/3, 1/4 respectively, keeping other
parameters constant. And then the changing curve of the
load sharing ratio of pile body E versus the pile spacing
was obtained as shown in Fig.9, which shows that the
greater the value of J, the greater the load sharing ratio
of pile body E. Especially within the familiar s/H range
in engineering applications, the effect of 0 on the load
sharing ratio of pile body £ is much more obvious.

To analyze the effect of subsoil properties on the
load sharing ratio of pile body £, ¢ was chosen as 20°,
30°, 40° respectively, while ¢ changed within 0—30 kPa,
keeping other parameters constant. Fig.10 shows that the

load sharing ratio of pile body E increases with the
increasing ¢ and @. In addition, it is shown in Fig.10 that
within the familiar s/H range (0.3 < s/H < 0.6) in
engineering applications, adopting filling materials of
greater internal range of
embankment soil arch and properly increasing the

friction angle in the

cohesion value of the filling are beneficial to increasing
the load sharing ratio of pile body E.

1.0
0.8}
0.6
23]
0.4t
«—45=1/3 )
0.2+ a—F5=1/4 L
0 0.2 0.4 0.6 0.8 1.0
siH

Fig.9 Curves of load share(E) vs s/H

0.9F -
0.8}
53]
< —— -

0.7F
. =20°
*— =130"

0.6 s —p=40°

OSI 1 1 ' 1 L

0 5 10 15 20 25 30

c/kPa
Fig.10 Curves of load share(E) vs cohesion(c)

6 Conclusions

1) The forming mechanism, mechanical behavior
and affecting factors of the soil arching effect in the
bidirectionally reinforcement composite foundation were
analyzed in detail, and the hemisphere model was found
reasonable to describe the soil arching.

2) By introducing the unified strength theory, the
formulas to calculate the pile top stress, inter-pile subsoil
stress and pile-soil stress ratio below or above the
reinforced cushion were derived, application result of
which shows a good agreement between the calculated
values and measured data from an engineering example.

3) The parameters analysis based on the obtained
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solutions shows that for filling materials with larger
internal friction angle @, under the condition that the
bearing capacity and the deformation of single pile meet
the requirements, increasing the ratio of pile cap width to
pile spacing should be given the priority to improve the
load sharing ratio by pile body E; on the contrary, if the
@ is smaller, the more effective means to increase E is to
decrease the pile spacing and increase the cohesion(c).
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