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Abstract:  This work presents a new analytical method to analyze the influence of reaction piles on the test pile response in a
static load test. In our method, the interactive effect between soil and pile is simulated using independent springs and the shear
displacement method is adopted to analyze the influence of reaction piles on test pile response. Moreover, the influence of the
sheltering effect between reaction piles and test pile on the test pile response is taken into account. Two cases are analyzed to verify
the rationality and efficiency of the present method. This method can be easily extended to a nonlinear response of an influenced
test pile embedded in a multilayered soil, and the validity is also demonstrated using centrifuge model tests and a computer pro-
gram presented in the literature. The present analyses indicate that the proposed method will lead to an underestimation of the test

pile settlement in a static load test if the influence of the presence of reaction piles on the test pile response is neglected.
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1 Introduction

To obtain a load-displacement response of a
single pile, many forms of static load test can be used
in practical applications. A test setup with reaction
piles to supply reaction force has been widely used
because of its great advantages of convenient instal-
lation and low cost. In China, most static load tests are
carried out using a reaction system composed of an-
chor pile, bearing platform and reaction beam. The
Chinese Technical Code (JGJ 106-2003) states that
the center-to-center distance between the test pile and
reaction piles should be four times the maximum
diameter of the reaction piles or the test pile, and also
not less than 2.0 m. However, the measured test pile
displacement may be influenced by the interactive
effects between reaction piles and test pile during the
whole loading cycle, as suggested by Poulos and
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Davis (1980), Latotzke et al. (1997), and Kitiyodom
et al. (2004).

In a static load test, the load acted on the test pile
is transferred to the soil around the piles with the help
of the reaction piles. Since the load applied on the
reaction piles leads to an opposite deformation of the
test pile, as shown in Fig. 1, the measured displace-
ment of the test pile is different from that of an indi-
vidual pile loaded by the same load. Actually, the
measured test pile displacement is less than the indi-
vidual pile displacement, and the difference between
the measured displacement and the individual pile
displacement increases with decreasing center-to-
center distance between reaction piles and test pile.

In this work, the correction factor F. defined as
the ratio of initial stiffness of the influenced individ-
ual pile, Kg, to initial stiffness of the non-influenced
individual pile, K;, is adopted to describe the influ-
ence of reaction piles (Fig. 2). The analysis on the
correction factor is valuable in leading to a better
understanding of the influence of the reaction piles on
the test pile behavior. Present methods considering
the interactive effect among piles mainly include the



Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2013 14(3):198-205 199

load transfer method (Kraft et al., 1981; Guo, 2001),
the elastic theory method (Poulos and Davis, 1980;
Mylonakis and Gazetas, 1998; Poulos, 2001), the
method based on energy principles (Klar and Leung,
2009), the finite element method (Xu and Poulos,
2001; Reul and Randolph, 2003; de Sanctis and
Mandolini, 2006) and various empirical methods.
However, these interaction models are commonly
utilized for piles of identical dimensions, and not
suitable for piles with different diameters.
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Fig. 1 Displacement of test pile and reaction piles due to
interactions between test and reaction piles (four reaction
piles)

1 Influenced
1 test pile

Settlement

Non-influenced
test pile

Load
Fig. 2 Load-displacement responses of non-influenced
individual pile and influenced pile (Kitiyodom et al., 2004)

Based on the results of static load tests con-
ducted using two reaction piles, Poulos and Davis
(1980) studied the correction factor for the initial pile
head stiffness. Kitiyodom et al. (2004) analyzed the
pile slenderness ratio, pile spacing ratio and pile soil
stiffness ratio of four reaction piles on the test pile
using a computer program PRAB. Experimental work
conducted by Lu and Yang (2007) showed that the
reaction piles could affect the bearing capacity of the
test pile. In addition, the settlement obtained from the
original test data was observed to be larger than the
individual pile displacement. However, all the
above-mentioned methods have one common limita-
tion is that they do not consider the sheltering effect
between piles on the test pile response.

This paper presents a new analytical method to
analyze the influence of reaction piles on the test pile
response in a static load test. In the present method,
the interactive effect between soil and pile is simu-
lated by independent springs, and the shear dis-
placement method is also adopted. Furthermore, the
influence of the sheltering effect between reaction
piles and test pile on the test pile response is taken
into account. Two cases presented by Kitiyodom et al.
(2004) are used to verify the efficiency and accuracy
of the present approach.

This approach can be ecasily extended to a
nonlinear response of a single pile as described in
Sections 5 and 6, and the validity of the proposed
approach is demonstrated in Section 7. Note that in
China, the working piles are often used as the reaction
piles, and pile load tests are usually carried out using
four reaction piles. Therefore, in this work the test
pile diameter is assumed to be identical to the reaction
pile diameter. Herein, the influence of the load ap-
plied on four reaction piles on the load-displacement
response of the test pile is discussed in this paper.

2 Initial pile head stiffness of single pile
embedded in a multilayered soil

In this study, an assumption is made that pile-soil
relative slip does not exist. The shear displacement of
the soil around the pile shaft caused by the skin fric-
tion leads to the shaft settlement. The control equation
of the shaft settlement is as follows:

2

d w(zz) _ow(z) ~0, (1)
& B,

where w(z) is the shaft settlement at a given depth z;
E, and 4, represent the pile’s elastic modulus and the
pile area, respectively; and k is the spring stiffness of
the soil around pile shaft according to the Winkler
hypothesis (Randolph and Wroth, 1978), which is
evaluated by

2nG

- 2
¢ In(r,, /7,)’ @

where G is the shear modulus of the soil around pile
shaft; rq is the pile radius; and 7, is the radial distance
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from the pile centre to a point where the shear stress
caused by the pile can be considered negligible. As
suggested by Randolph and Wroth (1978), ry, can be
expressed in terms of pile length L as

r.=25Lp, (1-v,), @3

~—

where 14 is the Poisson’s ratio of the surrounding soil;
and py, is the modified non-homogeneity factor. For
the pile embedded into a homogenous soil, p,=
Go1/Gr, where Gy and Gy is the shear modulus of the
soil at a depth equal to half the pile length and the pile
length, respectively. In an n-layer soil system, the pile
elements are divided according to the distribution of
soil layers along the pile embedded length, and 7, can
be estimated as (Lee, 1991)

Zn:GiLf _h
ro=25L-F— G l—e(l Lj (1-v),
" G.L \G, )

m

where G, is the maximum shear modulus in the soil
elements; G; is the shear modulus of soil layer i; L; is
the length of pile section embedded in soil layer i; Gy,
is the soil shear modulus at the pile base; and 7 is the
finite soil depth.

The general solution of shaft settlement, w(z),
can be expressed as

w(z) =ce” +c,e (5)

where = _[k/ (E,A,), and ¢y, ¢, are constants.

The axial force at a depth z, P(z), is written as

P(z) =—E, 4 u(c,e” —c,e ™). (6)

A matrix form of Egs. (5) and (6) can be written

{w(z)}{ o _ e-ﬂzy}{cl} ™
P(2) —E A ue” E A ue™ ||c,

Assume the pile is divided into n segments.
Taking the soil layer i with a depth of L; as an example,
the settlement and the load at the pile top and end,

as

respectively, can be expressed in the following form:

IR M
B, B4n Edu]lc

w e e Hh c
{ } _ {} )
B, |-EApe™ EApue" ||c

The values of ¢; and ¢, can be calculated by

al 1 |Eduett —et | [w,
¢, 2EAu| EAue e ||BR]
By substituting Eq. (10) into Eq. (8), the rela-

tionships between the load and the settlement at the
pile top and end of pile section i can be expressed as

e

Using the transfer matrix method, one can obtain
the relationship between load and settlement devel-
oped at the pile top and end:

sinh(uL,)

o [l

: b
E A usinh(ul,) cosh(ul,)

cosh(uL,)

cosh(uL,) sinh(ul,)
E A u

Pl 4 P,
oo E, A usinh(uL,) cosh(uL,) o) (12)

:wa,
K

where wy, is the settlement at the pile base, Py is the
mobilized base load, w; is the pile head settlement,
and P, is the pile head load, and 7 is the load transfer
matrix.
The soil stiffness at the pile base, &, can be es-
timated as (Lee, 1991)
k, = 5 _ 4G,r, 1* ’
W (v [1-e e ]

(13)

where 4’ is the distance from the pile end to the rigid
bed stratum; and v, is Poisson’s ratio of the soil at the
pile base.

The pile head settlement, wy, is set to 1, and the
initial pile head load is assumed to be K; which can be
estimated as
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k- Tt Tk, "

LT+ Tk,
where T} is the element of the row i and column j in
the matrix 7, i, j=1,2.

3 Initial pile head stiffness of an influenced
test pile embedded in a multilayered soil

The test pile displacement at a given depth below
the ground surface is assumed to be wy;, which con-
sists of three parts. The first part, wyy, is the settlement
induced by its own loading. The second part, wi, is
the displacement caused by the loads applied on the
reaction pile because of the interactive effect. The
third component, wy,’, the reduction of displacement,
is induced by the reinforcement effect of the pile due
to the neighbouring load-free reaction pile.

The reaction pile displacement at a given depth
below the ground surface, wy, is also composed of
three parts: the settlement induced by its own loading,
wap; the displacement caused by the loads applied on
the test pile because of the interactive effect, w,;; and
the reduction of displacement induced by the rein-
forcement effect of the pile due to the adjacent
load-free test pile, wy'.

The displacements of the test pile and reaction
pile at a given depth, wy; and wy,, respectively, can be
written as

{th =w; = (W, =W,)s (15)

Wiy ==(Wy =W, ) + Wy,

A matrix form of Eq. (15) can be obtained:

{th}:[ é‘11 51'2 _dz}{el}_ (16)
W 0y =0y, Oy F,

Eq. (16) can also be written as

{ 522 512 _51'2}
{Rl } _ 521 _52,1 é‘11

- {”h}, (17)
F, 511512 _(52,1 _521)(51,2 _512) Wi

t2

where J,; and J,;, represents the flexibility of the test
pile and reaction pile due to its loading, respectively;

012 1s the reduction of flexibility of the test pile due to
loading on the reaction pile; d,; is the reduction of
flexibility of the reaction pile due to loading on the
test pile; d1," is the reduction of flexibility of the test
pile induced by the effects of pile reinforcement in
soil due to the adjacent load-free reaction pile; and
071" 1s the reduction of flexibility of the reaction pile
induced by the effects of pile reinforcement in soil
due to the neighbouring load-free test pile.

Assuming 0,,=0,,=0, d,,=01,=Ad, and J1,'=d,’
=AJ’, one obtains:

A5—A5}

5
{&}: AS—AS' S {%}.(1&

P,| (6+A8' -AS8)(5+A5-AS") | w,

t2

Assuming the displacement at the pile head
wy=1, we can obtain the stiffness of the types of soil
around test pile k*=Pt1, whereas the pile head dis-
placement of reaction pile wy, is assumed to be 1, and
the stiffness of the soil types around the reaction pile
is defined by k '=P,. By substituting the abovemen-
tioned information into Eq. (18), the stiffness of the
soil around test pile and reaction pile can be calcu-
lated as

1

k* :k*/ = -
O0+Ad'—AS

(19)

The flexibility of the test pile (reaction pile) due
to its loading, J, is given as (Randolph and Wroth,

1979)
s=—Lt |
2nG | 7,

In a pile group with one test pile and four reac-
tion piles, r, is assumed to be identical to the value
adopted for a single pile. This assumption is accept-
able as proposed by Lee and Xiao (2001).

The reduction in flexibility of test pile (reaction
piles) due to loading on reaction pile (test pile), Ad, is
given as follows:

(20)

AS = 21

Lo |,
2nG  \ r,
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where ¢ is an attenuation coefficient of the displace-
ment of the soil around pile shaft as the center-to-
center distance between piles increases, as suggested
by Randolph and Wroth (1979):

_Inr, —Ins 22)

- b
Inr, —Inr,

where s is the center-to-center distance between re-
action piles and test pile.
Eq. (22) can be rearranged into:

AS = Lln (’ij
2nG s

The reduction in flexibility of the test pile (re-
action pile) induced by the effects of pile reinforce-
ment in different soil types due to the adjacent
load-free reaction pile (test pile), Ad’, can be pre-

dicted by (Shi et al., 2003):

(23)

AS = Topy (rﬁj
4G s s

The stiffness of the soil around test pile, kK, is
assumed to be identical to the stiffness of the soil

24)

around reaction pile, k”. The values of kK and k"
can be calculated by

4nsG ‘ 25)

2sln {SJ +7In (7’;11)

7 s

Note that for the test pile embedded in a multi-
layered soil with the influence of four reaction piles,
the load applied on the test pile is P;;, whereas each
reaction pile is loaded 0.25P;; in the opposite direc-
tion. As stated earlier, the center-to-center distance
between each reaction pile and test pile is assumed to
be identical. The influence of four reaction piles with
each reaction pile loaded 0.25P;; on the stiffness of
the soil around the test pile can be assumed to be
equivalent to the effect of one reaction pile loaded Py
on the stiffness of the soil. Therefore, the stiffness of
the soil around test pile with the influence of four
reaction piles, k', can be predicted using Eq. (25),
while the initial pile head stiffness of the test pile

k :k*':

with the influence of four reaction piles, K;, can be
estimated by Eq. (14). The correction factor F, is
adopted to account for the influence of reaction piles.
The smaller value of F, suggests that smaller errors
arise in the measured settlement of the test pile.

4 Comparison of computed results derived
from the present approach with that esti-
mated from a computer program, PRAB

To verify the reliability of the present approach,
the above-mentioned approach is used to analyze the
test pile embedded in two soil profiles reported by
Kitiyodom et al. (2004), as shown in Fig. 3. Com-
parisons of results are made between the proposed
approach and the program PRAB (Kitiyodom et al.,
2004) for both cases. Note that the emphases of both
cases are focused on the relationship between load
and displacement (initial pile head stiffness) where
the subsoil behaves linear elastically.

P/4 P Pl4 Case 1 Case 2
] 0.3L E, 2E.
S 0.4L 2E, E.
ld |oaL 4E, 4E,
h i

h=2L, LId=25, v=0.3

-

Rigid base stratum

Fig. 3 Test pile embedded in a multilayered soil

Fig. 4 shows that the value of correction factor
F. decreases as the pile spacing ratio, s/d increases,
and increases with increasing pile soil stitfness, £,/E;.
The calculated values of F, of the test pile embedded
in case 1 soil profile are slightly smaller than that in
case 2 soil profile. Comparisons of results estimated
from the present method and the analytical program
PRAB for both cases indicate that they are in good
agreement with each other when the pile soil stiffness
Ey/E is small, i.e., E,/E~100. Furthermore, the dif-
ferences between them increase with an increase in
pile soil stiffness because the influence of the shel-
tering effect between reaction piles and test pile on
the initial test pile head stiffness is taken into account
in the present approach. In general, the calculated
values of F, are smaller than the values of F,
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estimated from the analytical program PRAB where
E/E>100.

It can be concluded that even for the case where
a pile spacing ratio is adopted as four (in line with
recommendations of (JGJ 106-2003)), the correction
factor may be 1.28 to 1.33 where 100<E,/E;<1000.
This suggests that the measured settlement in these
cases may be 0.75 to 0.78 times the individual pile
displacement. This leads to a great underestimation of
the test pile settlement if the influence of the reaction
piles in a static load test is neglected.

20 () —=— £ /E =100 (present method)
—eo— £ /E =500 (present method)
1.8 Q —o— £ /E=1000 (present method)
o'\ -E-EJE=100 (Kitiyodom et af., 2004)
1.6
N ‘o -0- EJE=500 (Kitiyodom et a/., 2004)
we o, s
14 o ~e- EJE,=1000 (Kitiyodom et af., 2004)
- N '~
N
1.2 Test pile
1.0 L L
01 2 3 4 5 6 7 8 9 10 11
sld
20 —a— E/E,=100 (present method)
(b) !
—e— E/E =500 (present method)
1.8 Q\ —o— £/£,=1000 (present method)
Q' -0-E/E=100 (Kitiyodom et al,, 2004)
\
1.6 * o -0-EJE=500 (Kitiyodom et a/., 2004)
w 14 o : oo © - EJE;=1000 (Kitiyodom et al., 2004)
1.2
/Test pile
10 1 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 8 9 10 11

sld

Fig. 4 Correction factor, F,, for test pile embedded in
multilayered soils (#/L=2, v=0.30 and L/d=25)
(a) Case 1; (b) Case 2

5 Nonlinear response of a single pile em-
bedded in a multilayered soil

To consider nonlinear behavior of the soil around
the pile shaft, a hyperbolic relationship between shear
strain and shear stress is employed, as suggested by
Kraft et al. (1981) and Chow (1986). The tangent
shear modulus of the soil, G, is predicted by

2
R,
G, =G, [1 —i’j : (26)
Tr

where G; is the initial shear modulus of the soil
around pile; 7 is the shear stress; ¢ is the limiting shear
stress; and Ry is a fitting constant of the hyperbolic
curve for the surrounding soil.

Substituting Eq. (26) into Eq. (13), the soil
stiffness at the pile base, kb*, is estimated as follows:

2
i = AGyn, 1 1 RuR @7
Do) 1] R’

where Gy,; is the initial shear modulus of the soil at the
pile base, Py is the mobilized base load; P is the ul-
timate base load, and Ry, is a fitting constant of the
hyperbolic curve for the soil around pile base.

The spring stiffness of the soil around the pile
shaft can be calculated as follows:

2nG,

ln(rm—ﬂ}L Pl =1)
n=F) (=Bt~ p)

K = (28)

where f=toroRy/ts.

Substituting Egs. (27) and (28) into Eq. (14),
the nonlinear stiffness of a single pile, Kj', can be
estimated.

6 Nonlinear response of an influenced test
pile embedded in a multilayered soil

Considering nonlinear behavior of the sur-
rounding soil, the flexibility of the test pile (reaction
pile) due to its loading, J , can be calculated as

s [1n(rm_ﬂJ+ Bl = 1) } )
2nG| \rn-8) =P —-pF)

The reduction in flexibility of the test pile (re-
action piles) due to loading on the reaction pile (test
pile), Aé*, is given as follows:

s =L 1n(rm_ﬂ]+ A=) | 3
2nG n=p) =P —=p)

where
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ln(”m—ﬁ}r (1, =5)

go \5=B) w-Bs-P)
h{m—ﬂ} B, =1)
n=B) (= P)r =)

G

Eq. (30) can be rearranged into the following
form:

P — {m(rm _ﬂj+ prn =5) } (32)
2nG s=p ) (n=P)Ns=p)

The reduction in flexibility of the test pile (re-

action pile) induced by the effects of pile reinforce-

ment in soil due to the adjacent load-free reaction pile
(test pile), Ad’, can be predicted by

AS" =T [ m=B
4nG s s=p

Considering the nonlinear behavior of the soil
around the pile shaft, the stiffness of the soil around
test pile, k**, is identical to the stiffness of the soil

B, —s) } 33)
(1 =P)s =)

around reaction pile, k. The values of k and k'
can be calculated by
fls—r;) }

K =k =4nGs 2{111[ s=P J+
n=PB) 6G=P)s=p)
+r[]n(rm_ﬂj+ L)) }}
1 \s=8) (,-P-P

Substituting Egs. (27) and (34) into Eq. (14), the
pile head stiffness of the test pile influenced by four
reaction piles can be estimated. Considering the
nonlinear response of soil, the correction factor F,
can then be calculated.

7 Comparison of the nonlinear response of
the test pile with influence of reaction piles
estimated from the proposed approach and
centrifuge model test

Two kinds of centrifuge model tests on piles
embedded into dense sand were conducted by La-
totzke et al. (1997) to analyze the influence of reac-
tion piles on the load-displacement response of the

test pile. In the first test, a 220-mm-long single pile
(non-influenced test pile) with a diameter of 30 mm
and an elastic modulus of 27 GPa at model scale was
tested to capture the test pile response without any
influence. In another test, one test pile (influenced test
pile) and four reaction piles were employed to ob-
serve the influence of the reaction piles on the test pile
response. In this test, the dimension of each reaction
pile was identical to that of the test pile, and the
center-to-center distance between the test pile and the
reaction piles was 4.5 times the test pile diameter.
Using a centrifuge acceleration level of 45, a proto-
type pile with 1.35-m diameter and 9.9-m length was
modeled.

Total load (MN)
0 2 4 6 8 10 12 14 16 18 20

(@)

—am— Present method

[—e— PRAB (Kitiyodom et al,, 2004)

—a— Centrifuge model test (Latotzke ef al, 1997)
o T

Total load (MN)

0 2 4 6 8 10 12 14 16 18 20
0.00 o
(b)

—a— Present method
0.08_o_ pRAB (Kitiyodom ef al, 2004)

—a— Centrifuge model test (Latotzke et al, 1997)
0‘ 1 0 1 1 1 1 1 1 1 1 1

Fig. 5 Comparisons of calculated and measured results of
individual (a) and influenced (b) test pile behavior

In this work, the Poisson’s ratio of the soil was
adopted as 0.30. Based on the results obtained from
the loading test on the single pile, the average shear
modulus of the soil was taken as G,,,=26 MPa. The
fitting constants of the hyperbolic curve for the soil
around the pile shaft and pile base, Rg and Ry, were set
at 0.80. The ultimate shaft resistance was set at
Gave/120, and the maximum base resistance was as-
sumed to be 14 MPa, as suggested by Kitiyodom et al.
(2004).
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Comparisons between the measured individual
pile displacement and the influenced test pile ob-
tained from the centrifuge model test, as well as that
calculated using the present approach along with
PRAB (Kitiyodom et al., 2004) are shown in Fig. 5.
The calculated results estimated from the present
approach are generally in good agreement with the
centrifuge model test results. In similar fashion, the
calculated results are also in good agreement with the
values calculated using PRAB, both in the individual
pile and the influenced test pile, especially at low load
levels.

8 Conclusions

This paper presents a new analytical method to
analyze the influence of reaction piles on the test pile
response in a static load test. In this proposed method,
the interactive effect between soil and pile is simu-
lated using independent springs, and the shear dis-
placement method is also adopted. Furthermore, the
influence of the sheltering effect between reaction
piles and test pile on test pile behavior is taken into
account. The efficiency and accuracy of the present
approach is verified using two cases. This method can
be easily extended to a nonlinear response of an in-
fluenced test pile embedded in a multilayered soil,
and the validity is also demonstrated using centrifuge
model tests and a computer program presented in the
literature.

The present analyses indicate that the measured
pile head stiffness of the test pile is greater than the
actual pile head stiffness of the individual pile due to
the presence of reaction piles. This leads to an un-
derestimation of the test pile settlement in a static load
test if the influence of the reaction piles on the test
pile response is neglected.
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