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Abstract: The pre-bored grouting planted nodular (PGPN) pile is a type of composite pile foundation that is considered to be
environmentally friendly and economical. A simplified approach, which considers the two interfaces of the pile shaft, was pro-
posed to analyze the load-displacement response of a single PGPN pile. An elastic-failure model, based on the shear test results,
was used to simulate the shearing behavior of the concrete-cemented soil interface. A hyperbolic nonlinear model, considering the
influence of cement paste injection, was created to simulate the behavior between the skin friction and the relative displacement
developed along the cemented soil-soil interface. A linear model and a nonlinear model that considers the reduction in the shearing
stiffness were used to simulate the PGPN pile base load-displacement responses in a field test and in a model test, respectively.
Comparisons between the calculated and measured load-displacement responses revealed relatively good agreement. The pro-
posed approach is thus shown to be efficient and suitable for the analysis of a single PGPN pile embedded in layered soils, and is
used to analyze the factors influencing its behavior. Enlarged cemented soil base is considered to be effective in promoting the
behavior of a short PGPN pile, while increasing the diameter of cemented soil along the shaft is efficient in promoting the com-
pressive bearing capacity of a long PGPN pile.

Key words: Composite pile; Precast pile-cemented soil-surrounding soil interface; Initial shearing stiffness of pile-soil interface;
Elastic-failure model; Hyperbolic nonlinear model; Settlement calculation
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1 Introduction (1978; 1979) proposed a simplified analytical method

to describe the vertical deformation of single piles and

A number of studies have been conducted to
investigate the behavior of single piles and pile
groups under compression. Randolph and Wroth
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pile groups. Frank and Zhao (1982) proposed an ef-
fective approach for the analysis of pile foundation.
The theoretical load-transfer curve method is com-
monly used to analyze the behavior of piles (Kraft et
al., 1981). The boundary element and finite element
methods have also been used to study the behavior of
piles (Mandolini and Viggiani, 1997; Sheng et al.,
2005; Ai and Han, 2009; Comodromos et al., 2009;
Said et al., 2009).

The theoretical methods mentioned above are all
important in the analysis of the behavior of driven
piles and bored piles. However, the construction
method of driven piles tends to produce severe
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compaction and may have a negative effect on sur-
rounding facilities, while the construction process of
bored piles tends to produce large amounts of slurry,
which may bring serious environment problems.
Moreover, the skin friction provided by the sur-
rounding soil is relatively small in soft soil areas, and
the ultimate bearing capacity of the pile is primarily
controlled by the pile head settlement; therefore, the
strength of the pile shaft is not always fully mobilized,
which is not typically economical. As a result, several
advanced piles have been developed, particularly
with regard to the load transfer mechanism of pile
foundation. The pre-bored grouting planted nodular
(PGPN) pile is a composite pile consisting of a pre-
cast nodular pile and cemented soil surrounding it. Its
diameter ranges from 500 mm to 1000 mm, while its
length can reach 80 m. The nodular pile was first used
in Japan, and several Japanese scholars have inves-
tigated its behavior (Horiguchi and Karkee, 1995;
Karkee et al., 1998). The PGPN pile has also been
used in some soft soil areas in southeastern China in
recent years. The behavior of PGPN pile was inves-
tigated based on measured data from field tests and
model tests (called the static drill rooted planted pile
in these papers) (Zhou et al., 2013; 2015; 2016), and
the test results showed that the frictional capacity of
PGPN npiles is better than the frictional capacity of
bored piles.

A PGPN pile shaft contains the precast concrete
pile-cemented soil interface and the cemented soil-
soil interface, and the frictional capacity of PGPN
piles is different from that of conventional concrete
piles. Therefore, the theoretical methods proposed to
analyze the behavior of driven piles and bored piles
may not be suitable for the analysis of PGPN piles.
This paper presents a simplified analytical approach,
which is based on the well-known load-transfer ap-
proach, for the nonlinear analysis of the load-
displacement response of a PGPN pile using different
models. One model is based on the shear test results
and approximately simulates the behavior of the
concrete-cemented soil interface. The other model is
based on a hyperbolic relationship and describes the
nonlinear response of the skin friction supported by
the surrounding soil. The parameters of the adopted
model should be modified based on the original val-
ues of a conventional concrete pile. A linear model
and a nonlinear model that considers the reduction in

the shearing stiffness were selected to simulate the
pile tip load-displacement response in two tests.
Moreover, an effective computer program was built
for the nonlinear analysis of the load-displacement
response of a PGPN pile. The results of the two tests
presented here demonstrate the efficiency and accu-
racy of the proposed approach and also reveal the
advantages of the PGPN pile.

2 Concrete-cemented soil interface shear
test

The PGPN pile installation process is introduced
in a previous study (Zhou et al., 2013), and the
schematic of the PGPN pile is depicted in Fig. 1
(Zhou et al., 2017). This figure shows that the PGPN
pile consists of a precast pile and the surrounding
cemented soil. Moreover, Fig. 1 shows that the pipe
pile and nodular pile are used jointly in actual projects
by considering the load transfer mechanism of the pile
foundation.

T+ + t t T 1

Pipe pile

Cement soil around the shaft

Nodular pile

- N e
) R e S S o I e

Enlarged cemented soil base

Fig. 1 Schematic of the PGPN pile (Reprinted from (Zhou
et al., 2017), Copyright 2017, with permission from
Springer)

For example, an 800-mm prestressed high
strength concrete pile is typically connected to an 800
(600)-mm nodular pile (i.e., the diameter of the pile
node is 800 mm, while the pile shaft has a diameter
of 600 mm). It is commonly acknowledged that the



Zhou et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2017 18(11):895-909 897

axial force of the pile shaft decreases as the load is
transferred to the surrounding soil. Moreover, the
strength of the lower part of the pile shaft is typically
lower than that of the upper part in an optimal design.
Therefore, the combination of a pipe pile and a nod-
ular pile can provide better performance compared
with conventional uniform piles.

The cemented soil around the pile can increase
the pile shaft diameter and eventually increase the
bearing capacity of the pile foundation. It can be seen
from Fig. 1 that the frictional capacity of the precast
pile-cemented soil interface is of great significance
for the behavior of PGPN pile, yet no research has
ever been conducted to study the shearing behavior of
the concrete-cemented soil interface. Therefore, an
interface shear test was conducted to investigate the
frictional capacity of the concrete-cemented soil
interface.

2.1 Shear test preparation

The shear test was conducted in a specific ap-
paratus, as shown in Fig. 2 (Zhou et al., 2017), to
ensure the shearing surface was similar to the actual
shearing surface of the pile-cemented soil interface. It
can be seen from Fig. 2 that the model concrete pile
and cemented soil were located at the middle of the
shear test apparatus, surrounded by sandy soil. The
diameter of the shear apparatus was 900 mm and the
diameter of the concrete pile segment and cemented
soil were 90 mm and 160 mm, respectively. The dis-
tance between the concrete pile segment and the edge
of'the test apparatus reached 5 times the pile diameter.

Fig. 2 Shear test apparatus (Reprinted from (Zhou et al.,
2017), Copyright 2017, with permission from Springer)

The cemented soil used in the shear test was
produced by typical Ningbo clayey soil and P.O. 42.5

cement, and the ratio of the cemented soil was de-
termined according to that used in the actual projects.
That is, the water cement ratio of the cement paste
was 1.0, and the volumetric ratio of the cement paste
and slurry (50% water content) was 0.5. The precast
concrete pile segment was made by C80 concrete (the
strength of the 100 mm>100 mmx100 mm concrete
sample reaches 80 MPa after being cured for 28 d).
The surface of the pile segment was as smooth as the
actual pipe pile, as shown in Fig. 3.

The surrounding sandy soil was “concrete sand”,
that is, the sand was used for producing concrete.
The grading curve of the sandy soil is shown in Fig. 4
and it can be seen that the sand has good grain
composition.

Fig. 3 Precast concrete pile segment
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Fig. 4 Grading curve of the sandy soil

The sandy soil was filled layer by layer, and the
thickness of one layer was 0.05 m after compaction.
The homogeneity of the sandy soil was examined
after each soil layer was compacted to the set line, and
soil samples obtained from three different places with
cutting rings were tested. The average density of the
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samples should not deviate over 5% of the given
value; moreover, the density of any two samples
should also not deviate over 5% of the given density.
Conventional laboratory tests were conducted when
the sandy soil was compacted to the desired density
and saturated completely. The sandy soil could be
considered as normally consolidated soil. The density
of the sandy soil was 2300 kg/m’ using the cutting
ring method. The peak internal friction angle and
cohesion of the sandy soil were 38° and 0 kPa, re-
spectively, measured by conventional direct shear
tests.

2.2 Interface shear test

The shear test was conducted after the cemented
soil being cured for 28 d, and the test was loaded by a
100 kN hydraulic jack. The applied load was meas-
ured by a matched pressure sensor which had a digital
display device, and the pressure sensor had been
calibrated in a standard calibration facility. The dis-
placement of the pile segment was measured using a
dial gauge. During the shear test, concrete blocks
were also put on the test apparatus to restrict move-
ment of the cemented soil and sandy soil. The sche-
matic of the shear test is presented in Fig. 5 (Zhou et
al., 2017). The measured pile segment displacement
can be taken as the shear displacement of the
concrete-cemented soil interface.

Dial gauge - )
op plate
s Precast pile
i Cemented soil o
% f=1
Sandy soil . 7 Sandy soil
‘
Hydrauli¢ jack Base plate
test instryment

Fig. 5 Schematic of the shear test (unit: mm) (Reprinted
from (Zhou et al., 2017), Copyright 2017, with permission
from Springer)

2.3 Test results analysis

Three repeated tests were conducted to ensure
the reliability of the test results. The test results are
presented in Fig. 6, and the failure surface of the
concrete-cemented soil interface is shown in Fig. 7.

Fig. 7 shows that the failure occurred just at the con-
tact surface of the concrete and cemented soil, and the
failure surface was as smooth as the concrete pile
surface. Fig. 6 shows that the three shear tests all
achieved the maximum values with 1.09 mm, 1.40 mm,
and 1.37 mm shear displacements and that the max-
imum values were 189 kN, 189 kN, and 200 kN,
respectively. Hence, the pile-cemented soil interface
achieved the maximum value when the shear dis-
placement reached 1.4% of the pile diameter. Fig. 6
also shows that abrupt failure occurred when the
friction reached the ultimate value, and a clear sound
could be heard when the abrupt failure happened. It
should be pointed out that the residual skin friction
values for the interface were all approximately 20 kPa,
while the shear displacement of the interface was
much larger than 10 mm (denoted as 10 mm in Fig. 6).
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Fig. 6 Results of the three shear tests (T1, T2, and T3)

Fig. 7 Failure surface of the shear test

The cohesion and internal frictional angle of the
cemented soil were 193 kPa and 38°, respectively.
The overburden pressure on the sandy soil, as shown
in Fig. 5, was approximately 100 kPa. The at-rest
earth pressure coefficient K, could be estimated based
on the effective angle of shearing resistance (K=
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1—sing, where ¢ is the internal friction angle of the
sandy soil), and K, was about 0.38. Kulhawy (1984)
pointed out that, for smooth concrete pile, the fric-
tional angle of the pile-soil interface is 0.8—1.0 times
that of the internal frictional angle of the surrounding
soil. The frictional angle of the pile-cemented soil
interface was therefore assumed to be 0.8 times that of
the internal fictional angle of the cemented soil.

The ultimate skin friction of the concrete-
cemented soil interface f;,, based on the properties of
the cemented soil, was calculated by

fu=c+K,o,tan g, (1)

where c is the cohesion, £ is the frictional angle of the
interface, and oy is the vertical effective stress.

The calculated ultimate skin friction, if using the
cohesion of the cemented soil, was 215 kPa, which is
close to the measured values. Hence, it can be con-
sidered that the frictional capacity of the concrete-
cemented soil interface is mainly controlled by the
properties of the cemented soil. Moreover, the initial
cohesion takes a majority part of the entire skin
friction.

As a result, considering that the residual skin
friction of the concrete-cemented soil interface after
failure was fairly limited (20 kPa), an elastic-failure
model was adopted to simulate the behavior of the
concrete-cemented soil interface (Fig. 8).

The value of S, was set as 1.4% of the pile di-
ameter, and the ultimate skin friction f;, was calcu-
lated by Eq. (1). The test results also indicated that the
ultimate skin friction of the concrete-cemented soil
interface was much larger than that of the cemented
soil-soil interface.

sk

Ssu

0 Sru S

Fig. 8 Assumed linear relationship between friction (f;)
and relative displacement (S,) of concrete-cemented soil
interface (k=f,/Su)

3 Hyperbolic nonlinear model
3.1 Description of the hyperbolic nonlinear model

Kondner (1963), Duncan and Chang (1970), and
Frank and Zhao (1982) showed that the hyperbolic
nonlinear model can be used to effectively simulate
the nonlinear stress-strain behavior of both clay and
sand with accurate experimental parameters. The
hyperbolic nonlinear model is also used for the anal-
ysis of the nonlinear behavior of cemented soil-soil
interface in the PGPN pile system, as shown in Fig. 9.

Fig. 9 shows that the skin friction increases
nonlinearly with the relative displacement between
the pile and the soil and nearly achieves its highest
value pg, when the pile-soil relative displacement
reaches Sg,. This hyperbolic relationship can also be
approximately expressed by

a+bS.(z2) @

p(2)=

where pg(z) is the pile shaft shear stress at a given
depth z, Ss(z) is the pile-soil relative displacement,
and a and b are empirical coefficients, which are
always determined by back-analysis of the field test

results.
pio) b
/( 1/a
1
Psu 1/b

e

Sz)

0 S

Fig. 9 Assumed relationship between skin friction and
the relative displacement between the pile and the soil

3.2 Determination of the parameters a and b

As mentioned in Section 3.1, the parameters a
and b are empirical coefficients that both have an
effect on the shape of the hyperbolic curve. Therefore,
it is important to choose suitable values for a and b.
Fig. 9 shows that the reciprocal of coefficient a can be
considered to be the initial stiffness of the pile-soil
interface. Randolph and Wroth (1978) proposed an
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equation to calculate the value of a for driven piles
and bored piles:

a= C’;—Om[i], 3)

s o
where G is the shear modulus of the soil around the
shaft, 7y is the radius of the pile, and r, is the distance
from the pile’s central axis to the place where the
shear stress induced by the pile can be ignored. The
value of 7, can be obtained by

ro=2.5L(1-0.5u), 4)

where L is the entire length of the pile, and u is
Poisson’s ratio of the soil around the shaft. The initial
shear modulus of the soil can be approximately cal-
culated by the following theoretical equation:

ES
6= 21+ )’ )

where E| is the elastic modulus of the soil around the
pile.

As mentioned above, the PGPN pile is a com-
posite pile consisting of a precast pile and cemented
soil surrounding it. Hence, there are four radii for the
composite pile: 7y is the radius of the composite pile
(i.e., the radius of the cemented soil), , is the radius
of the pipe pile, 7, is the radius of the nodular pile
shaft, and r, is the radius of the enlarged cemented
soil base. As mentioned in a previous study, the pre-
cast pile and the surrounding cemented soil can be
considered to be one system during the load transfer
process, and the cemented soil acts as a transition
layer in which the stress is relatively small (Zhou et
al., 2013). The choice of the radius may affect the
calculation result of the composite pile, and the test
results of this study will be used to help determine a
suitable radius.

It can also be seen in Fig. 9 that the reciprocal of
parameter b is the asymptote of the pile shaft
stress-relative displacement curve. The asymptote

shaft shear strength pg, is shown to be marginally
larger than the maximum possible value of the
pile-soil interface py; a failure ratio Ry is used to de-
scribe the relationship between pg, and py:

p=t R

: (6)
Pu Py

The failure ratio Ry represents the ratio between
the maximum possible skin friction and the asymp-
totic value of the highest skin friction, and the values
of Ry are commonly in the range of 0.80—0.95 (Clough
and Duncan, 1971).

The test results of an accurate model of a single
PGPN pile, which was introduced in a previous study
(Zhou et al., 2015), were adopted in this study to help
determine the parameters of the hyperbolic model.
The soil profiles and properties are shown in Table 1,
where y is the unit weight of the soil.

The model PGPN pile was a 90 (60)-mm nodular
pile with a length of 2 m, and the diameter of the
surrounding cemented soil was 110 mm. The diame-
ter of the enlarged cemented soil base was 165 mm
and its height was 330 mm. The soil around the model
pile was mainly clay, and the base soil was a 0.5-m
thick sand layer. The schematic of the model test is
shown in Fig. 10.

The measured ultimate skin friction was used to
help determine the parameters of the hyperbolic
model and calculate the load-displacement response
for the PGPN pile. Parameter a was calculated based
on Egs. (3) and (4), and the comparisons between the
measured skin frictions and the fitted results are
shown in Fig. 11.

Fig. 11a shows the comparative results of the
upper three clay soil layers. The radius of the PGPN
pile 7y was 55 mm, and the radius of the nodular pile
7, was 30 mm. It is shown in Fig. 11a that the hy-
perbolic model used with the selected parameters
displayed relatively good agreement with the meas-
ured results when the failure ratio Ry was equal to 1.0,
0.95, and 0.95 from shallow to deep; moreover, the
selection of the radius has little influence on the fitted
curve.

Table 1 Soil profiles and properties in model test

Layer No.  Soil layer  Soil layer thickness (m)  y (kN/m®) ¢ (°) ¢ (kPa) u E,(MPa) G, (MPa)
1 Clay 1.8 19.10 30.5 245 0.30 5.35 2.06
2 Sand 0.7 19.92 35.0 0 0.25 15.80 6.32
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Fig. 10 Schematic of the model test (unit: mm)

Fig. 11b shows the comparisons between the
measured results and simulated results for the three
clay soil layers from depths of 0.6 m to 1.4 m. The
proposed hyperbolic model also fits well with the
measured results when the initial shearing stiffness of
the pile-soil interface is multiplied by 2.0, 3.5, and 3.5
from shallow to deep. The failure ratio Ry was 0.95 for
all three soil layers. The increase in the initial shear-
ing stiffness was primarily because of the injection of
cemented soil which promotes the shear modulus of
the pile-soil interface. Fig. 11b also shows that the
radius of the pile has little influence on the shape of
the fitted curve.

Fig. 11c shows the comparative results of the
three soil layers from depths of 1.4 m to 2.0 m. The
fitted curves represent the measured values accurately
when the initial shearing stiffness of the pile-soil
interface is multiplied by 5.0, 5.0, and 2.0 from
shallow to deep. The failure ratio R was 0.95 for all
three soil layers.

By combining the analyses above, the shape of
the fitted curve remains almost unchanged when the
two radii (ry and r,) of the composite pile are chosen
as the pile radius, respectively. The radius of the
composite pile 7y was selected to be the pile radius in
this study because the ultimate skin friction of the
concrete-cemented soil interface is much larger than
that of the cemented soil-soil interface. Fig. 11 also
shows that the shearing stiffness of the pile-soil in-
terface was increased due to the permeation of the
cement paste, and this improvement increases along

Skin friction (kPa)
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Relative displacement (mm)
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Fig. 11 Comparisons between the measured and fitted
results of the skin friction as a function of the relative
displacement from different depths: (a) 0-0.6 m; (b) 0.6—
1.4 m; (c) 1.4-2.0 m

the pile shaft. The probable reason is that the ce-
mented soil flows when being poured into the bore-
hole, and the hydraulic pressure increases with depth,
which increases the permeation pressure. The initial
shearing stiffness of the sandy soil layer was only
increased by 2.0 times, which was smaller than the
upper soil layers. This is because the enlarged ce-
mented soil base was manufactured in advance, and
the permeation pressure was small (Zhou et al., 2015).
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4 Nonlinear base load-displacement model

The hyperbolic nonlinear model is commonly
used to simulate the pile base load-displacement re-
lationship (Lee and Xiao, 2001). The behavior of
PGPN pile tip in the model test is shown in Fig. 12.
Fig. 12 shows that the relationship between the
tip displacement and the mobilized base load is
nonlinear.

» a (%]
o o o
T T 1

L /

Mobilized base load (kN)
Noow
o o
0,
N

n\

10

10 20 30 40 50
Tip displacement (mm)

I
[?
0
0

Fig. 12 Pile tip displacement as a function of the mobi-
lized base load in the model test

The pile tip displacement induced by the mobi-
lized base load, without regard to the change in shear
modulus of base soil, can be expressed as (Randolph
and Wroth, 1978)

P (-
Sb _ b( /U)’ (7)
4r.G,

where Py, and S, are the tip resistance and pile base
displacement, respectively, Gy, is the shear modulus of
the base soil, u is Poisson’s ratio of the base soil, and
1y 1s the radius of the pile base. Fig. 1 shows that an
enlarged cemented soil base exists at the PGPN pile
base, thus suggesting that the precast pile base and the
enlarged cemented soil base act as a unit during the
load transfer process (Zhou et al., 2013). The radius
of the enlarged cemented soil base 1,=82.5 mm is
considered to be the pile base radius of the PGPN pile.

The nonlinear behavior of the soil at pile base
can be simulated by (Han and Ye, 2006)

P 2
G, =G, [l_Rf abj > (3

b

where Gy, is the initial shear modulus of the base soil,
Oy 1s the maximum base load, and Py, is the mobilized
base load.

The initial shear modulus of the base soil was
12 MPa (using Eq. (7)) referring to the initial portion
of the curve in Fig. 12. The simulation results are
shown in Fig. 13 when the failure ratio was selected to
be 0.55, 0.60, and 0.65. Fig. 13 shows that the fitted
curve has a relatively good relationship with the
measured results when the failure ratio is 0.55. The
failure ratio of the fitted curve is relatively small,
which is probably due to the permeation of the ce-
mented soil. Moreover, as shown in Table 1, the ini-
tial shear modulus of the base soil was approximately
6.3 MPa, while the measured initial shear modulus
was 12 MPa. The measured initial shear modulus was
increased to about 1.9 times of the initial shear mod-
ulus of the base soil, which is close to the increasing
range of the initial shearing stiffness of the bottom
0.2-m sand layer. Therefore, the properties of the base
soil were also promoted as the permeation of the
cemented soil, and the initial shear modulus and the
strength both increased.

Mobilizd base load (kN)
0 10 20 30 40 50 60

T 10+
E
‘QE, 20 o Measured results
§
g d
3 30} R=0.6
2
el =
2 R=0.60
= 40r
R=0.55
50 -

Fig. 13 Fitted curves of tip displacement as functions of
the mobilized base load

5 Algorithm for the load-displacement be-
havior of a single PGPN pile embedded in
layered soils

Based on the proposed models above, the theo-
retical method for a single PGPN pile embedded in
layered soils can be analyzed with the following
steps:

1. Consider a single PGPN pile that is divided
into (m+m;) segments, as shown in Fig. 14. Because
the pile shaft modulus is different, the PGPN pile
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shaft which contains the pipe pile is divided into m,
segments, and the shaft which contains the nodular
pile is divided into m, segments. Therefore, there are
(m+my) segments in total. Note that the model test
does not include pipe pile segments; thus, m; can be
considered equal to 0.

s

T Pipe pile segment 1

‘?7Pipe pile

BEEN I

T
L Jel

b *277\+ ?

N

= R = . .

CHL +¢ Pipe pile segment m,

+ e

B .

. v, T Nodular pile segment 1
D t§7Cememed soil around the shaft

i 5.

g

’%Nodular pile

? Enlarged cemented soil base

o+

I+ F o+

4

L,

n \;++
b S

R

Nodular pile segment m,

Fig. 14 A single PGPN pile embedded in layered soils
O, is the pile head load; S, is the pile head displacement; L,
and L, are the lengths of the pipe pile segment and nodular pile
segment, respectively

2. Consider a small mobilized base load P,
Calculate the tip displacement S, using Eqgs. (7) and
(8). The radius of the enlarged cemented soil base 7y, is
considered to be the radius of the PGPN pile base in
the pile base load calculation.

3. A vertical displacement at the middle height
of the nodular pile segment m,, denoted Sy, 1s as-
sumed to be equal to Sp.

4. The skin friction of the cemented soil-soil in-
terface of PGPN pile segment m,, denoted pg,p, can
be obtained based on the calculated displacement of
PGPN pile segment m, using Eq. (2). The sketch of
the PGPN pile shaft is shown in Fig. 15, where p is
the skin friction of the cemented soil-soil interface,
and f; is the skin friction of the pile-cemented soil
interface. The skin friction of the pile-cemented soil
interface of PGPN pile segment m,, denoted fip, is
(ro/rp)Psm2- The ultimate skin friction of the pile-

cemented soil interface of PGPN pile segment m;,
denoted f;um2, can be calculated by Eq. (1).

The relative displacement of the pile-cemented
soil interface, Sy, can be calculated by the following
equation, assuming that the ultimate relative dis-
placement is 1.4% of the pile diameter:

_0.0144f,,

9
mo =T ©)
where d is 2r, in pipe pile segment and changes to 2r,
in nodular pile segment. Note that the value of fym
should be larger than the value of fi,, to ensure the
integrity of the PGPN pile, and the calculation pro-
cedure should be terminated if foumy<fsmz, Which in-

dicates that the pile-cemented soil interface is dam-
aged and the PGPN pile has failed.

Fig. 15 Sketch of the interfaces in PGPN pile system

5. The top load of the PGPN pile segment m;,
denoted Py, can be determined using the calculated
Ppsm2 10 the following equation:

})th = })b + 27.':”.Ol'anl?snﬁ’ (10)
where L, is the length of nodular pile segment m,.

6. Assume that the PGPN pile shaft is elastic,
and a linear variation of the load occurs in the pile
segment. The elastic deformation of the lower half

segment of nodular pile segment m,, denoted Semp,
can be calculated by

S — Ijlmz +3E)m2 anZ
em? 4 2E A, )

)]
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where Py is the tip load of the PGPN pile segment
my, and E, and A, are the modulus and cross sec-
tional area of the nodular pile, respectively.

Similarly, the elastic deformation of the lower
half segment of pipe pile segment m;, denoted Sem,
can be calculated by

S — Ptml + 3Pbm1 anl
et 4 2E A, )

where E},; and 4, are the modulus and cross sectional
area of the pipe pile, respectively.

7. The revised displacement at the middle height
of the nodular pile segment m,, denoted S, can be
determined by

(12)

So =S, +S,., (13)

8. Compare the value of the revised displace-
ment of the nodular pile segment m, with the assumed
value of Sy in step 3. If the absolute difference be-
tween S and S exceeds the specified tolerance
value (e.g., 10° m in this study), the value of the
revised displacement of nodular pile segment m, will
be substituted into Eq. (2) for the calculation of the
unit skin friction of the nodular pile segment m,, de-
noted psm2, in step 4.

9. Repeat steps 3—8 until the absolute difference
between S, and S, is within the specified toler-
ance, and a reliable displacement of nodular pile
segment m,, denoted Sgp, 1S obtained.

10. Calculate the top load of the nodular pile
segment m,, denoted Py, using Eq. (10). The top
displacement of nodular pile segment m,, denoted
Stm2, can be calculated by

P _,+ P L
Stmz — Sb +( tm2 bmzj nm2 .
2 E,A,

11. The tip load and the tip displacement of the
nodular pile segment (m,—1) are assumed to be the
same as the top load and the top displacement of
nodular pile segment m;,, respectively. Repeat steps
3—-10 from the nodular pile segment m, to the first
pipe pile segment to obtain the top load and the dis-
placement of pipe pile segment 1, before judgments
are made as to whether the pile shaft is a nodular pile
segment or a pipe pile segment.

(14)

12. Repeat steps 2—11 with a series of mobilized
pile base loads P, to obtain the multiple pile top
load-displacement pairs. Finally, the simulated curve
will be formed by the calculated load-displacement
pairs.

The proposed simplified analytical approach is
effective and suitable for the analysis of a single
PGPN pile embedded in layered soils by considering
the precast pile-cemented soil interface and the ce-
mented soil-surrounding soil interface along the shaft.
The changing pile shaft modulus along the shaft and
the existence of the enlarged cemented soil base are
also considered in this approach.

6 Comparison of the measured and calcu-
lated results for a single PGPN pile

6.1 Comparison of a short PGPN pile

The measured results of the PGPN piles were
used to verify the reliability of the proposed algorithm
for the analysis of the load-displacement response of a
single PGPN pile in layered soils.

The results of the model test mentioned in Sec-
tion 3 were used to verify the reliability of the pro-
posed method. The determinations of the models and
parameters are listed in Sections 3 and 4, and the
comparisons between the computed and measured
load-displacement curves are shown in Fig. 16. This
figure shows that the calculated values fit well with
the measured values, and the calculated curve can
thus be considered to be reliable.

The proposed algorithm above was then used to
analyze the influence of the enlarged cemented soil
base on the behavior of short PGPN piles. The

Load at pile head (kN)
0 10 20 30 40 50 60 70 80

o

-
o
T

= Measured results
Calculated curve

N
o
T

Displacement (mm)
w
S

N
o
T

a
o
T

60"

Fig. 16 Comparisons between computed and measured
load-displacement response for a single PGPN pile
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diameter of the enlarged cemented soil base in the
model test was 165 mm, and the diameter of the pile
shaft was 110 mm. The tip bearing capacity of the
PGPN pile with no enlarged cemented soil base could
also be approximately estimated based on the meas-
ured soil pressure of the soil under pile tip, and the
simulation curve is shown in Fig. 17. The failure ratio
of'the fitted curve is 0.55. It can be seen in Fig. 17 that
the fitted curve fits well with the measured results.
The calculated results of the model PGPN pile
with and without enlarged cemented soil base are
shown in Fig. 18. This figure shows that the behavior
of the PGPN pile with enlarged cemented soil base
was obviously better than that of the PGPN pile
without enlarged cemented soil base. Specifically,
when an enlarged cemented soil base is set at PGPN
pile tip, the load at pile head increased from 37.0 kN
to 47.0 kKN when the pile head displacement reached
11 mm (0.1D, D represents pile diameter). Moreover,
the pile head load increased from 53.0 kN to 70.6 kN
when the pile head displacement reached 40 mm, and
the pile head load increased by 33%. When the ap-
plied pile head load reached 50 kN, the pile head

Mobilized base load (kN)

O0 5 10 15 20 25 30 35 40 45
E 10} D
3 D
“g’ °
g 201 o
[0}
(&)
o
% 30+
_Z_ * Measured results
= 40+t Fitted curve
L]
50t

Fig. 17 Fitted curve of the behavior of pile tip

Load at pile head (kN)
0 10 20 30 40 50 60 70 80

0 T T )

10}-Displacement=1

IS

E 20t

5

g 30k

(_% 40l Displacement=40 mm

@

A 50l
50 —o=— With enlarged base
60 —o— Without enlarged base
70-

Fig. 18 Calculated results of PGPN pile with and without
enlarged cemented soil base

displacements were 13.0 mm and 31.8 mm, respec-
tively, for the piles with and without enlarged ce-
mented soil base, and the pile head displacement
could be decreased by 59.1% by setting an enlarged
cemented soil base. The computed results show that
the enlarged cemented soil base is effective in pro-
moting the behavior of a short PGPN pile under
compression, and the promotion effect becomes more
obvious with the application of an increasing pile
head load.

6.2 Comparison of a long PGPN pile

A field test of a long PGPN pile was also used to
verify the reliability of the proposed approach in this
study, and the properties of the soil at the test site are
shown in Table 2. The test pile was a 72-m long
PGPN pile, and the core precast pile consisted of pipe
piles and nodular piles. Three 800-mm pipe piles with
lengths of 15 m, 15 m, and 12 m were connected to
two 15-m long 800 (600)-mm nodular piles. The
diameter of the drilling hole was 850 mm. The com-
parisons between the measured and fitted results are
shown in Fig. 19. This figure shows that the fitted
curve can represent the measured results well when
the initial shearing stiffness of the pile-soil interface is
enlarged to about 4, 5, 5, 6, 7, 9, 10, and 15 times of
the initial calculated values of the soil layers from
shallow to deep. Fig. 19 also shows that the respective
failure ratios of the soil layers from shallow to deep
are 0.7,0.7, 0.8, 0.8, 0.9, 0.9, 0.9, and 0.98.

The pile tip behavior of the test pile is shown in
Fig. 20, which demonstrates that the mobilized base

o Saturated silty clay < Clayey silt 2

o Silty clay 1 > Silty clay mixed gravel

2 Silty clay 2 o Silty clay mixed sand
80r v Clayeysilt1 o Medium sand

)
3

Skin friction (kPa

10 15 20 25 30 35 40 45 50
Relative displacement (mm)

% 5

Fig. 19 Comparisons between the measured and fitted
results of the relationship between the unit skin friction
and relative displacement for different soil layers
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Table 2 Soil profiles and properties at the test site

Consolidated

Cone penetra-
tion test

Layer . Thickness <al uick shear E; G, i
N}(I). Soil layer (m) (kl\yf/rle) e P I qc 9o (MPa) (MPa) ¢, /. (kqua)
(kPa) (%) (MPa) (kPa)
1 Clay 5.0 184 104 192 075 271 129 470 175 046 12.99 25
2 Silty clay 1 7.6 170 146 201 145 121 82 357 134 045 800 13
3 Silty clay 2 8.4 184 1.00 13.0 122 129 114 423 166 079 12.66 20
4 Silty clay 3 73 190 089 162 062 347 178 670 266 173 4770 46
5 Clayeysilt 1 4.6 190 08 7.6 116 124 302 984 434 617 1003 42
6  Clayeysilt2 24.1 190 087 80 116 127 295 106 462 452 121.6 40
7 Siltyclaymixed 196 075 134 043 428 206 9.02 391 - 60
gravel
Silty clay mixed
8 o 32 197 075 147 037 431 205 951 411 - - e
9 Medium sand 72 201 061 - - 99 340 122 517 - - 78
10 Silty sand 8.2 193 076 - - 98 323 101 431 - - 75

Vsat: saturated unit weight; e: void ratio; IP: plasticity index; IL: liquidity index; ¢.: cone tip resistance; gy standard value of the skin friction

of the bored pile
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Fig. 20 Pile tip displacement as a function of the mobi-
lized base load

load increases stably with increasing pile tip dis-
placement. This is probably because the permeation
of the cement paste makes the base soil brittle com-
pared to the original soil.

Hence, an elastic linear model was used to sim-
ulate the base load-displacement response. Moreover,
it is important to note that unfortunately, the statistics
regarding the pile tip displacement and the mobilized
base load after the ultimate mobilized base load was
reached were not calculated due to an error in the field
test.

The pile base displacement induced by the mo-
bilized base load can also be expressed as

R :{leb, S, <S>
kS,

15
S, =Sy, (13

u o

where k; is the compressive rigidity of the interface
between the PGPN pile base and the base soil, and Sy,
is the threshold pile base displacement at which the
tip resistance reaches the ultimate value.

The fitted curve of the pile tip behavior based on
the measured results is shown in Fig. 21. This figure
shows that the fitted line can approximately represent
the measured results when ;=108 kN/mm.

The pile top load and settlement can also be
calculated based on the proposed models and param-
eters selected above. Step 2 in the algorithm process
should be modified to be: Consider a small pile base
displacement S, (e.g., 0.1 mm in this study), and
calculate the mobilized base load Py, using Eq. (15).

3000

k,=108 kN/mm

N N
o a
o o
o o
T

1500 [

1000 | °

Mobilized base load (kN)

500

L L L J

0 5 10 15 20 25 30 35
Tip displacement (mm)

o

Fig. 21 Comparisons between the fitted and measured
results of the relationship between the tip resistance and
the base displacement
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The comparisons between the calculated and
measured results are shown in Fig. 22. Fig. 22
demonstrates that the calculated curve can represent
the measured results well, and the calculated ultimate
bearing capacity is nearly equal to the measured
value. Hence, the calculated value can also be con-
sidered to be reliable. The proposed approach is thus
shown to be efficient and suitable for the analysis of a
long PGPN pile in layered soils.

For a long PGPN pile used in soft soil areas, the
entire bearing capacity is supported mainly by the
shaft resistance, and the shaft resistance is mainly
controlled by the unit skin friction and the pile shaft
diameter. The ultimate skin friction of the concrete-
cemented soil is much larger than the ultimate skin
friction of the cemented soil-soil interface, and the
behavior of the PGPN pile can probably be promoted
by increasing the diameter of the cemented soil. The
cemented soil diameter was therefore enlarged to
900 mm, 1000 mm, and 1100 mm, respectively, and
the computed results are shown in Fig. 23.

Pile head load (kN)
0 2000 4000 6000 8000 10000 12000 14000

0

= Measured values
Computed curve

Displacement (mm)
) » N
o o o

o]
o
T

100+

Fig. 22 Comparison between the calculated and measured
load-displacement responses for a long PGPN pile
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Fig. 23 Calculated load-displacement responses of PGPN
pile with different diameters

It can be seen from Fig. 23 that the ultimate
bearing capacity of the PGPN pile increased as the
diameter of cemented soil increased, while the cor-
responding pile head displacement decreased with the
increasing diameter. The calculated values of the
ultimate pile head loads and displacements are listed
in Table 3, and the relationship between the cemented
soil diameter and ultimate bearing capacity is shown
in Fig. 24.

Table 3 Summary of calculated results

Cemented soil ~ Ultimate bearing  Displacement
diameter (mm) capacity (kN) (mm)
850 10956 59.53
900 11402 56.90
1000 12292 52.53
1100 13181 49.33
13500

fo}

e

13000
12500 +
12000
11500

11000 | o/

10500 1 1 1 1 1 1 1
800 850 900 950 1000 1050 1100 1150

Pile shaft diameter (mm)

o}

Ultimate bearing capacity (kN)

Fig. 24 Relationship between the ultimate bearing ca-
pacity and cemented soil diameter

It can be seen from Fig. 24 that the ultimate
bearing capacity of the PGPN pile increased almost
linearly with the increasing pile diameter as the shaft
resistance took up the majority of the entire applied
pile head load. The ultimate bearing capacity in-
creased from 10956 kN to 13181 kN when the ce-
mented soil diameter increased from 850 mm to
1100 mm, and the bearing capacity increased by 20%.
Table 3 shows that the ultimate pile head displace-
ment decreased from 59.53 mm to 49.33 mm when
the cemented soil diameter increased from 850 mm to
1100 mm. This is because the axial load along the pile
shaft decreases more rapidly with a larger pile shaft
diameter.

It can also be seen from Fig. 23 that, with a certain
10956 kN applied load, the pile head displacements
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were 59.5 mm, 52.6 mm, 41.0 mm, and 32.5 mm,
respectively, with the cemented soil diameter in-
creasing from 850 mm to 1100 mm. That is, the pile
head displacement can be decreased by 45.4% by
increasing the cemented soil diameter from 850 mm
to 1100 mm. Therefore, the increase of cemented soil
diameter can not only increase the ultimate bearing
capacity, but also reduce the pile head displacement.

7 Conclusions

This paper presents a simplified approach for the
analysis of the behavior of a single PGPN pile em-
bedded in layered soils. An elastic-failure model,
based on shear test results, was used to describe the
behavior of the concrete-cemented soil interface. A
hyperbolic nonlinear model was used to describe the
relationship between the skin friction and the relative
displacement between cemented soil and soil. A lin-
ear model and a nonlinear model that considers the
reduction of the shearing stiffness were used to sim-
ulate the pile tip load-displacement responses in the
field and model tests, respectively. Comparisons
between the calculated and measured load-
displacement responses demonstrated the reliability
of the proposed approach. The proposed approach is
considered to be efficient and suitable for the analysis
of a single PGPN pile embedded in layered soils by
considering the influence of the cement paste injec-
tion, the varying pile shaft modulus, and the existence
of the enlarged pile base. Moreover, based on the
calculated results, the enlarged cemented soil base is
considered to be effective in promoting the behavior
of a short PGPN pile, and an increase in the diameter
of cemented soil is efficient in promoting the com-
pressive bearing capacity of a long PGPN pile. This
simplified approach can also be used for the analysis
of similar precast pile-cemented soil composite piles
which have two interfaces of the pile shaft.
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