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Abstract
This paper presents the results of field tests performed to investigate the compressive bearing capacity of pre-bored grouted

planted (PGP) pile with enlarged grout base focusing on its base bearing capacity. The bi-directional O-cell load test was

conducted to evaluate the behavior of full scale PGP piles. The test results show that the pile head displacements needed to

fully mobilize the shaft resistance were 5.9% and 6.4% D (D is pile diameter), respectively, of two test piles, owing to the

large elastic shortening of pile shaft. Furthermore, the results demonstrated that the PHC nodular pile base and grout body

at the enlarged base could act as a unit in the loading process, and the enlarged grout base could effectively promote the

base bearing capacity of PGP pile through increasing the base area. The normalized base resistances (unit base resistance/

average cone base resistance) of two test piles were 0.17 and 0.19, respectively, when the base displacement reached 5%

Db (Db is pile base diameter). The permeation of grout into the silty sand layer under pile base increased the elastic

modulus of silty sand, which could help to decrease pile head displacement under working load.

Keywords Base bearing capacity � Enlarged grout base � Grout � PHC nodular pile � Pre-bored grouted planted pile

1 Introduction

Pile foundations are extensively used in high-rise build-

ings, high speed railway projects, offshore platforms and

wind turbines to provide vertical and lateral bearing

capacity. The driven pre-stressed high strength concrete

(PHC) pile and auger cast-in-situ pile (drilled shaft) are

widely used deep foundations [8, 10]. Driven PHC piles are

usually used because of their large mobilized shaft and

base resistances, while the auger cast-in-situ piles are

widely used because the pile diameter and length can be

adjusted easily according to the geological conditions.

Nevertheless, both driven PHC and auger cast-in-situ piles

have some disadvantages. Driven PHC pile installation

process causes noise and vibration, which is harmful to the

surrounding facilities [15], and the bearing capacity of

auger cast-in-situ pile is often hampered by the mudcake

layer at the pile–soil interface and the remaining soil cut-

tings under pile base [2]. The uncertainty of pile shaft

quality (the structural integrity of the shaft) is also a main

concern for the auger cast-in-situ pile. Moreover, the auger

cast-in-situ pile will produce large amounts of slurry,

which can pose a pollution concern to the environment.

The bored precast pile is an innovative piling system

that is introduced by some Japanese researchers [4, 16]. In

the bored precast pile installation process, a piling rig is

employed to drill the pile hole, and grout is injected into

the pile hole simultaneously to be mixed with the soil in the

hole. A precast (PHC) pile is then inserted into the created

hole that is filled with grout body. The bearing capacity of

bored precast pile has been demonstrated to be better than

the bearing capacity of conventional auger cast-in-place

pile [4]. Furthermore, because the precast pile forms the

core of the pile, it eliminates any concern related to the

quality of pile shaft. Recently, a new jetted and grouted
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precast pile is introduced in North America [12]. The jetted

and grouted precast pile also uses a precast pile as the core

pile. The jetting of the precast pile can minimize the noise

and vibration in the pile installation process and the

grouting along the shaft and at the base can increase the

shaft and base resistance.

The pre-bored grouted planted (PGP) pile is a new

composite pile foundation recently developed in China.

The PGP pile is similar to the bored precast pile and the

jetted and grouted precast pile. The installation process of

PGP pile has been described in detail elsewhere [18], and it

can be summarized in four steps: (1) Excavate the pile hole

employing a suitable piling rig; (2) Construct an enlarged

grout base by expanding the auger to the design base

diameter when the auger reaches the target depth of pile

base, and inject grout into the enlarged base; (3) Inject

grout along the pile hole, mix the grout with soil in the pile

hole while moving the auger upward and downward; and

(4) Insert the PHC pile into the pile hole under its own

weight (i.e., by gravity) to form the complete PGP pile. The

PHC nodular pile is commonly adopted as the core PHC

pile to increase the frictional capacity of PHC pile–grout

interface. The PHC nodular pile has been introduced in

detail elsewhere [21], and the 600 mm (800 mm at nod-

ules) PHC nodular pile and 500 mm (650 mm at nodules)

PHC nodular pile are often used in practical projects. For

the 600 mm PHC nodular pile, the diameter of pile shaft is

600 mm, and the diameter of nodule is 800 mm. The

nodules are distributed every certain distance along the pile

shaft, and the distance of neighboring nodules is 1000 mm.

The PGP pile installation process introduces little distur-

bance to the surrounding soil, and the use of PHC pile

ensures the shaft quality. Moreover, the grout body along

the PHC pile shaft and at the enlarged base can improve the

shaft and base capacity of PGP pile. Zhou et al. [19, 20]

evaluated the bearing capacity of PGP piles from small

scale model tests and field load tests and demonstrated that

the PGP pile offered higher load carrying capacity than

comparable auger cast-in-situ pile.

The enlarged grout body base of PGP pile is similar to

the post-grouted body at auger cast-in-situ pile base. Post-

grouting under pile base has been proved to be an effective

approach to improve the base bearing capacity of cast-in-

situ piles [7, 13, 14]. The pile base resistance is a signifi-

cant component of the capacity for piles with enlarged

base; however, it is difficult to measure the base resistance

and displacement, especially for long piles. Usually, the

base resistance is approximated by the measured axial

force of the pile shaft close to the pile base, and the base

displacement is estimated by subtracting the elastic short-

ening of pile shaft from pile head displacement. The base

bearing capacity of the enlarged grout base of the PGP pile

is still not well characterized due to lack of field test data.

Therefore, this paper investigates the base bearing capacity

of PGP pile through bi-directional O-cell load tests on full

scale PGP piles.

2 Ground conditions

The field tests described in this paper were performed in

Southeast China. The test site comprised deep muddy clay

and silty clay layers with high water content and low

strength. A series of in-situ tests including cone penetration

tests (CPTs) and standard penetration tests (SPTs) were

performed, and conventional laboratory tests were also

conducted on soil samples retrieved from different eleva-

tions. The test site consisted of (starting from top): a 3-m-

thick fill layer; a 2-m-thick muddy clay layer; a 1.5-m-thick

clayey silt layer; and a 11-m-thick muddy clay layer with

high water content (48.7%, larger than liquid limit 43.3%)

and low strength. The muddy clay layer overlay two silty

clay layers, approximately 20-m-thick. The silty clay layer

overlay a 4.5-m-thick sandy silt layer, a 12-m-thick silty

sand layer and a 5-m-thick silty clay layer. The soil profiles

and soil properties determined from the soil investigation

are presented in Fig. 1, in which Es is the compressive

modulus of soil layer and the value of Es corresponded to

the effective pressure in the range 100–200 kPa. The

ground water table was about 1.0 m below the ground

surface.

The profiles of cone tip resistance (qc) for CPT sounding

and blow count (N) for SPT conducted in the vicinity of the

test piles are depicted in Fig. 2. It is noted from Fig. 2 that

variation trend of CPT results corresponded with the SPT

results. The cone tip resistance of the top 20 m was very

small and was almost constant with depth. The blow count

of the top 20 m was also very small, and the value of blow

count was in the range 1.0–2.0, except in the thin clayey

silt layer. The cone tip resistance then increased almost

linearly from 20 to 38 m, and the blow count also increased

steadily from 2 to 5.5 in the two silty clay layers. The

average cone tip resistance in the sand silt layer was about

3.2 MPa, and the average blow count was 14.6 in this

layer. The cone tip resistance reached a maximum value in

the silty sand layer, and the average value of cone tip

resistance was about 18 MPa. The average blow count also

reached the maximum value 60.1 in the silty sand layer.

The silty sand layer was chosen as the bearing stratum, and

all test pile bases were embedded in this layer.
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3 Test pile details

Two test piles, TP1 and TP2 were installed to investigate

the compressive bearing capacity of PGP pile with

enlarged grout base. Figure 3 presents the schematic dia-

gram of the test piles. The pile diameter was 750 mm, and

its length was 46 m. The upper 31.0 m of each PGP pile

was composed of a 600 mm PHC pipe pile, and the lower

part of the pile was composed of 500 mm PHC nodular pile

(650 mm at nodules) inserted into the grout column of a

diameter of 750 mm as shown schematically in Fig. 3. The

different segments of PHC piles were welded together

before being inserted into the pile hole. The axial load

transferred through the pile shaft decreased because of the

mobilized shaft resistance, and thus the structural capacity

of the pile shaft at the lower part need not to be as high as

the upper part. Hence, the diameter of PHC pile at the

lower part was 500 mm while the diameter of the upper

part was 600 mm. The wall thickness of 600 mm PHC pipe

pile and 500 mm PHC nodular pile were 130 mm and

125 mm, and the corresponding cross-section areas were

0.192m2 and 0.147 m2, respectively. The ultimate com-

pressive strength of concrete of PHC pile shaft was 80 MPa

after being cured for 28 days. The structural compressive

capacity of 600 mm PHC pipe pile shaft and 500 mm PHC

nodular pile shaft were 15,360 kN and 11,760 kN,

respectively. Moreover, a nodule existed every 1 m along

the shaft of the lower part to increase its frictional capacity

at the pile–grout interface. Figure 3 also shows that the test

PGP pile had an enlarged grout base, and the diameter and

height of the enlarged grout base were 1125 mm and

2250 mm, respectively.

The bi-directional O-cell test method was adopted to

evaluate the compressive bearing capacity of test piles. As

shown in Fig. 3, the O-cell was welded between the two

PHC nodular pile segments, and the length of two PHC

nodular piles was 12 m and 3 m, respectively. The position

of O-cell was 3 m above pile base. Moreover, vibrating

wire strain gauges were attached to the steel reinforcement

cage of PHC nodular pile in groups of three at 1 m above

the O-cell. The range of strain gauge was 0–200 MPa, the

sensitivity was 0.12% F�S, and the working temperature

was - 20 to ? 80 �C. In the strain gauge installation

process, the cables of strain gauges were also attached to

the rebars of the steel reinforcement cage. Moreover, the

length of cables should be long enough to reach the ground

surface for the measurement of strain gauge data. The

cables which need to thread the upper PHC piles should be

fixed at one end of steel reinforcement cage steadily, to

protect the cables in the PHC pile manufacture process.

The function of the strain gauges was to check the load

applied on the upper pile shaft by the O-cell. The test pile

shaft was not equipped with strain gauges at other places,

as this research was mainly to investigate the base bearing

capacity of PGP pile. The location of balance point of pile

shaft was very important in bi-directional O-cell test. The

Fig. 1 Soil profiles and properties
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PGP pile was a new type of pile foundation, and the shaft

and base bearing capacity of PGP pile was still not well

understood. According to the soil profiles and properties

presented in Figs. 1 and 2, the shaft resistance of pile shaft

above the O-cell was about 3050 kN, based on the rec-

ommended skin frictions for cast-in-situ piles under com-

pression. Moreover, an uplift coefficient or conversion

coefficient should be adopted in calculating the shaft

resistance of pile shaft above the O-cell owing to the dif-

ferent loading directions, and the value of conversion

coefficient was in the range 0.8–1.0 in clay soil layers [11].

The shaft resistance of pile shaft above the O-cell was in

the range 2440–3050 kN. The shaft resistance of pile shaft

under the O-cell was 370 kN, and the calculated base

resistance of enlarged grout body base was about 2480 kN

based on the recommended unit base resistance for non-

displacement pile. The sum of shaft and base resistance

under the O-cell was 2850 kN. It can be considered that the

O-cell was placed around the balance point of pile shaft.

Figure 4 presents photographs of the test pile installa-

tion process. Figure 4a shows the piling rig used for the

installation of test piles. In the pile hole excavation process,

the penetration rate was about 4 m/min in the muddy clay

layers, 3 m/min in the silty clay layers, 2 m/min in the

sandy silt layer and 1 m/min in the silty sand layer. The

rotation speed of the auger was 20 r/min. The diameter of

the auger could be expanded when it reached the designed

pile base depth to construct the enlarged grout body base.

The drilling pipe of the piling rig was also used as the

grouting conduit, and the pile hole would be filled with

grout after the drilling and grouting process was completed.

The model test and simulation results showed that the grout

body along the shaft acted as a transition layer and the

stress in the grout body along the shaft was very small,

while the enlarged grout body base should account for part

of base resistance. The strength of grout body at the

enlarged base should be large enough to avoid internal

failure between enlarged grout body and PHC pile base

Fig. 2 Cone penetration test and standard penetration test results
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[17]. In the enlarged grout base construction process, the

grout with a water–cement ratio of 0.6 was injected into the

enlarged base, and the volume of injected grout should be

equal to the calculated volume of the enlarged base. The

grouting pressure was about 1 MPa, and the flow rate of the

grout was 200 L/min.

The water–cement ratio of the grout injected along the

pile shaft was 1.0, and the volume of injected grout was

half the volume of pile hole. According to the laboratory

test results, the unconfined compressive strength of pure

grout with a 1.0 water–cement ratio was about 15 MPa

after being cured for 28 days. The grout was mixed with

the soil in the pile hole in grout column construction pro-

cess, and the mass ratio of the grout sample was mcement:

mwater: msoil = 1.0: 3.7: 5.3. The auger should make a

sufficient upward and downward motion to guarantee that

the grout body along the shaft was homogeneous. The

resistance on the auger could be measured by the monitor

system of the piling rig, and the grout body along the pile

shaft could be considered to be homogeneous when the

resistance on the auger became constant in the drilling

process.

Figure 4b shows the PHC pipe pile and PHC nodular

pile being inserted into the grout column under their own

weight. The different segments of PHC pipe pile and PHC

nodular pile were welded together before installation, and

the strain gauges cables were threaded through the hollow

core of PHC pile. The speed of pile insertion process was

about 20 m/min, as the pile hole was filled with homoge-

neous grout body, and the resistance in PHC pile insertion

process was very small.

4 Static load tests

According to the local technical specification for pile

testing [1], the grout body in PGP pile should be allowed to

cure for at least 28 days before the static load test is con-

ducted. The test piles TP1 and TP2 were cured for 52 days

and 55 days, respectively, before the bi-directional O-cell

load test were conducted. The schematic of bi-directional

O-cell load test is presented in Fig. 5. It can be seen from

Fig. 5 that the O-cell applied the load on both the upper

and lower pile segments during the loading process, and the

loads applied on both directions were always the same. The

counter force for the base resistance of enlarged grout base

was provided by the self-weight and shaft resistance of the

upper pile segment. Furthermore, four steel pipes were

placed within the hollow core of PHC pipe pile and PHC

nodular pile, and a displacement string was placed in each

steel pipe. The steel pipes were welded at the inner surface

of PHC pipe pile and PHC nodular pile before the PHC pile

being inserted into the pile hole. Two displacement strings

were used to measure the displacement of enlarged grout

Fig. 3 Schematic diagram of test pile (unit: m)
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base, and the other two displacement strings were used to

measure the displacement of the pile segment above the

O-cell.

According to the local specification [11], the value of

load increment should be 1/10 of the maximum applied

load, and the value of first load increment should be twice

the value of other load increments. In this research, the

bearing capacity of enlarged grout body base was not well

understood, and the value of load increment was set to be

1/20 of the estimated maximum base resistance to gain the

full load–displacement curves of the test piles. The first

load increment in the bi-directional O-cell load test was

300 kN, and the subsequent increments were 150 kN each.

The settlements were also measured after each load

increment at an interval of 5 min, 15 min, 30 min, 45 min,

60 min, 90 min, 120 min until the settlement is less than

0.1 mm within every 1 h.

5 Test Results

The bi-directional O-cell load test results can be converted

into equivalent pile head load–displacement curves of the

conventional static load test. The test results can be con-

verted according to the local specification JGJ/T 403–2017

[11]:

Qu ¼
Q1 �W

c
þ Q2 ð1aÞ

s ¼ s2 þ Ms ð1bÞ

Ms ¼ ½ðQ1 �WÞ=cþ 2Q2� � L1
2Ep � Ap

ð1cÞ

in which Qu and s are the converted pile head load and

displacement, respectively; Q1 and Q2 are the load applied

on the pile segment above and below O-cell, respectively,

and Q1 = Q2; the axial force measured by the strain gauges

equipped 1 m above the O-cell was about 150 kN smaller

than the value of Q1 after Q1 was larger than 600 kN, which

indicated that the shaft resistance of pile segment between

the O-cell and strain gauges was 150 kN; W is the self

weight of pile shaft above the O-cell, the weight of the

PHC pile shaft and grout body above the O-cell were 195

kN and 205 kN, respectively, and the total self weight of

pile shaft W was 400 kN; s2 is the measured displacement

of the pile segment below O-cell; Ds is elastic shortening of
pile shaft; c is skin friction conversion coefficient, and the

recommended value of c is in the range 0.8–1.0. The value

of c was 0.9 in this research as that the test piles were

embedded in clayey soil.

The converted pile head load–displacement responses of

the test piles are presented in Fig. 6. This figure shows that

the load–displacement responses of two test piles were

fairly similar and exhibited three segments: an initial linear

segment when the pile head load was less than 3672 kN,

followed by a linear segment with a slightly reduced slope

when the pile head load increased from 3672 to 5889 kN

for TP1 and to 6522 kN for TP2. Finally, the pile head

displacement increased sharply when pile head load

increased to 6206 kN and 6839 kN, respectively, of

TP1and TP2. Hence, punching failure occurred when the

pile head load of TP1and TP2 increased to 6206 kN and

6839 kN, respectively. According to the local specification

[1], the ultimate capacity of TP1 and TP2 were 5889 kN

and 6522 kN, respectively. The ultimate compressive

capacity of TP2 was about 10% larger than the ultimate

compressive capacity of TP1. Considering the variation of

soil layer profiles in the test site and the influence of grout

body along the pile shaft and at the enlarged base on the

behavior of PGP pile, the 10% difference in ultimate

compressive capacity of TP1 and TP2 was reasonable.

Fig. 4 PGP pile installation process
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The enlarged grout body base was embedded in the silty

sand layer, as shown in Fig. 2. The height of the enlarged

grout body was 2.25 m, and the O-cell was equipped 3 m

above the pile base. Hence, the load applied on the pile

segment below O-cell can be approximately taken as the

mobilized base load, and the measured displacement of the

pile segment below O-cell is taken as the base displace-

ment. The shaft resistance of the test piles can be calculated

by subtracting the pile head load with the corresponding

base resistance. The average skin friction can be calculated

by the following equation:

ss ¼ Qs=ðp � d � LÞ ð2Þ

in which ss is average skin friction; Qs is shaft resistance; d

is pile diameter; L is effective pile length.

The PGP pile shaft consisted of a core PHC pipe/nodular

pile and the grout body around the PHC pile. Hence, the

shaft load transfer of PGP pile occurred through two

interfaces: PHC pile–grout interface and grout–soil inter-

face. The test pile could behave as an integral pile only

when the failure occurred at the grout–soil interface. The

frictional capacity of the PHC pile–grout interface should

also be investigated. The clayey soil retrieved from the test

site was used to make the grout specimen in the laboratory.

The construction of PGP pile involved moving the piling

rig upward and downward during the drilling and grouting

process, and thus the grout body around the PHC pile was

assumed to be homogeneous. The mass ratio of the grout

sample made in the laboratory was the same as the mass

ratio of the grout body in the field test, i.e., mcement: mwater:

msoil = 1.0: 3.7: 5.3. The grout samples were cast in

70.7 mm 9 70.7 mm 9 70.7 mm molds to prepare the test

specimens for unconfined compressive strength tests, and

all the samples were allowed to cure for 52 days in stan-

dard curing room. The unconfined compressive strength of

the grout samples was 850 kPa. The PHC pile–grout

interface shear test was conducted in a specially developed

pile–soil interface shear test apparatus which has been

described elsewhere [22]. The model PHC pile was

Fig. 5 Schematic of bi-directional O-cell load test

Fig. 6 Load–displacement responses of test piles
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manufactured in advance, and the surface roughness of

model PHC pile should be controlled the same as the

surface roughness of prototype PHC pile. The homogenous

grout sample was then placed around the model PHC pile

to prepare the PHC pile–grout interface specimen. The

PHC pile–grout interface specimen was then moved into

the standard curing room and being allowed to cure for

52 days before the interface shear test. In the PHC pile–

grout interface shear tests, the PHC pile–grout interface

specimen was under radial confining pressure, and the

contact form of the PHC pile–grout interface was identical

to that of the prototype pile–soil interface. The displace-

ment of the grout body was constrained by the base plate of

the shear test apparatus, to ensure that the failure occurred

at the PHC pile–grout interface. The measured ultimate

skin friction of the PHC pile–grout interface was 110 kPa,

when the strength of grout body was 850 kPa.

Figure 3 shows that the diameter of the PHC pile and the

grout body around the PHC pile were 600 mm and

750 mm, respectively. The shaft capacity of PGP pile was

controlled by the PHC pile–grout body interface and the

grout body–soil interface. The failure of PGP pile shaft

would occur at the PHC pile–grout body interface when the

shaft resistance of PHC pile–grout body interface was

smaller than the shaft resistance of grout body–soil inter-

face, and the PHC pile and grout body could act as an

integral pile when the shaft resistance of PHC pile–grout

body interface was larger than the shaft resistance of grout

body–soil interface.

To guarantee that the PHC pile and grout body act as an

integral pile in the load transfer process, the shaft resis-

tance of PHC pile–grout interface should be larger than the

shaft resistance of grout–soil interface. The diameter of

PHC pile (Dp) was 600 mm, and the diameter of grout

body zone (Dc) was 750 mm. The maximum skin friction

(fs) allowed at the grout body–soil interface can be esti-

mated by:

fs ¼
Dp

Dc
� fc ð3Þ

in which fc is the ultimate skin friction of the PHC pile–

grout interface, and the value of fc was 110 kPa according

to the PHC pile–grout interface shear test results; the value

of Dp

�
Dc was 0.8 as the value of Dp and Dc was 600 mm

and 800 mm, respectively.

Hence, the test piles would act as a unit only when the

ultimate skin friction at the grout body–soil interface was

less than 88 kPa. Given that the test piles were embedded

in mostly clayey soil layers where the ultimate skin friction

of grout body–soil interface was less than 88 kPa, TP1 and

TP2 would behave as an integral pile with diameter equal

to 750 mm.

The variation of the shaft resistance with the pile head

displacement of test piles is presented in Fig. 7. It can be

seen from Fig. 7 that the average skin friction of TP1 and

TP2 were gradually mobilized with the increase of nor-

malized pile head displacement (pile head displacement/

pile diameter), and the average skin friction of TP1 and

TP2 reached the ultimate value when the normalized pile

head displacements increased to 5.9% and 6.4%, respec-

tively. The pile head displacement needed to fully mobilize

the shaft resistance was larger than the proposed value

(0.5–2% D) by Fleming et al. [2]. This is because that the

PHC pipe pile and PHC nodular pile were adopted as the

core pile of the test PGP piles, and the wall thickness of

600 mm PHC pipe pile and 500 mm PHC nodular pile

were 130 mm and 125 mm, respectively. The cross-section

area of 600 mm PHC pipe pile and 500 mm PHC nodular

pile were 0.192 m2 and 0.127 m2, respectively. The

Young’s modulus of the concrete of PHC pile shaft was 40

GPa. Assume that the axial load of pile shaft decreased

linearly from pile head to base, the calculated pile shaft

elastic shortening of TP1 and TP2 were 28.6 mm and

31.7 mm, respectively, when the skin friction reached the

ultimate value. The value of pile shaft elastic shortening of

TP1 and TP2 reached 3.81% D and 4.23% D, respectively,

when the shaft resistance was fully mobilized. The pile

shaft elastic shortening of PGP pile was larger than the pile

shaft elastic shortening of cast-in-situ pile under identical

pile head load. Moreover, the ultimate skin frictions of TP1

and TP2 were 28.5 kPa and 31.8 kPa, respectively. The

ultimate skin friction of TP1 and TP2 were much smaller

than 88 kPa, and the assumption that TP1 and TP2 would

behave as an integral pile with diameter equal to 750 mm

was reliable.

As mentioned above, the load applied on the pile seg-

ment below O-cell can be approximately taken as the

Fig. 7 Variation of average skin friction with normalized pile head

displacement
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mobilized base load, and the measured displacement of the

pile segment below O-cell is taken as the base displace-

ment. The pile base load–displacement curve of TP1 and

TP2 are presented in Fig. 8. It can be seen from Fig. 8 that

the base load–displacement response of TP1 and TP2 were

similar and exhibited three parts: a linear segment when the

base resistance was less than 1050 kN, followed by a

nonlinear segment when the base resistance was in the

range 1050–3000 kN for TP1 and 1050–3300 kN for TP2,

and a final linear segment with much reduced slope when

the base resistance reached 3150 kN for TP1 and 3450 kN

for TP2.

The base resistance is typically fully mobilized at base

displacement in the range 5%–10% Db (Db is pile base

diameter), and even larger for non-displacement piles in

granular soil [2]. Figure 8 shows that plunging failure

occurred for both TP1 and TP2 in the last loading step, and

the base displacement for TP1 and TP2 exceeded

56.25 mm (5% Db). The pile head displacement also

exceeded 10% D in the last loading step. Hence, it can be

considered that the ultimate base resistance of TP1 and TP2

were 3120 kN and 3430 kN, respectively, when the base

displacement reached 5% Db.

The height of the enlarged grout base of the test piles

was 2250 mm, and its diameter was 1125 mm containing

the PHC nodular pile base and the grout base. The test piles

were not excavated from the ground after the loading test,

and the integrity of the enlarged base was unknown in this

research. Nevertheless, Kon et al. [5] excavated the test

piles which were also installed by pre-bored piling method

after conducting the pile-toe load tests. The unconfined

compressive strength of the grout body at the enlarged base

was also tested, and the strength of the grout body was in

the range 10.9–13.2 MPa. The grout body and nodular pile

base were found to be closely bonded with each other after

the loading test, and the maximum base resistance was

5000 kN. The strength of the grout body in this research

was 20 MPa, and the maximum base resistances were 3150

kN and 3450 kN, respectively. The shaft resistance of

nodular pile base–grout interface in this research was larger

than the shaft resistance of nodular pile base–grout inter-

face in Kon’s tests, as the strength of grout at the enlarged

base in this research was larger than 13.2 MPa. It can be

considered that the PHC nodular pile base and the grout

body around the nodular pile base could act as a unit in the

loading process, and the base diameter of the test piles was

1125 mm.

The pile base bearing capacity has been extensively

investigated by many researchers, and Randolph and Wroth

[9] proposed an empirical equation to calculate pile base

displacement:

sb ¼
Pbð1� lÞ
4rbGb

ð4Þ

in which Pb and sb are the pile base resistance and base

displacement, respectively; l and Gb are the Poisson’s ratio

and shear modulus of the soil under pile base, respectively;

and rb is pile base radius.

It can be noted from Fig. 8 that the slope of pile base

load–displacement curves reduced with the increase of pile

base displacement, owing to the degradation of shear

modulus of the soil under pile base. Han and Ye [3] pro-

posed an empirical equation to simulate the degradation of

the shearing modulus of the soil under pile base:

Gb ¼ Gb0ð1� Rf
Pb

Qb
Þ2 ð5Þ

in which Gb0 is initial shear modulus of the soil under pile

base; Qb is the ultimate base resistance; and Rf is failure

ratio.

The ultimate base resistance of TP1 and TP2 were 3120

kN and 3430 kN, respectively, and the pile base radius was

562.5 mm. Laboratory tests were conducted on the silty

sand retrieved from the test site. The Poisson’s ratio of the

silty sand was 0.3. The value of elastic modulus of the silty

sand changed with vertical effective stress. The value of

elastic modulus Es was 10.2 MPa when the vertical

effective stress was in the range 100–200 kPa; Es value

increased to 17.1 MPa when the vertical effective stress

was in the range 200–400 kPa; and Es value finally

increased to 29.1 MPa when the vertical effective stress

was in the range 400–800 kPa. The vertical effective stress

of the silty sand layer in the test site was close to 400 kPa,

and the value of Es was 29.1 MPa. The shear modulus of

silty sand can be approximated by,

Gb ¼
Eb

2ð1þ lÞ ð6Þ

Fig. 8 Base load–displacement response of test piles
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The calculated shear modulus of silty sand was

11.2 MPa. Nevertheless, the initial shear modulus of the

soil under pile base estimated from the initial section of

base resistance–displacement curves of test piles was much

larger than 11.2 MPa. The back-calculated initial shear

modulus of the soil under pile base from Fig. 8 was about

850 MPa. This is probably because that large amount of

grout permeated into the silty sand layer in the enlarged

base construction process. The strength of the grout body at

the enlarged base was 20 MPa, and its elastic modulus was

2800 MPa. The Poisson’s ratio of the grout body was about

0.25, and its shear modulus was 1120 MPa. The property

of silty sand under pile base was improved because of the

permeation of grout in the enlarged base construction

process, and the initial shear modulus of the enhanced silty

sand was close to the shear modulus of grout body at the

enlarged base. The measured and calculated pile base load–

displacement curves are presented in Fig. 9. The dotted

curves in Fig. 9 are the calculated base load–displacement

curves of TP1, and the solid curves are the calculated base

load–displacement curves of TP2. It can be seen from

Fig. 9 that the calculated curves can fit well with the

measured results when the failure ratio is 0.85. The value

of failure ratio is close to 0.9 which is proposed by Han and

Ye [3]. Hence, the conventional method can also estimate

the base load–displacement response of PGP pile well,

when the PHC nodular pile base and grout body at the

enlarged base is taken as a unit, and the diameter of grout

body zone is taken as the pile base diameter.

The CPT results are also commonly used to estimate the

pile base bearing capacity, owing to the similarities

between the cone and an axially loaded pile. The PGP pile

is a non-displacement pile, and no pressure locked under

pile base before the loading test. Fleming et al. [2] pro-

posed a hyperbolic relationship to correlate the unit pile

base resistance to the cone tip resistance for non-dis-

placement piles, as follows:

qb
qc

¼ sb=d

sb=d þ 0:5 � qc=Eb
ð7Þ

in which qb is unit pile base resistance, sb is pile base

displacement, d is pile base diameter, and Eb is the elastic

modulus of the soil under pile base.

The test pile bases were all embedded in the silty sand

layer, and the value of cone tip resistance (qc) of silty sand

layer was about 18 MPa according to Fig. 2. The elastic

modulus of silty sand under pile base was 29.1 MPa.

Nevertheless, it should be noted that the property of silty

sand was improved because of the permeation of grout in

the enlarged base construction process. The back-calcu-

lated initial shear modulus of the silty sand from Fig. 8 was

about 850 MPa, which was close to the shear modulus of

the grout body at the enlarged base. The elastic modulus of

strengthened silty sand can be estimated according to

Eq. (6). The Poisson’s ratio of strengthened silty sand was

assumed to be the same as the Poisson’s ratio of grout

body. The calculated elastic modulus of strengthened silty

sand was 2125 MPa. Moreover, the degradation of elastic

modulus of strengthened silty sand in the loading process

should also be considered. The base displacement of TP1

and TP2 reached 6.1% and 5.3% Db, respectively, after the

last loading step, and almost plunging failure occurred.

Fleming et al. [2] also suggested that the base resistance

was typically fully mobilized at base displacement in the

range 5%–10% Db. It can be assumed that the elastic

modulus of soil under pile base decreases with the increase

of base displacement when base displacement is in the

range 0–10% Db, as follows,

Eb ¼ Eb0ð1�
sb=Db

0:1
Þ ð8Þ

in which Eb0 is initial shear modulus of the soil under pile

base.

The variation of normalized base resistance (unit base

resistance/average cone tip resistance) with normalized

base displacement of test piles is presented in Fig. 10. The

dotted line in Fig. 10 represents the normalized base

resistance–normalized base displacement response of con-

ventional non-displacement pile (from Eq. 7). It can be

seen from Fig. 10 that Eq. (7) can not represent the pile

base resistance–displacement response well if the elastic

modulus of silty sand (29.1 MPa) is adopted as the elastic

modulus of soil under pile base. As expected, the slope of

the calculated normalized base resistance–normalized base

displacement curve is much smaller than the measured

results, as the permeation of grout into the silty sand

increased the elastic modulus of silty sand. Hence, the

elastic modulus of strengthened silty sand should be

adopted in calculating the base load–displacement curve of

PGP pile. Moreover, it should be noted that the grout could
Fig. 9 Calculated and measured pile base load–displacement curves
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only permeate into the superficial silty sand layer under the

pile base, and the pile base load would be transferred to the

non-grouted silty sand layer with the increase of base load.

The non-grouted silty sand layer was the bearing stratum,

and a reduction coefficient R should be adopted for the

estimation of base bearing capacity of PGP pile, as follows,

qb
qc

¼ R � sb=d
sb=d þ 0:5 � qc=Eb

ð9Þ

The solid line in Fig. 10 represents the normalized base

resistance–normalized base displacement response by

considering the permeation of grout into the silty sand

(from Eqs. 8 and 9). Figure 10 shows that Eqs. (8) and (9)

can simulate the measured base resistance–displacement

response well, when the initial elastic modulus of soil

under pile base was 2125 MPa, and the value of reduction

coefficient R was 0.23.

Figure 10 also shows that the maximum normalized

base resistance was 0.18 for TP1 and 0.19 for TP2. Nev-

ertheless, the design base resistance is normally taken as

that mobilized within a limited displacement, rather than a

true maximum value. If a base displacement of 5% Db is

taken as the limit base displacement, the normalized base

resistance was 0.17 for TP1 and 0.19 for TP2. The value of

normalized base resistance for bored pile was found to be

in the range 0.1–0.2 [6]. The measured normalized base

resistance of test piles were close to the recommended

value for bored piles. The permeation of grout into the silty

sand under pile base increased the initial elastic modulus of

the silty sand, and the initial slope of base resistance–dis-

placement curve of test piles was also much larger than that

of conventional bored pile. It should be noted the grout

could only permeate into the silty sand layer near the pile

base, and eventually the base load would be transferred to

the non-grouted silty sand layer. The non-grouted silty sand

layer was the bearing stratum. The ultimate normalized

base resistance of test piles were close to the recommended

value for bored piles. Nevertheless, it should be noted that

the diameter of the enlarged grout base was 2.25 times the

diameter of the PHC nodular pile base, and the base area of

enlarged grout base was about 5 times the base area of PHC

nodular pile. The enlarged grout base effectively increased

the pile base resistance through increasing the pile base

area. Moreover, a safety coefficient of 2 is often adopted in

pile foundation design [2], and the working load is half the

value of ultimate load. The base displacement of PGP pile

would be much smaller than the base displacement of

conventional bored pile under working load, as the initial

slope of base load–displacement curve of PGP pile was

much larger than that of conventional bored pile.

6 Conclusions

Full-scale pile load tests were conducted to investigate the

compressive bearing capacity of PGP pile with enlarged

grout base. The bi-directional O-cell test method was

conducted on the test piles to give a detailed investigation

on the base bearing capacity of PGP pile. Based on the test

results presented herein, the following conclusions may be

drawn:

1. The load transfer of PGP pile shaft occurred through

two interfaces: the PHC pile–grout interface and the

grout–soil interface. The skin friction of PHC pile–

grout interface was much larger than the skin friction

of grout–soil interface for the PGP piles embedded in

clayey soil. The pile head displacement needed to fully

mobilize the shaft resistance was 5.9% and 6.4%,

respectively, of two test piles, because of the large

elastic shortening of pile shaft.

2. The PHC nodular pile base and the grout body at the

enlarged base could act as a unit in the loading process.

The permeation of grout into the silty sand layer under

the pile base increased its elastic modulus, and the

initial slope of base load–displacement curve of PGP

pile was much larger than that of conventional bored

pile.

3. The enlarged grout base could effectively promote the

base bearing capacity of PGP pile through increasing

the base area. The measured normalized base resis-

tance of two test piles were 0.17 and 0.19, respectively,

when base displacement reached 5% of pile base

diameter. The base displacement of PGP pile under

working load was smaller than that of conventional

bored pile, which can help to decrease pile head

displacement under working load.

Fig.10 Variation of normalized base resistance with normalized base

displacement
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