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Abstract

As anovel technology for strengthening the bearing capacity of bridge piles, related research on composite post-grouting at
pile ends is still underdeveloped. To reveal the reinforcement mechanism and bearing characteristics of composite post-
grouting piles, indoor model tests were implemented in sandy soil, which applied different grouting methods, including
non-grouting, open post-grouting, and composite post-grouting methods on three pile-ends, and static load compression
tests were conducted. The load—settlement curves, grouting curing performance, axial force of the pile, frictional resistance
of the pile side, pile-soil relative displacement, and pile-end resistance were compared and investigated. The experimental
results show that the load—settlement curves indicated the same pattern of steep variation. Compared to the pile without
grouting, the ultimate compressive bearing capacity of the model pile was improved by 67.2% and 101.6% using the open
post-grouting and composite post-grouting methods at the pile end, respectively. Compared to S1 pile without grouting, the
average frictional resistance of the pile side in the slurry up-return zones under the ultimate condition for S2 (open post-
grouting) and S3 (composite post-grouting) increased by 109.3% and 129.3%, respectively. In contrast, the pile-end
resistance increased 2.3 times and 2.9 times, respectively. Therefore, the bearing capability of piles can be improved more
effectively when using the composite post-grouting technique in sandy soil rather than the traditional open post-grouting
technique. These findings can be used as references for the optimized design and application of composite post-grouting
bridge-pile foundations.
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1 Introduction

A large number of bridge projects have been applied in the
construction of high-speed railways in China; for example,
the total length of the bridge section of the Beijing-
Shanghai high-speed railway accounts for more than 80%
of the total line length. Bored piles with mud retaining
walls are widely adopted during the construction of bridge
foundations, and have the benefits of high stiffness, high
bearing capacity, small pile deformation, and effective
control of bridge settlement deformation [1, 2]. However,
bored piles with mud retaining walls have disadvantages
such as significant disturbance in soil and residual silt at the
pile end, which will further reduce the pile tip resistance
[3-5]. Many studies have shown that post-grouting tech-
nology of pile foundations can effectively improve the
shortcomings mentioned above [6-8], and open post-
grouting technology is the most commonly used. However,
open post-grouting has low controllability and is prone to
flow along soil fissures under high pressure [9]. To address
this issue, a new type of composite post-grouting technol-
ogy at the pile tip improves the previous open post-grout-
ing technology. Its main characteristics are the installation
of a hollow steel plate capsule closed post grouting device
and a common open post grouting pipe at the bottom of the
pile. After the pile was formed, a three-step post grouting
process of “open closed open” was used to compact,
penetrate, and split the surrounding sediment and disturbed
strata of the pile bottom. The slurry is pressed into a hollow
steel plate capsule to expand and form an enlarged head at
the pile end, expanding the supporting area of the pile, and
compacting and consolidating the soil around the pile end
[9]. Therefore, the pile-end composite post-grouting tech-
nology can effectively control the area, pressure, and vol-
ume of grouting, improve the pile-bearing capacity, and
reduce the settlement volume. A grouting performance
comparison diagram of the open and composite post-
grouting pile ends is shown in Fig. 1. Therefore, investi-
gations on the bearing characteristics and reinforcement
mechanism of composite post-grouting piles are vital and
have essential engineering significance and scientific value
for developing high-speed railways in China.

The application of post-pressure grouting technology
has been investigated in many studies. For example, Bruce
[10] summarized the construction process and test results
of bored piles that used the post-grouting technique and
outlined the influences of post-grouting on the bearing
capacity and settlement of bored piles. Sherwood and
Mitchell [11] presented a comparative test between piles
with or without grouting. They suggested that grouting
reduces the settlement and improves the stiffness of the soil
at the pile end by improving the mechanical properties of
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the disturbed soil. Ruiz and Pando [12] indicated that the
primary reinforcement mechanism for the bearing capacity
improvement of pile foundations is soil enhancement
achieved by pile-end grouting, and the reinforcement
mechanism was verified using modified load transfer
curves. Thiyyakkandi [13] carried out model tests of post-
grouting of monopiles and multi-piles at the pile ends in
cohesionless soil, in which the model foundations were
excavated and the post-compaction piles were removed
after the tests to analyze the shape and size of the slurry
bubbles. Thiyyakkandi et al. [14] used PLAXIS 2D soft-
ware to simulate the entire experimental process of jetted
and grouted precast piles and proposed a method to obtain
the load—displacement response of piles in cohesionless
soil. Nguyen and Fellenius [7] conducted static load tests
on the pile-side of grouting piles in a high-rise building in
Vietnam, which have different pile diameter including
1.5 m and 2.0 m. It was found that the pile-side grouting
piles increased the lateral frictional resistance by two to
three times compared to the non-grouting piles. Youn and
Tonon [15] investigated the influences of post-grouting on
the bearing capacity of bored piles based on field experi-
ments and numerical simulations. The results indicated that
the negative frictional resistance caused by the pre-pressure
of the pile end enhances the pile-side frictional resistance.
Fang et al. [16] reported that the pre-pressure of the post-
grouting pile at the pile end effectively increased the
frictional resistance of the pile end and pile side, which has
been confirmed by many field cases. Xu et al. [17] con-
ducted post-grouting tests on bored piles in karst areas,
proposing a mathematical model to investigate the grouting
pressure and water cement ratio. Compared to the con-
ventional pile, there are 1.5 times higher bearing capacity
and 50% lower settlement when using the membrane-
confined grouted pile. Wan et al. [18] conducted post-
grouting field tests on bridge pile foundations in fine sand
layers, and the EWCT technique and standard penetration
tests were used to measure the reinforcement of post-
grouting.

The above literature shows that open post-grouting
technology has been widely studied and applied. However,
the open post-grouting method has disadvantages such as
poor grouting performance, rugged construction, and poor
stability of load-bearing capacity improvement. Composite
post-grouting technology can avoid these barriers and has
the advantages of open post-grouting technology. As
described earlier, the influence of composite post-grouting
technology on the bearing characteristics and reinforce-
ment mechanism of pile foundations has not been deeply
understood. In this study, the laboratory model tests were
implemented in sandy soil, which applied different grout-
ing methods, including non-grouting, open post-grouting,
and composite post-grouting on three pile ends, and static
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Fig. 1 Comparison of pile-ends grouting performance between open and composite post-grouting methods

load compression tests were conducted. The load—settle-
ment curves, slurry curing effect, pile axial force, pile-side
frictional resistance, pile-soil relative displacement, and
pile-end resistance characteristics were compared. These
results provide a scientific basis for the promotion of
composite post-grouting technology in bridge pile foun-
dation engineering.

2 Experimental Program
2.1 Similarity Relationship

To ensure similarity with on-site tests, model tests can be
satisfied through two similarity principles: mechanical
similarity and geometric similarity. Mechanical similarity
consists of material strength similarity (compressive
strength, etc.), material stress similarity (stress, strain, etc.),
elastic similarity (elastic modulus, displacement, etc.), and
mechanical characteristic similarity of the test soil (cohe-
sion, internal friction angle, etc.). Geometric similarity
determines the size of the model test according to a certain
proportional relationship. However, for the soil and struc-
ture in the 1-g model test, it is difficult to perfectly follow
similar laws [19]. According to the site prototype pile
diameter of 1.0 m and Buckingham’s similarity theory
[20], the mechanical similarity constant (model/prototype)
is 1:1, and the geometric similarity constant (model/pro-
totype) is 1:10 for the selected model test.

2.2 Experimental Setup and Equipment

Figure 2 shows the setup and equipment for the model test.
The test devices included a container, loading system,
grouting system, data logger, and measuring instruments.
The container of dimension of 0.9 m x 0.9 m x 2.5 m
(representing length x width x height), and the container
is welded with a steel plate of 5 mm thickness, which can
maintain the overall stability during the test. The loading
system mainly consists of a hydraulic jack, two YHD-200
displacement meters, a loading beam, and other compo-
nents. The loading beam was fixed on the counter-force
rack as a support to provide a vertical force for the model
pile by applying downward pressure. A hydraulic jack is
installed between the loading beam and the model pile to
apply downward axial pressure to the pile, and the varia-
tions in pile-top load are recorded in real time by the
pressure sensor. During the loading process, two YHD-200
displacement meters were used to monitor the pile top
settlement with each load, which is applicable with a dis-
placement within 200 mm and an accuracy of 0.01 mm.
The post-grouting system consisted of an air compressor
and a cement slurry tank, as shown in Fig. 3. The air
compressor provides a maximum grouting pressure of
0.8 MPa for the model pile to be reinforced after installa-
tion. The cement slurry tank is a cylinder with a diameter
of 0.4 m and height of 0.4 m. The cement slurry tank is
made of a steel plate, in which the wall thickness is 5 mm
and the top plate thickness is 10 mm. Moreover, the top
plate of the cement slurry tank is connected to the tank
body by high-strength bolts, with a rubber ring between the
top plate and the tank body to ensure airtightness and an air
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Fig. 2 The schematic and pictures of model test set-up
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inlet on the top plate. The air compressor provides high-
pressure air into the hydraulic cement slurry tank through
the air inlet pipe, and the cement slurry inside is injected
into the pile end through the cement slurry outlet pipe.
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2.3 Sandy Soil

In this study, because the bearing layer of the prototype
pile end is a sandy soil layer, the natural river sand of the
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Jinsha River Basin with a particle size distribution curve
similar to that of the prototype sand was selected for the
test. Before preparing the physical model, the main
mechanical parameters of sand were ensured to meet the
mechanical similarity through testing. The foundation in
the container is made of 2.5 m sandy soil. The properties of
the sandy soil obtained through a series of indoor tests are
listed in Table 1. The influence of grain size on the pile-soil
interaction should be considered in the 1-g model tests. To
investigate the response of piles subjected to lateral load-
ing, Garnier et al. [21] recommended that the diameter
ratio of the pile (D,,) to the median soil grain (Dsg) should
be larger than 60, thereby minimizing the effect of grain
size. Moreover, Craig [22] pointed out that the grain size is
insufficient to affect the bearing capacity of the foundations
when the structural size of the model is greater than 40
times the grain size. It can be seen from Fig. 4 that 98% of
the particle size selected for this test is less than 1.9 mm,
and the median soil particle diameter (Dsp) is 0.45 mm.
Therefore, the effect of the particle size of the model
foundation material on the bearing performance of the
monopile in this study can be ignored (100/0.45 > 60 and
100/1.9 > 40).

2.4 Model Pile

The model pile consisted of a reinforcement cage and
concrete. The pile’s diameter is 0.1 m and its length is
2.05 m, as shown in Fig. 5. The reinforcement cage was
made of six steel bars of 8 mm diameter and 2.0 m length
as the primary reinforcement, with 2 mm diameter iron
wire as the hoop reinforcement, and the longitudinal
spacing was arranged at 0.2 m. The distance between the
container’s inner side wall and the test pile should be

Table 1 Physical properties of sand

Property Unit Value
Unit weight kN/m® 18.2
Specific gravity \ 2.64
Minimum void ratio \ 0.559
Maximum void ratio \ 0.873
Void ratio \ 0.604
Relative density % 85.7
Water content % 10.6
Compression modulus MPa 11.8
Elastic modulus MPa 20.2
Poisson’s ratio \ 0.3
Internal friction angle ° 324
Cohesion kPa 0.1
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Fig. 5 Photograph of piles and layout of strain gauges

greater than 2.82 times the pile’s diameter d [23]. The
distance between the model pile and container wall in this
study is 9d (90 cm/10 cm = 9), and the boundary effect
can be eliminated. The reinforcement cage was fixed in a
PVC mold with a closed end and a diameter of 10 cm. C30
concrete, which has 30 MPa compressive strength of cube
specimens with a 150 mm length, was poured into the
mold, vibrated, and compacted. It is noteworthy that the
test pile was filled with C30 concrete, with a mix ratio of
water: cement: sand: crushed stone = 0.38:1:1.11:2.72.
After 7 days of maintenance, the PVC mold was removed
and maintained for another 28 days, and the weight of the
model pile was determined to be 25 kN/m’, the elastic
modulus was 3.0 GPa, and the Poisson’s ratio was 0.2.
Three model piles were used in the experimental work,
including non-grouting (denoted as S1), open-grouting
(denoted as S2), and composite-grouting (denoted as S3),

2
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and the effect of different grouting methods on the bearing
capacity of the pile foundation was investigated.

To investigate the load transfer mechanism and distri-
bution of the pile-side frictional resistance of the post-
grouting pile during downward compression, ten pairs of
strain gauges were arranged at equal intervals along the
two sides of each model pile, as shown in Fig. 5. The strain
gauges were glued to the surface of the steel bars using
epoxy resin. The conductors were fixed to steel bars to
prevent physical damage to the strain gauges and conduc-
tors during the model pile casting process [24].

A bicycle inner tube was selected to simulate the cap-
sule installed at the end of the pile using the composite
post-grouting technology, and a concentric round rubber
capsule (10 cm outer diameter and 5 cm inner diameter)
was made to bond the steel plate at the pile end. The
grouting pipe was buried in advance in the pile body when
the model pile was cast. Before the test, the rubber capsule
was inflated to check the integrity of the device. A com-
parison of the pile-end capsules before and after inflation is
presented in Fig. 6.

2.5 Experimental Preparation and Testing
Process

During the preparation, the model container was placed in
the center directly below the loading beam. Vaseline was
used on the surface of the inner wall of the model box in
advance to reduce the boundary effect [25]. To obtain a
uniform distribution of soil in the model foundation, the
sandy soil needs to be filled inside the model container in
layers. Therefore, it was necessary to mark the scale inside
the surface of the container to control the volume of the
soil layers. In this study, sand was filled in 5 cm of each
layer in the model container to ensure that the unit weight
and relative density of the sand were always maintained at
18.2 KN/m® and 85.7%, respectively. Malik et al. [26]
proposed that the influence zone below the pile toe should
be 3.5-5.5d (diameter). Accordingly, when the sand fill
height reached 50 cm, which is equals to 5d (diameter), as
shown in Fig. 2, the model pile was installed vertically in

’\é‘li ot 'v\l‘
Grouting pipe
Uninflated ca

Inflated c3

Fig. 6 Comparison of pile-end capsule before and after inflation
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the center of the model container and kept fixed, filling the
sand in layers and compacting it until the design position.
Additionally, the position of the model pile was fixed
during this period and maintained vertically.

After the model is completed and stands for a while
[27, 28], the post-grouting test is performed on the pile
ends. First, the prepared cement slurry is put into the
grouting tank, then the top plate is installed, and all the
required preparations before grouting are completed. It
should be noted that the grouting pressure is 0.7 MPa, the
amount of dry cement powder is 6.25 kg, and the water-
cement ratio of the cement slurry is 0.8:1. In the process of
the composite post-grouting of pile S3, the slurry is first
pressed into the steel plate capsule at the pile bottom
through the inlet pipe to expel the air inside the steel plate
capsule. Thereafter, the one-way valve at the end of the
outlet pipe is closed to start the post-grouting step at the
pile bottom after the return of the slurry from the outlet
pipe. After the grouting test was completed, the model was
left to stand for more than 7 days. After the solidification
of the cement, jack and YHD-200 displacement meters
were installed, the strain gauge wires were connected to the
data acquisition instrument, and the loading was started.
Before loading, the ultimate bearing capacity of the model
pile was estimated based on existing research methods
(e.g., standard calculation methods and numerical analy-
sis). Subsequently, the test adopted a slow maintenance
load to gradually apply the static axial load, and the sta-
bility criteria and termination loading conditions under all
levels of load in the test were based on Chinese standard
codes [29]. Moreover, the load applied to the top of the pile
increased step by step, and each increase was 10% of the
estimated ultimate bearing capacity. The static load gen-
erated by the jack was applied to the pile top step-by-step
until failure and then unloaded completely to stop the test.

3 Experimental Results
3.1 Load-Settlement Curve

The load—settlement curves of the three piles (i.e., S1, S2,
and S3) are shown in Fig. 7. The load—settlement curves of
the non-grouting pile, open post-grouting pile, and com-
pound post-grouting pile in the sand have the same varia-
tion, showing a steep type. In the early loading stage, the
foundation is in the elastic deformation stage, and the
settlement increases linearly with increasing load on the
pile-top. With a specific value, the settlement increases
rapidly, and compression failure is reached. Consequently,
the load—settlement curve of the model pile has an inflec-
tion point. The load at the inflection point is the ultimate
compressive bearing capacity [30]. The bearing capacity



International Journal of Civil Engineering (2024) 22:303-315

309

Load (kN)

0 2 4 6 8 10 12 14
0 . — . .

Settlement (mm)

—=— S1 (Non-grouting)
—e— S2 (Open post-grouting)
—4&— S3 (Composite post-grouting)

Fig. 7 Load-settlement curve

settlement results are summarized in Table 2. When
reaching the limit state, the ultimate compressive bearing
capacities of the non-grouting pile, open post-grouting pile,
and compound post-grouting pile are 6.1, 10.2, and
12.3 kN, respectively. Compared with the non-grouting
pile, the ultimate compressive capacity of the model pile
increased by 67.2% with open grouting and 101.6% with
compound grouting. Therefore, using post-grouting tech-
nology at the pile end can significantly enhance the pile’s
vertical ultimate bearing capacity. It should be highlighted
that the improvement effect of the composite post-grouting
technology is more evident than that of the open post-
grouting technology.

Before the load carrying capacity reaches the limit state,
for the equal load, the settlement of a non-grouting pile’s
top is the largest, whereas the pile top settlement of a
composite post-grouting pile is the smallest, and the pile
top settlement of an open post-grouting pile is between
them. For example, when the load reaches 6.1 kN, the
settlement of the open post-grouting pile’s top is approxi-
mately 61.9% of the non-grouting pile top settlement. In
contrast, the settlement of the composite post-grouting pile
top was approximately 18.8% of the non-grouting settle-
ment. It was found that the use of post-grouting technology

Table 2 Summary of model test results

significantly enhanced the ultimate bearing capacity of the
pile foundation and decreased the settlement deformation
at the top of the pile. It is noteworthy that composite post-
grouting enhances the bearing deformation characteristics
of grouted piles in sandy soil more effectively than the
commonly used open post-grouting technique. In summary,
this composite post-grouting technology is beneficial for
shortening the pile length and reducing the construction
period and capital investment, while ensuring the require-
ments of pile-bearing deformation characteristics.

3.2 Cement Curing Performance of Pile-End

To compare the performance of open post-grouting and
composite post-grouting on the pile-end reinforcement and
effect area, the sandy soil in the model container was
cleaned after the model test, and the cement curing per-
formance at the pile-end was observed. Figure 8 shows the
pile-end cement curing performance of the open post-
grouting and composite post-grouting. For the open post-
grouting, the cement cured around the pile end in a petal
shape with a length of approximately 20 cm and thickness
of 3—4 cm, while there is no grout cured below the center of
the pile end. This petal-like cured cement makes the sandy
soil denser in the lower 40 cm x 50 cm (depth x width)
range of the pile end. In addition, the cement at the pile end
flowed upward to the pile side to a height of 40 cm (See
Fig. 8a). Although open post-grouting has specific crowd-
ing and curing influences on the sandy soil at the end and
side of piles, the reinforced area was in the form of an
irregular and asymmetric tree-root distribution. Conse-
quently, the integrity and uniformity of the open post-
pressure reinforcement are poor, and it is difficult to
achieve the reinforcing effect expected by designers.

For the composite post-grouting, the cement at the pile
end forms an enlarged head that wraps the pile end tightly
and resembles a sphere. Additionally, this enlarged head
has a diameter of approximately 30 cm and a height of
approximately 16 cm. Except for the enlarged head formed
by cement curing, part of the cement slurry flowed upward
along the pore space on the pile side, and the maximum
upward height could reach 80 cm, as shown in Fig. 8b.

Pile Grouting type Maximum load

Maximum settlement

Ultimate load Settlement under ultimate conditions

No (kN) (mm) (kN) (mm)

S1 Non-grouting 9.0 13.27 6.1 1.81

S2 Open post-grouting 10.9 8.34 10.2 3.15

S3 Composite post- 12.6 8.01 12.3 3.06
grouting

2
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Fig. 8 Comparison of pile-end slurry curing performance

Compared with the open post-grouting, the composite post-
grouting cured the pile-end slurry with a broader area, good
integrity, and uniformity.

3.3 Axial Force Distribution of the Pile

To investigate the influence of grouting methods on the
load transfer of the grouted pile, the pile axial force needs
to be solved based on the monitoring data of the strain
gauges on the pile’s sides. The pile axial force was deter-
mined as follows [31]:

o=(Y

where Q; is the pile’s axial force at section i of pile; d is the
pile diameter; E is the pile’s elasticity modulus; ¢; is the
average measured strain of section i.

Figure 9 illustrates the axial force distribution of the
pile. Generally, the axial force without grouting or with
different grouting conditions exhibited a consistent pattern
of variation. With increasing depth, the axial force gradu-
ally decreases. The axial force at the end of the pile is not
zero, which indicates the transfer of load to the pile end,
which can be treated as the bearing part. For the same
depth, the axial force of the pile increased with the load.
For non-grouting pile S1, the axial force decays linearly
with increasing depth at the same load, as shown in Fig. 9a.
For the open post-grouting pile S2, the axial force decays
linearly with increasing depth for the same load in the
depth range of 0-1.55 m. Subsequently, when the depth is
1.55-2.0 m, the decay rate of the axial pile force with
depth increases abruptly, as shown in Fig. 9b. Similarly,
for the composite post-grouting pile S3, the axial force

2
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(b) S3 (composite post-grouting)

along the pile shaft first decays uniformly with increasing
depth, then increases abruptly when the depth reaches
1.35 m and continues to decay linearly toward the bottom
of the pile with a more significant decay rate, as shown in
Fig. 9c. The axial force decay rate of the pile is an
objective reflection of the frictional resistance at the pile
side, that is, the greater the decay rate of the axial force, the
better is the pile-side frictional resistance. Therefore, for
open post-grouting piles and composite post-grouting piles,
this decay rate increases at depths of 1.55 m and 1.35 m,
respectively. This phenomenon is caused by the cement
slurry returned at the pile end, which increases the pile-side
friction resistance in the upper part of the pile end, which
also verifies the test described in Sect. 3.2.

3.4 Pile-Side Frictional Resistance

The surface friction between the foundation and soil resists
a part of the load, which is crucial to the bearing capacity
of the pile. Moreover, evaluating the behavior of pile-side
friction can help to investigate the proportion of pile end
resistance and pile-side friction. According to the axial
force distribution shown in Fig. 9, the frictional resistance
at the pile side can be expressed as [32, 33]:

_0i—0in 2)
qsi = T d]i
where ¢ is the average pile-side frictional resistance
between section i and section i-1; [; is the distance between
section i and section i-1.

It can be seen from Fig. 10 that the friction resistance of
the pile side at the same depth increases with an increase in
the pile-top load. For the non-grouting pile S1, the
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frictional resistance rises first, drops with increasing depth,
and reaches a peak at a depth of 1.35 m in Fig. 10a. For the
open post-grouting and the composite post-grouting shown
in Fig. 10b and c, the frictional resistance increases and
then decreases with the increase in depth. Subsequently,
the pile-side frictional resistance in the slurry up-return
region increased with depth, and the rate of increase was
significantly accelerated. It is evident that the mechanical
properties of the soil within the cement slurry up-return
region were improved by the upward return and solidifi-
cation of the pile-side slurry in the S2 and S3 piles before
loading. Compared with the S1 pile (i.e., non-grouting), the
average pile-side frictional resistance within the pile-side
slurry up-return area of the S2 (i.e., open post-grouting)
and S3 (i.e., composite post-grouting) piles at the ultimate
state was improved by 109.3% and 129.3%, respectively.
Therefore, open post-grouting and composite post-grouting
technologies can improve the pile-end resistance and
increase the pile-side friction resistance of the upper part of
the pile end. In contrast, composite post-grouting has a
greater increase in pile-side friction resistance and a wider
range of influence.

3.5 Relative Displacement of Pile-Soil

The pile-soil relative displacement is an important factor
that affects the lateral frictional resistance of the pile and
the bearing capacity performance of the post-grouting pile.
The relative displacement of the pile-soil is described using
Eq. (3) [34]:

L
Ssi = St — Zé(% + 8j+1) 3)

J=1

where s; is the relative pile-soil displacement at section i;
sy is the pile-top displacement; ¢;, ¢4, are the strains at
sections j and j + 1, respectively, and /; is the soil thick-
ness of the jth layer of soil.

Figure 11 shows the curves of the friction resistance and
relative displacement. For S1 (i.e., non-grouting), S2 (i.e.,
open post-grouting), and S3 (i.e., composite post-grouting)
piles, the pile-side frictional resistance at different burial
depths rises with the growth of pile-soil relative displace-
ment, and the increment decreases gradually. When the test
pile was about to reach the failure state, the side friction of
the pile was the highest. Subsequently, the pile-side resis-
tance decreases slightly with increasing relative displace-
ment, and the pile-side soil softens. Compared with S1 (i.e.,
non-grouting), when the pile-soil relative displacement is
equal, the pile-side frictional resistance of S3 (i.e., com-
posite post-grouting) is more significant than that of S2
(i.e., open post-grouting), and both are greater than that of
S1 (i.e., non-grouting). Moreover, when the test pile
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reached failure, the pile-soil relative displacement of S3
was smaller than that of S2, and both were less than that of
S1. It is indicated that the cement slurry within the pile tip
significantly changes the physical and mechanical charac-
teristics of the pile-side soil and effectively increases the
shear strength of the soil in the return area, which is more
evident with the composite post-grouting. The softening of
the pile-side frictional resistance of S3 lags behind that of
S2, indicating that after the composite post-grouting, the
curing range of the grouted slurry at the pile end is effec-
tively and reliably controlled owing to the restraint of the
annular steel plate capsule at the pile bottom, thus
improving the load-bearing deformation capacity of the
foundation.

3.6 Pile-End Resistance

The pile’s bearing capacity has two parts: the frictional
resistance of the pile side and the resistance of the pile end.
Hence, the pile-end resistance is also an essential factor
affecting the bearing capacity. Li et al. [35] proposed a
hyperbolic model to describe the relationship between pile
toe stress and pile base displacement. In this study, the
relationship between the pile-end displacement and pile-
end stress of S1-S3 is fitted by the hyperbolic function, as
shown in Fig. 12, as presented in Eq. (4):
— Sb

T esp+d

qb (4)
where g, is the pile-end stress; s, is the pile-end dis-
placement; ¢ and d are the hyperbolic model parameters.
From Fig. 12, the relationship curve between pile-end
displacement and resistance is hardened and can be better
fitted using a hyperbolic function (R* = 0.907-0.994).
When the displacement is the same, the resistance of the
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Fig. 12 The relationship curve between displacement and stress of the
pile-end

pile end is S1 < S2 < S3, which indicates that after
adopting the composite post-grouting technology, the hol-
low steel plate capsule can confine and fix the grouted
slurry in the pile end capsule, forming a cement extrusion
expanding head and increasing the support area of the pile
end, which effectively squeezes the ground around the pile
bottom. The open grouting before and after the closed
grouting of the pile end can infiltrate or split the grouted
slurry on the soil around the pile bottom, and the slurry is
cemented and cured in the ground layer at the pile end to
substantially improve the foundation strength. Compared
with the S1 non-grouting pile, the pile-end resistance of S2
with open post-grouting and S3 with composite post-
grouting at the ultimate condition increased by 2.3 (1.94/
0.84) times and 2.9 (2.44/0.84) times, respectively.

The relationship between the pile-end resistance bearing
ratio (defined as the ratio of the end resistance to the cor-
responding load of the pile-top) and the pile-top load is
shown in Fig. 13. With the gaining of pile top load, the end
resistance ratios of S1 (i.e., non-grouting), S2 (i.e., open
post-grouting), and S3 (i.e., composite post-grouting) piles
increased linearly. With the increasing pile top load, the
end resistance ratio increased from 12.3% to 13.8%, cor-
responding to a pile top load of 3-6.1 kN for the S1 pile,
from 10.3% to 19.0%, corresponding to a pile top load of
3-10.2 kN for the S2 pile, and from 8.0% to 19.8%, cor-
responding to a pile top load of 2-12.3 kN for the S3 pile.
When reaching the ultimate state, there is a larger end-
resistance sharing ratio of the S3 pile and pile top load than
that of the S2 and S1 piles. The ultimate state pile-end
resistance of S3 is 2.44 kN, which is 190.5% and 25.8%
higher than that of test piles S1 (0.84 kN) and S2
(1.94 kN), respectively. Thus, the composite post-grouting
technique leads to an increase in bearing capacity and is
superior to the open post-pressure technique in terms of
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pile-end bearing capacity under the same conditions. When
S2 and S3 reach the ultimate state, the end resistance
sharing ratio is very similar, which is caused by the fact
that the slurry returned on the S3 pile end is more extensive
than the slurry returned on the S2 pile end to get better
wrapping on the pile body. Therefore, compared with the
open post-grouting technique, the composite post-grouting
technique increases the pile-side frictional resistance in the
pile-end slurry up-return zone, thereby affecting the pro-
portion of the end resistance.

4 Conclusions

In this study, static load compressive tests of three model
piles treated with different post-grouting techniques were
performed using indoor model tests, and the load—settle-
ment curve, cement slurry curing performance, pile axial
force distribution, pile-side frictional resistance, pile-soil
relative displacement, and pile-end resistance characteris-
tics of the model piles were investigated. The following
conclusions were drawn:

1. The load—displacement curves of the non-grouting
piles, open post-grouting piles, and composite post-
grouting piles in sandy soil showed the same pattern of
steep variation. Compared with the non-grouting pile,
the ultimate compressive bearing capacity was
enhanced by 67.2% with open post-grouting and by
101.6% with composite post-pressure at the pile end.
Compared with the commonly used open post-grouting
technique, the composite post-grouting technique sig-
nificantly enhances the bearing deformation character-
istics in sandy soil.

2. For open post-grouting, the cement slurry around the
pile-end cures in a petal shape (length of approximately
2d, thickness of 0.3 ~ 0.4d), while no slurry cures
below the center of the pile-end. In contrast, composite
post-grouting allows the slurry at the pile end to cure to
form an enlarged head that wraps the pile end tightly
and resembles a sphere. Furthermore, the composite
post-grouting allows the pile-end slurry to return up to
approximately twice the curing height of the open post-
grouting, which has good wrapping, integrity, and
uniformity.

3. Compared with the S1 pile without grouting, the
average pile-side frictional resistance in the slurry
upward return area of S2 with open post-grouting and
S3 with composite post-grouting at the ultimate
condition increased by 109.3% and 129.3%, respec-
tively. In addition, the composite post-grouting tech-
nology enhances the pile-end resistance and increases
the pile-side friction resistance at the upper part of the

A
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pile-end, which has more improvement and a wider
influence region.

4. The relationship curve between the pile-end displace-

ment and pile-end stress is hardened and can be better
represented by a hyperbolic function. Compared with
the S1 pile without grouting, the pile-end resistance of
S2 with open post-grouting and S3 with composite
post-grouting at the ultimate state is increased by 2.3
times and 2.9 times, respectively. In contrast, compos-
ite post-grouting technology enlarges the bearing area
and greatly increases the bearing capacity of the pile

tip.
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