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Abstract: Post-grouted piles, as a foundation form for large-span and large-scale structures on
calcareous sand, are expected to provide a high bearing capacity, but research on the response of
post-grouted piles subjected to axial load in calcareous sand is still in the exploratory stage. In this
paper, a model test is constructed for static pressure piles in calcareous sand under axial loading.
The response of axial compressive piles, with and without post-grouting, in calcareous sand were
investigated, and the test results were compared with those of axial compressive piles, with and
without post-grouting, in siliceous sand. The influence of post-side-grouting on the response of
a single pile subjected to axial compressive load in calcareous sand and its bearing mechanism
were further analyzed. The results show that the change in shaft resistance, caused by the lateral
extrusion of calcareous sand, is less than the negative effect caused by particle breakage during
pile driving, so single piles without post-grouting in calcareous sand exhibit weaker axial bearing
behavior than that in siliceous sand. A single pile with post-side-grouting in calcareous sand can
provide a higher bearing capacity by increasing the shaft resistance and tip resistance compared
with a single pile without post-side-grouting, and the increased ratio of the bearing capacity of piles,
after grouting in calcareous sand, is better than that of piles in siliceous sand. Post-side-grouting
can not only strengthen the surrounding soil by the solidification effect of injected cement grout, but
it can also have a strengthening effect on the tip resistance. In addition, ideal-geometry grouting
has more obvious advantages in improving the bearing behavior of pile foundations than annular
point grouting, and higher stability in improving the bearing properties of pile foundations is evident
for ideal-geometry grouting. Therefore, it is suggested that a directional grouting device should
be adopted in actual projects in the future to form a more stable pile-soil interaction system and to
expand the application prospect of pile foundations in calcareous sand.

Keywords: calcareous sand; post-grouted pile; load-settlement response; axial bearing mechanism;
shaft resistance; tip resistance

1. Introduction

Calcareous sediments are an important component of applications in coral reef en-
gineering and are mainly carbonate sediments formed by the physical, biological, and
chemical processes of the remains of marine organisms [1]. Given that most of the de-
position process of calcareous sediments, without long-distance transport, retains the
characteristics of a more native biological skeleton, it presents the characteristics of porosity,
easy cementation, and easy breakage, resulting in obvious differences from the mechanical
properties of terrestrial sediments [2,3]. This has also caused the traditional pile analysis
approach for terrestrial sediments to be unsuitable for calcareous sediments; therefore,
pile foundations in calcareous sand have gradually become an issue of great concern in
engineering and academia.

An approach to form pile foundations with high strength in calcareous sand has
become a major issue in the marine geotechnical field [4,5]. At present, research on the
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bearing behavior of pile foundations in calcareous sand mainly focuses on in situ tests
and indoor model tests. Angemeer et al. [6] presented field load tests on driven piles
in calcareous sand of the Bass Strait, and the results showed that the average ultimate
shaft resistance was approximately 13 kPa, and its bearing capacity was only 20% of the
empirically predicted value of the driven pile in quartz sand. Dutt and Cheng [7] analyzed
a series of pull-out tests of driven piles in calcareous sand of the Gulf of Suez, and they
provided a recommended value of 15 kPa for the ultimate shaft resistance and explained
the reasons for the low bearing capacity of driven piles in calcareous sand. Poulos et al. [8]
performed a series of static load tests on calcareous sand at the North Rankin A site,
revealed the shaft resistance and deformation characteristics of piles, and found that the
peak value of shaft resistance decreased with increasing burial depth. Renfrey et al. [9]
also performed a static load test on jacked piles at the North Rankin A site and obtained
the same conclusion as that given above. The peak value of the shaft resistance does not
increase with increasing burial depth. Liu et al. [10] studied the response of large-diameter
driven piles in coral reefs, based on a high-strain dynamic detection method, and found
that the unit shaft resistance of calcareous sand in the upper soil layer of the pile shaft was
only 10 kPa, which further indicated that the shaft resistance of the driven piles was small.
Nauroy and Le Tirant [11] obtained the shaft resistance of piles in calcareous sand and
quartz sand under different piling methods, through indoor model tests, and showed that
the pile in calcareous sand had a much smaller shaft resistance than that in quartz sand. Lee
and Poulos [12] performed a model test on the response of axial piles in calcareous sand
under cyclic loading and studied the influence of the displacement magnitude and sliding
displacement amplitude on the weakening of shaft resistance. McDowell and Bolton [13]
reported the special boundary problem of model piles driving into two groups of calcareous
sand with different particle sizes, based on centrifuge tests, and discussed the influence
of fine particle content on pile tip resistance. Research on the bearing behavior of pile
foundations in calcareous sand has made abundant achievements. However, calcareous
sand particles will break under small stress; hence, the type of pile i.e., a driven pile, jacked
pile, or bored pile—will decrease the skin friction because the pile installation disturbs
the calcareous sand in the foundation soil, and it is difficult to satisfy the engineering
design requirements for pile foundations in calcareous sand. These current pile installation
techniques fundamentally limit the application of pile foundations in calcareous sand and
restrict the development of coral reef infrastructure construction. Therefore, research on the
improvement in the response of axial compressive piles in calcareous sand has important
scientific significance and broad application prospects.

The post-grouting technique is considered an effective approach to solve the above
problems and enhance the response of axial compressive piles in calcareous sand. Therefore,
the post-grouting technique has been extended to the construction of coral island reef
infrastructure. The work associated with many important projects such as the National
Stadium of the Bahamas [14], the Port of Saudi Arabia [15], and the Male-Airport Island
Cross-sea Bridge in the Maldives [16,17] has shown that axial piles with post-grouting
can satisfactorily meet the functional and safety requirements of coral reef projects in
serviceability limit states. However, most of the existing achievements focus on the bearing
behavior of post-grouted piles at the pile tip, and there are few studies on the bearing
behavior of post-grouted piles at the side of the pile, especially for piles in calcareous sand.
For pile foundations in calcareous sand, due to the unique properties of calcareous sand,
the pile installation process will disturb the soil surrounding the pile, where the broken
particles move to the adjacent porous media, which results in a low lateral pressure of the
pile. Therefore, attention should be given to the adhesion between calcareous sediments
and pile shaft. In conclusion, it is necessary to further investigate the response of axial
compressive piles with post-side-grouting in calcareous sand.

In this paper, axial load model tests of steel pipe piles, under the pile jacking-in
method, are performed in calcareous sand, and the load-settlement response, load transfer
mechanism, and mobilization of the shaft and tip resistances of axially loaded single piles
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are studied. On this basis, a comparative test is conducted on axial compressive piles,
with and without post-grouting, and the test results are compared with those of axial
compressive piles, with and without post-grouting, in siliceous sand. The influence of
post-grouting on the response of axial compressive piles in calcareous sand is investigated,
and the interaction mechanism of the pile-soil system in sand is analyzed.

2. Outline of the Model System
2.1. Test Material

The calcareous sand of the foundation material used for this test model was taken
from the South China Sea and consisted of uncemented loose coral debris sediments.
Meanwhile, siliceous sand from the lower reaches of the Yangtze River was collected to
perform a comparative test. To produce similar particle size curves for calcareous sand and
siliceous sand, the foundation soils were prepared by controlling the parameters, such as
the particle size distribution, water content, and density of the sand samples. According
to the conclusion given by Craig et al. [18], the ratio of the size of the model pile to the
particle size of the soil in the model foundation is greater than 23 times, i.e., the influence
on the static load test results of the pile foundation is negligible. In this test, a calcareous
sand sample, with a particle size less than 1.0 mm, was selected. Calcareous sand materials
with different particle sizes were obtained by a screening test. The unevenness coefficient
and the curvature coefficient of calcareous sand and siliceous sand were 3.34 and 1.19,
respectively, as calculated from the results of the screening test and mass percentage of the
particle size in each range. Figure 1 shows the particle size distribution.
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2.2. Model Container, Model Pile and Foundation Preparation

Steel pipe piles are widely applied in marine engineering. This model test uses large-
diameter steel pipe piles, with a diameter of 1.2 m, as the research object of this model
test to reflect the practical application of steel pipe piles in offshore platforms. Based on
the principle of similarity theory, the geometric model similarity constant (CL = Lp/Lm) is
selected as 60:1, and the elastic modulus similarity constant (CE = Ep/Em) is selected as
1:1 for this model test, where Lp and Ep are the prototype dimension and elastic modulus,
respectively, and Lm and Em are the model dimension and elastic modulus, respectively.
Therefore, small-scale piles with an outer diameter of 20 mm and a length of 500 mm (the
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actual embedded pile length is 350 mm) are adopted for this model pile, and its thickness is
1 mm. In addition, the pile base is sealed with a 2-mm-thick steel sheet of identical material.

In this test, a square iron model container is used with dimensions of
36 cm × 36 cm × 70 cm (length × width × height), and the wall thickness is 15 mm. Ad-
ditionally, the size of the model pile is constrained by the inner wall and boundary effect.
Ovesen [19] found that the ratio of the distance between the model and the inner wall of the
model box to the size of the model is greater than 2.82, which can eliminate the influence of
the boundary effect. In this test, the distance between the placed model pile and the inner
wall of the model box should be greater than 2.82 times the diameter of the model pile, and
the influence of the boundary effect on the test results can be ignored.

The foundation soil is prepared with a particular paving layer thickness (10 cm per
layer) and a number of single layer compaction times (50 times per layer). After each sand
sample is paved with a thickness of 10 cm, the sand sample of this layer is compacted
50 times with a wooden hammer; then, the sand sample of this layer is statically pressed
with a steel plate. This method is used to fill the foundation to the specified height. To make
the compactness of the foundation soil satisfy the actual requirements, the foundation soil
is back pressed according to similarity theory and the self-weight stress of the foundation
soil, and the surface of the foundation soil is subjected to a backpressure load of 100 kPa.
Due to the low content of clay particles in the sand, consolidation is completed and tends
to be stable after applying all reverse pressure loads on the sand samples of the model
foundation for 1 h. Therefore, unloading is performed after 1 h of reverse pressure loading.
The basic physical and mechanical indexes of the two sand samples can be obtained by
measuring the parameters of the foundation soil, as shown in Table 1.

Table 1. Physicomechanical parameters of the sand foundations.

Sand Type Density, ρ
(g·cm−3)

Moisture
Content, ω (%)

Void
Ratio, e

Relative
Density, ds

Internal Friction
Angle, ϕ (◦)

Compression
Modulus, Es1–2

(MPa)

Calcareous sand 1.56 22.05 0.97 2.52 36.38 15.39

Siliceous sand 1.68 19.78 0.84 2.58 32.31 25.13

2.3. Pile Driving Test and Grouting Device

To achieve the static pressure penetration effect of steel pipe piles, a simple homemade
device is used to simulate the penetration process of driving piles in the actual projects.
Before the pile driving test, the standing time of the model foundation should not be
less than 12 h after the reverse pressure load is removed. Static pressure pile driving
mainly consists of three steps: the preparation stage, correction stage, and completion stage.
(1) In the preparation stage, the single pile of the model is fixed to the preset position,
through the threaded rod and the steel plate, to complete preparation before pile driving.
(2) In the correction stage, torque is applied to the steel plate to drive the steel pipe pile to
penetrate into the foundation soil. To ensure the verticality of the model pile, a time recorder
is used to measure the penetration depth every 2 min to control the pile driving speed,
and a horizontal ruler is employed to correct the verticality of the model pile. (3) In the
completion stage, an identical method to that in the previous steps is employed to gradually
apply static pressure to complete the static pressure pile driving test.

During the pile driving test, the required speed of the steel pressing plate must be
ensured when torque is applied to control the pile pressurized speed and maintain the
verticality of the model pile. The subsequent pile driving test shows that the homemade
pile pressurized device can effectively simulate the penetration process of model piles in
the actual projects by controlling the penetration rate. In addition, the distance between
the model pile and the model container boundary in this test is 8.5D, which meets the
requirements of boundary conditions 6D-8D during pile sinking [20,21].
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To explore the effect of post-grouting on the response of axially loaded piles in cal-
careous sand, two types of grouting tests were performed in this study, including grouting
at the side of the pile and grouting at the pile shaft with Polyvinyl Chloride (PVC) pipes.
Grouting at the side of the pile is referred to as annular point grouting, and grouting at the
pile shaft with PVC pipe is referred to as ideal-geometry grouting. A detailed schematic
diagram of the two grouting methods is shown in Figure 2. In the annular point grouting
test, two grouting pipes are symmetrically arranged in the model pile, and the bottom
of the grouting pipe is connected through the hole in the inner side of the tubular pile.
The distance between the bottom of the grouting pipe and the pile head is 22.5 cm, the
diameter of the grouting pipe is 8 mm, and the hole size of the pile shaft is 8 mm and
sealed by a pushpin (Figure 2a). The ideal-geometry grouting test is performed by grouting
the PVC pipe set on the pile shaft. After pile driving, the PVC pipe is pressed into the
pile circumference with the model pile as the center, and the sand sample is excavated
(Figure 2b).
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Various grouting devices have been developed to satisfy the requirements of the post-
grouting test. A grouting device mainly includes a hydraulic pump, a working platform, a
storage tank, and a hydraulic oil actuator, as shown in Figure 2. Before the annular point
grouting test, the homemade grouting device is adopted to inject water into the grouting
tube to break the pushpin on the pile hole to ensure a smooth grouting pipeline; then, the
prepared cement grout is stored in a 1.05 L grout tank after being transported through the
grouting device. The grouting pipe is connected to the grouting pipe in the pile shaft by a
three-way joint, and the hydraulic pump is used to adjust the pressure and rate of grouting.
Cement grout is injected into the foundation soil to complete the annular point grouting
test. The water-cement ratio of the cement grout prepared in this test is selected as 0.6.
The hydraulic pump is employed to adjust the pressure and rate of grouting during the
implementation process. During the whole grouting test of grout injected into two sand
samples, the pressure fluctuates between 0.25 MPa and 0.3 MPa, and the injection volume
of the cement grout is approximately 200 mL. The surface of the two foundation soils is
uplifted, and the post-side-grouting test is completed.

For the ideal-geometry grouting test, the size of the PVC pipe should be determined
before the test. The purpose of this test is to compare the bearing behavior of the annular
point side grouted pile and the ideal-geometry grouted pile to maintain identical required
amount of grout for the two grouting methods. The diameter and height of the PVC pipe
were calculated to be 5 cm and 10 cm, respectively, based on the grouting process of the
annular point side grouted pile. The annular point side grouting test is performed to
strengthen the range from the surface of the model foundation to a depth of 10 cm, and the
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hole position of the annular point grouted pile is 10 cm from the surface; thus, the height
of the PVC pipe can be determined. The homemade PVC pipe is pressed into the pile
circumference, with the model pile as the center after pile driving, and the sand sample in
the PVC pipe is removed. Identical water-cement ratio as that of the ideal-geometry grouted
pile is prepared for the annular point side grouted pile, the cement grout is poured into the
PVC pipe, and the PVC pipe is subsequently pulled out to complete the ideal-geometry
grouting test. In this test, the detailed parameters of the model piles are listed in Table 2.

Table 2. Experimental scheme of the model piles.

Sand Type Pile No. Grouting Method Grouting Device Grouting Volume Grouting Position

Calcareous sand

MP1 ungrouting N/A N/A N/A

MP2 annular point grouting Grouting pump 200 mL Grouting hole, 22.5 cm
below the pile head

MP3 ideal-geometry
grouting PVC pipe 200 mL PVC pipe, Surface to

depth of 10 cm

Siliceous sand

MP4 ungrouting N/A N/A N/A

MP5 annular point grouting Grouting pump 200 mL Grouting hole, 22.5 cm
below the pile head

MP6 ideal-geometry
grouting PVC pipe 200 mL PVC pipe, Surface to

depth of 10 cm

2.4. Test Setup, Test Method and Instrumentation

For ungrouted piles, the axial compressive load test is conducted after the completion
of pile driving, and the standing time is not less than 24 h. For annular point grouted
and ideal-geometry grouted piles, post-side-grouting is conducted immediately after the
completion of pile driving, and the axial compressive load test is conducted on the grouted
pile after the completion of grouting and not fewer than 20 days of rest. Based on the actual
situation of the indoor model test, the axial compressive static load test adopts the rapid
maintenance load method, and the maintenance time of each load level is not less than 1 h.
When the settlement rate of the pile head under this load level converges, the next load level
can be applied. The loading method was in accordance with the Chinese Technical Code for
Testing of Building Foundation Piles [22]. The ultimate axial compressive bearing capacity
of the ungrouted pile and grouted pile is preliminarily determined by the preloading test.
Based on the 1/10 grading load of this value, the first loading amount is taken as twice
the grading load, while the unloading amount of each stage is twice as high as that of the
loading stage. The termination loading conditions are as follows: (1) the settlement of a
single pile under a certain level of loading is five times that under the previous load level.
(2) The settlement of a single pile, under a certain level of loading, is twice that under the
previous load level, and it does not reach relative stability in that the settlement of the pile
head does not exceed 0.1 mm after 1 h. (3) The single pile sinks sharply under a certain
level of load so that it cannot be read. (4) The loading equipment reaches the maximum
limit. The axial compressive static load test of a single pile is shown in Figure 3.

To study the response of axially loaded single piles in calcareous sand, various strain
gauges are symmetrically installed along the longitudinal direction of the inner side of the
steel pipe pile to measure the strain of different sections of the steel pipe pile. Two strain
gauges are symmetrically arranged for each section of the steel pipe pile, and seven sections
are arranged in the pile shaft from top to bottom, according to the actual penetration depth.
The specific arrangement is shown in Figure 3. During the loading process, the strain gauge
data can be acquired by the testing system. The measurement of the pile head displacement
is an important part of the static load test, which can be obtained by a dial indicator with
an accuracy of 0.01 mm. A steel block is placed on the head of the model pile, two dial
indicators are symmetrically arranged at the left and right ends of the steel block, and the
average value of the results is used to determine the pile head settlement. In addition,
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to measure the earth pressure at the pile base, a strained earth pressure cell R1, with a
diameter of 17 mm, is arranged 2.5 cm from the end of the pile, as shown in Figure 3.
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Figure 3. Static load test of a single pile and testing element arrangement (unit: cm): (a) front view;
(b) vertical view.

3. Analysis of the Loading Test Results
3.1. Load-Settlement Response of a Single Pile

The load-settlement curves can be obtained by the loading test data for the six model
piles. The load-settlement responses at the pile head of the six model piles under compres-
sion are shown in Figure 4.
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Figure 4 shows that the load-settlement curves of ungrouted piles have obvious
inflections, and the load-settlement curves of grouted piles tend to be smoother than
those of ungrouted piles. The load-settlement curve of each single pile is relatively gentle
and approximately linear during the initial load increments. The settlement of a single
pile gradually increases with applied load, and the load-settlement curve of a single pile
presents an obvious nonlinearity. For the ungrouted piles, when the ultimate load is
reached, the load-settlement curve sharply plunges, which represents penetration failure
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of the pile. For grouted piles MP2 and MP6, the bearing capacity of a single pile after
grouting has been greatly improved so that it is loaded to the device limit without a distinct
inflection. Prakash and Sharma [23] and Li et al. [24] proposed that the load prior to
failure is determined to be the axial compressive bearing capacity of a single pile, while the
maximum test load is taken to be the axial compressive bearing capacity of a single pile
in the case of no obvious inflections. Therefore, the ultimate bearing capacities of single
piles MP1, MP2 and MP3 are 735 N, 4200 N, and 3080 N, respectively. The ultimate bearing
capacities of MP4, MP5 and MP6 are 1200 N, 3080 N, and 4480 N, respectively.

Figure 4 also shows that MP4 for ungrouted piles has greater bearing capacity than
MP1 because the soil around the pile is compacted by lateral extrusion of siliceous sand
in the process of pile driving, and the lateral pressure increases. The calcareous sand is
subjected to lateral compression and prone to particle breakage, due to its own particularity
in the process of pile driving, which leads to the loosening of the soil around the pile,
thus reducing the lateral pressure to some extent. The bearing capacity of a single pile
is substantially improved after grouting in both siliceous sand and calcareous sand, and
calcareous sand formations are effectively improved by injected cement grout; therefore, the
single pile exhibits roughly identical bearing capacity in the two types of sand formations.
In calcareous sand, the annular point grouted pile MP2 has greater ultimate bearing capacity
than the ideal-geometry grouted pile MP3, while the annular point grouted pile MP5 in
siliceous sand has a lower ultimate bearing capacity than the ideal-geometry grouted pile
MP6, which indicates that annular point grouting promotes substantial discreteness in
improving the response of the axial loaded single pile. In addition, the bearing capacities
of post-grouted piles in calcareous sand and siliceous sand increase by 457–571% and
257–373%, respectively. The test results show that the post-grouting improves the bearing
capacity of piles in calcareous sand better than that of piles in siliceous sand. Because that
the surface of calcareous sand is uneven and porous, the injected cement grout fills its holes
and pores to form a whole with high strength.

3.2. Load Transfer Response of a Single Pile

The load transfer response is a comprehensive reflection of the axial bearing behavior
of a single pile, which can reflect not only the mobilization of shaft resistance but also the
bearing performance of the pile tip. The axial force distribution of single piles MP1 to MP6,
under different loading levels, can be obtained by the data collected from strain gauges.
The strain is measured by the strain gauge arranged on each pile section, and the average
strain value εi of pile section i can be calculated as follows:

εi =
(εi1 + εi2)

2
(1)

where εi1 and εi2 are the strain values measured by the strain gauges on both sides of pile
section i.

After the average strain value of pile section i is obtained, the axial force Ni of pile
section i can be calculated as follows:

Ni = Em Amεi (2)

where Em is the elastic modulus of a single pile and Am is the cross-sectional area of a
single pile.

The axial force distributions of each pile under different loading levels are shown in
Figure 5.
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Figure 5 shows that the axial force of the pile decreases with increasing depth at
different loading levels. The slope of the axial force curve is larger during the initial load
increments, which shows that the mobilized shaft resistance of the pile and the axial force
transferred to the lower segment of the pile shaft are small. With increasing load, the
slope of the axial force curve decreases, which indicates that the shaft resistance of the
pile gradually develops, that axial force is gradually generated at the lower part of the
pile shaft, and the tip resistance is also gradually mobilized. This also fully illustrates that
the side friction of the soil around the pile gradually develops from the head of the pile
to the bottom of the pile during the downward transmission of the axial load along the
pile shaft, and the attenuation rate of the axial load reflects the distribution of the shaft
resistance. In addition, grouting will change the stress path of the soil around the pile,
which will affect the load transfer responses of the pile. The attenuation rate of the axial
force of grouted piles is higher than that of ungrouted piles. Thus, grouting at the side
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of the pile increases the effective horizontal stress in the soil surrounding the pile, which
increases the shear strength of the soil, and the increase in shaft resistance can effectively
offset the transmission of the axial force of the pile shaft.

3.3. Mobilized Shaft Resistance of a Single Pile

Figure 6 shows the distribution of the average unit shaft resistance of each single pile
under ultimate loading. The shaft resistance is a process that gradually develops from the
upper soil layer to the lower soil layer. For ungrouted piles, the shaft resistance of the pile
gradually increases with the increase in buried depth when the load increases, while the
grouted piles obviously increase the horizontal effective stress of the surrounding soil due to
the grouting at the side of the pile, and the shaft resistance of the pile increases significantly;
therefore, the extreme point of shaft resistance occurs approximately 0.1 m from the surface.
Figure 6 shows that the average unit shaft resistances of single piles MP1, MP2, MP3,
MP4, MP5, and MP6 under ultimate loads are 28.23 kPa, 167.33 kPa, 123.87 kPa, 44.26 kPa,
121.86 kPa, and 177.65 kPa, respectively. The shaft resistance of the ungrouted pile in
calcareous sand is less than that in siliceous sand, which is mainly caused by the decrease
in shaft resistance due to the particle breakage of calcareous sand during pile driving.
In addition, compared with that of the ungrouted pile, the shaft resistance of the grouted
pile improves substantially, which indicates that the injected cement grout effectively
improves the physical and mechanical properties of the undisturbed surrounding soil. In
addition, the effective stress of the soil around the pile increases, thereby enhancing the
strength of the surrounding soil. After grouting at the side of the pile, the cement grout and
calcareous sand particles condense to form stable cement-stabilized soil; therefore, the pile-
soil interaction system forms a new structure, which greatly increases the shaft resistance
of a single pile in calcareous sand, and the mobilization of side friction in calcareous sand
basically demonstrates identical characteristics as those of side friction in siliceous sand.
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The relationship between total shaft resistance and pile head settlement for each pile,
in two types of sandy soil, are plotted in Figure 7. Figure 7 shows that the variation in total
shaft resistance of each pile is roughly identical to the displacement of the pile head, while
the total shaft resistance of the grouted pile is significantly improved. The injected cement
grout fills the pores, condenses into cement-stabilized soil with high strength, increases the
resistance and roughness of the shear interface at the pile side, enhances the interaction
between pile and soil, and improves the shaft resistance mobilization. Thus, the single pile
with post-grouting has greater shaft resistance than the single pile without post-grouting,
which effectively improves the stability of the bearing performance of the pile.
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Figure 7. Total shaft resistance versus pile head displacement curves of each pile: (a) calcareous sand;
(b) siliceous sand.

3.4. Mobilized Tip Resistance of a Single Pile under Compression

Figure 8 shows the relationship between tip resistance and tip settlement for each pile,
in two types of sandy soil. Figure 8 shows that the tip resistance of a single pile varies
with the change in tip displacement. The pile tip resistance increases rapidly with the
displacement of the pile tip during the initial loading stage. With increasing load, the
pile tip resistance gradually mobilizes. After reaching the ultimate load, the grouted pile
has a larger tip resistance than the ungrouted pile because of the strengthening effect of
the grouted lateral soil strength on the tip resistance of the pile. Thus, the tip resistance
can also be improved by the enhancement in the surrounding soil, due to side grouting.
In addition, the curves of the tip resistance versus the tip settlement show hardening
characteristics after exceeding the ultimate load. The literature [25–27] also reported the
hardening phenomenon of pile tip resistance in fine sand and calcareous sand after reaching
the ultimate load.
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4. Analysis of Grout Distribution and Bearing Mechanism of a Post-Grouted
Single Pile
4.1. Grout Penetration and Diffusion of a Post-Grouted Single Pile

To observe the infiltration and expansion of the injected grout in the model foundation,
the sand samples in the model container were excavated after the static load test was
completed. For the annular point grouted pile, the cement grout migrates upward along
the pile shaft and diffuses horizontally during the excavation process, forming a stable
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structure of cement-stabilized soil with the foundation soil. For the ideal-geometry grouted
pile, the cement grout poured into the PVC pipe forms a cement-stabilized mass of the
same size as the PVC pipe, and the cement-stabilized mass is fastened to the pile shaft. Its
surface condenses with the sand sample to form a new structure, so the interaction among
the pile, soil, and grout enters a new structural equilibrium state.

The cement-stabilized mass extracted after excavation is cleaned, and its size is mea-
sured to analyze the grout diffusion range in the foundation soil. The cement-stabilized
masses, extracted from annular point grouted piles MP2 and MP5, and ideal-geometry
grouted piles MP3 and MP6 are shown in Figure 9. The figure shows that the grout migrates
upward along the side of the annular point grouted pile and forms a thick “flange body”.
The grout migration height is approximately 6–8 cm (about 3–4D), and the cement soil
thickness formed on the pile shaft is approximately 2–6 mm. The ideal-geometry grouted
pile does not spread due to the restriction of the grout poured into the PVC pipe, but an
uneven surface is formed at the bottom of the cement-stabilized mass due to the penetration
of the self-weight into the foundation soil. Finally, the cement grout poured into the PVC
pipe forms a cylindrical cement-stabilized mass with a height of approximately 10 cm and
a diameter of approximately 5 cm.
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4.2. Bond Strength between the Cement Grout and the Pile

To evaluate the bond strength between the cement grout pressed into the side of the
pile and the pile shaft, the two ends of the cement-stabilized mass of the ideal-geometry
grouted pile were ground flat, and a pull-out test was conducted to detect the shear
strength between the cement-stabilized mass and the pile shaft. The pull-out force-slip
curves, between the cement-stabilized mass and the pile shaft in calcareous sand and
siliceous sand, obtained in this test are shown in Figure 10.
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Figure 10. Pull-out force-slip curves for the cement grout and pile shaft: (a) calcareous sand;
(b) siliceous sand.

Figure 10 shows that the relationship between the pull-out load and slip is approxi-
mately linear during the initial loading stage. When the slip amount is small, the pull-out
force increases rapidly, and the initial slope is large. After reaching the peak point, the
drawing load required by the specimen decreases gradually with increasing slip, and the
pull-out force-slip curve shows a downward trend. After being reduced to a certain value,
the required pull-out load of the specimen gradually stabilizes. Splitting failure of the
siliceous sand specimen occurs during the pull-out process, which results in failure to
measure the residual section of the pull-out force-slip curve. Figure 10 also shows that the
maximum pull-out loads of the calcareous sand and siliceous sand specimens are 803 N
and 971 N, respectively. To obtain the shear strength between the cement-stabilized mass
and the pile, the pull-out force is divided by the surface area of the cement-stabilized mass
that covers the length of the model pile. The maximum shear strengths of the calcareous
sand and siliceous sand specimens are 142 kPa and 172 kPa, respectively. Since both ends
of the cement-stabilized mass are ground flat, the cover length of the model pile is taken
as 90 mm when calculating the shear strength. The shear strength obtained in this test is
similar to the result obtained in the static load test. This may be due to the excessively long
time that the specimens were tested in the pull-out test and drying shrinkage, which affects
the bonding strength between the cement-stabilized mass and the pile shaft.

4.3. Analysis of Axial Bearing Mechanism of Post-Side-Grouted Pile

According to the comparative analysis of the test results, the post-side-grouted pile has
significantly greater axial bearing capacity than the ungrouted pile, and the ideal-geometry
grouted pile has greater axial bearing capacity than that of the annular point grouted pile.
Combined with the morphological characteristics of the cement-stabilized mass, the contact
interface between the cement-stabilized mass of the annular point grouted pile and the
model pile is much smaller than that of the ideal-geometry grouted pile, and the annular
point grouted pile and model pile show a separation state after loading. Therefore, it can
be considered that, under the continuous increase in vertical load, the contact interface
between the cement-stabilized mass of the annular point grouted pile and the pile shaft
cannot provide sufficient cohesive force. At a certain axial load, the bonding surface slips,
so the cement-stabilized mass and model pile fail to bear together, which seriously affects
the bearing capacity of the grouted pile. Based on the above analysis, the force diagram of
the three pile types is drawn, as shown in Figure 11, and the axial bearing mechanism of
the post-side-grouted pile is analyzed.
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Figure 11. Equivalent model of the post-side-grouted pile subjected to axial loading: (a) MP1; (b) MP2.
(c) MP3.

It can be seen from the foregoing that the axial load of the model pile is supported by
the tip resistance, Qp, and the total shaft resistance, Qs, that is, Q = Qp + Qs.

(1) For the ungrouted pile (Figure 11a), the total shaft resistance is equivalent to the shaft
resistance along the pile shaft, Qf, i.e., Qs = Qf. The axial bearing capacity, Q1, can be
calculated as follows:

Q1 = Qs + Qp = uΣqsili + qp Ap (3)

where u is the perimeter of the cross section of the model pile; qsi is the unit shaft
resistance between the pile and layer soil i around the pile, which is related to the
compactness of the soil and the normal stress of the pile-soil interface; li is the thickness
of layer soil i around the pile; qp is the pile tip stress; Ap is the pile tip area.

(2) For annular point grouted piles (Figure 11b), the model pile and cement-stabilized
mass form a common interaction. The radial dimension of the cement-stabilized
mass is larger, the longitudinal dimension is smaller, the bonding surface between the
model pile and the cement-stabilized mass is small, and it easily slips when the load
is large. The bearing mechanism of the annular point grouted pile is different before
and after the relative slip between the model pile and the cement-stabilized mass.

Before the slip failure of the bonding surface, the annular point grouted pile can be
considered a special-shaped pile. The total shaft resistance, Qs, includes the shaft resistance
along the pile shaft, Qf, and axial bearing capacity, Qp

′, which is provided by the cement-
stabilized mass, i.e., Qs = Qf + Qp

′. The axial bearing capacity, Q2, of the annular point
grouted pile, in this stage, can be expressed as:

Q2 = Qs + Qp = Qf + Qp
′ + Qp = uΣqsili + qps As + qp Ap (4)

where qps is the vertical stress at the bottom of the cement-stabilized mass, and As is the
equivalent area of the cement-stabilized mass.

The vertical bearing capacity, Qp
′, provided by the cement-stabilized mass is trans-

ferred to the model pile through the bonding surface. As the increase in the applied load,
Qp
′ also increases. When Qp

′ increases to a certain extent, slip failure occurs at the bonding
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surface. At this time, the bonding surface becomes the contact interface. The model pile
and cement-stabilized mass become two independent units and no longer bear the load
together. The axial bearing capacity, Q2, of the annular point grouted pile at this stage can
be expressed as:

Q2 = Qs + Qp = uΣqsili + uq′sls + qp Ap (5)

where qs
′ is the unit shaft resistance at the interface between the model pile and the cement-

stabilized mass, and ls is the height of the bonding surface between the cement-stabilized
mass and the pile shaft.

(3) For the ideal-geometry grouted pile (Figure 11c), the bonding area between the model
pile and the cement-stabilized mass is relatively large. After the cement-stabilized
mass is excavated at the end of the loading, it is found that there is no relative slip
between the cement-stabilized mass and the model pile, so the two can be regarded
as a whole. Figure 11 shows that, different from the annular point grouted pile, the
cement-stabilized mass of the ideal-geometry grouted pile is equivalent to increasing
the diameter of a section of pile, and there is a large shaft resistance, Qf, between the
cement-stabilized mass and the soil layer. The total shaft resistance, Qs, of the ideal-
geometry grouted pile includes the shaft resistance along the pile shaft, Qf, which is
provided by the pile shaft without the cement-stabilized mass, the shaft resistance
along the pile shaft, Qf

′, which is provided by the pile shaft with the cement-stabilized
mass and the vertical bearing capacity Qp

′ provided by the cement-stabilized mass,
i.e., Qs = Qf + Qf

′ + Qp
′. The axial bearing capacity, Q3, can be expressed as:

Q3 = Qs + Qp = Qf + Qf
′ + Qp

′ + Qp = uΣqsili + u′Σq′sil
′
i + qps As + qp Ap (6)

where u′ is the perimeter of the cement-stabilized mass; qsi
′ is the friction stress

between layer soil i around the pile and the cement-stabilized mass; li′ is the thickness
of layer soil i outside the cement-stabilized mass.

Combined with the distribution of the unit shaft resistance along the pile shaft, shown
in Figure 6, the cement-stabilized mass of the annular point grouted pile and ideal-geometry
grouted pile can provide great axial bearing capacity. The major portion of the load is
supported by the cement-stabilized mass of the annular point grouted pile and ideal-
geometry grouted pile during the initial load, and the settlement of the pile is very small;
thus, the shaft resistance of the lower pile section of the cement-stabilized mass is small.
With increasing axial load, the cement-stabilized mass of the annular point grouted pile
and ideal-geometry grouted pile begins to settle with the pile shaft, and the shaft resistance
of the lower pile section of the cement-stabilized mass gradually increases. In addition, the
protruding cement-stabilized mass has a certain compaction effect on the lower soil layer
during loading, which increases the normal stress at the pile-soil interface of the lower pile
section. Hence, the lower pile section of the annular point grouted pile and ideal-geometry
grouted pile have greater shaft resistance than the ungrouted pile.

The cement-stabilized mass of the ideal-geometry grouted pile is firmly bonded to
the pile shaft of the model pile. The test shows that the pile-soil system forms a close
cooperative system, which is the most ideal effect of post-grouting on the side of the pile.
For the annular point grouted pile, the cement grout diffuses, mainly, along the horizontal
direction after entering the soil layer from the grouting hole, and the bonding surface
between the cement-stabilized mass and the pile shaft is small. The cooperative bearing
capacity of the cement-stabilized mass and model pile is restricted by the ultimate bonding
ability of the bonding surface, which causes its bearing capacity effect inferior to that of the
ideal-geometry grouted pile.

5. Discussion

The test results have proven that the post-grouting technique can increase the bearing
capacity of a pile in calcareous sand by enhancing the shaft resistance and tip resistance, and
calcareous sand formations can be effectively improved by injected cement grout. Table 3
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shows the measured ultimate bearing capacity of each single pile, the corresponding
measured values of the total shaft resistance, tip resistance, and their increase range. The
table shows that, under the ultimate load, the load sharing of tip resistance is relatively
small, which indicates that the single pile is mainly borne by the shaft resistance during the
process of axial loading and the pile head load is mostly supported by the shaft resistance
under the ultimate load. The total shaft resistance of annular point grouted piles MP2 and
MP5 increases by 175.26–492.93%, and the tip resistance increases by 33.12–267.14%. The
total shaft resistance of ideal-geometry grouted piles MP3 and MP6 increases in the range
of 301.34–338.95%, and the tip resistance increases by 87.26–130.00%. The test results show
that side grouting significantly improves the shaft and tip resistances of the pile foundation.
It is also evident that the total shaft resistance and tip resistance of annular point grouted
piles are more discrete than those of ideal-geometry grouted piles. Directional flow grouting
can effectively increase the response of the axially loaded pile. In addition, the tip resistance
of piles with post-grouting is improved compared with piles without post-grouting, which
indicates that grouting at the side of the pile can not only enhance the strength of the soil
at the side of the pile but also improve the strength of the bearing layer at the end of the
pile. This conclusion is consistent with the conclusion, given by Wan et al. [28], that the
mobilization of the tip resistance can be enhanced by the soil improvement at the pile side,
due to side grouting.

Table 3. Measured values of the ultimate bearing capacity, total shaft resistances, tip resistances of
each single pile, and their corresponding increased range.

Pile No.
Total Shaft

Resistance, Qsu
(N)

Mobilized Tip
Load, Qbu

(N)

Ultimate Bearing
Capacity, Qu

(N)

Total Shaft
Resistance Increase

Ratio (%)

Tip Resistance
Increase Ratio

(%)

MP1
665 70

735 N/A N/A(90.50) (9.50)

MP2
3943 257

4200 492.93 267.14(93.87) (6.13)

MP3
2919 161

3080 338.95 130.00(94.76) (5.24)

MP4
1043 157

1200 N/A N/A(86.91) (13.09)

MP5
2871 209

3080 175.26 33.12(93.22) (6.78)

MP6
4186 294

4480 301.34 87.26(93.43) (6.57)

Note: The values in parentheses in the table are the percentage (%) of the total shaft resistance and tip resistance
to the ultimate bearing capacity.

As mentioned above, the increase in post-grouting on the bearing capacity of piles in
calcareous sand is better than that of piles in siliceous sand. Simultaneously, in Table 3, the
post-grouted pile in calcareous sand also has better increased ratio of total shaft resistance
than that in siliceous sand, which further indicates that the injected cement grout fills
the concave and convex holes on the surface of calcareous sand, enhances the interface
meshing between calcareous sand particles and cement grout, and effectively improves the
interface structure performance. The results are consistent with the conclusion, reported
by Wan et al. [29], that cement stabilized calcareous sand has higher integral strength than
cement stabilized siliceous sand using microscopic test methods.

Through the abovementioned analysis, the bearing capacity of an annular point
grouted pile increases discretely, due to the uncertainty of the grout flow direction and the
formation of an irregular cement-stabilized mass during the grouting process. Directional
flow grouting can form an ideal geometric shape and can effectively control the amount of
grouting, and reduce the uncertain factors in the grouting process, to achieve the expected
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effect of post grouting. Some scholars [30–33] developed a device for forming an ideal
geometric shape of prefabricated piles and bored piles after grouting to solve the problem
of the uncertainty of the grout flow direction and the difficulty of forming ideal geometric
shapes, which can effectively control the grouting amount and grouting pressure to form
an ideal geometric shape. The increased range of the shaft resistance and tip resistance can
be predicted according to the ideal geometric size of the grout bubble, so the post-grouting
technique is more reasonable. Therefore, a directional grouting device should be adopted
in future engineering practice to reduce the uncertainties in the post-grouting process and
ensure the expected effect of post-grouting.

Given that this study is limited to small-scale model tests, further validation is required
from field full-scale load tests, especially field full-scale group tests. In addition, the test
results and related analysis in this paper are limited to calcareous sand in the South China
Sea, which is difficult to directly extend to any area because of its regional characteristics, so
future studies will focus on performing relevant quantitative research. The main purpose
of this paper is to elucidate the axial bearing mechanism of post-grouted piles, as well as
provide a theoretical basis and technical support for the popularization and application of
post-grouted piles in calcareous sand, and it is also instructive for improving the safety of
island and reef engineering and reducing the economic cost.

6. Conclusions

This paper presents a model test of an axially loaded single pile in a calcareous sand
foundation. The axial bearing behavior of single piles, with and without post-grouting,
in calcareous sand are studied, and the test results are compared with those of single
piles, with and without post-grouting, in siliceous sand. The distribution of the cement-
stabilized mass and the bearing mechanism of grouted piles are analyzed by considering
the excavation observation of grouted single piles. Based on the analyses and discussions
of this study, the following conclusions can be reached:

1. The change in shaft resistance, caused by the lateral extrusion of calcareous sand
during pile driving, is less than the negative effect caused by particle breakage;
therefore, the response of an ungrouted pile subjected to axial load in calcareous sand
is lower than that in siliceous sand. After grouting, the axial bearing capacity of a
single pile is greatly improved in both model foundations, and the calcareous sand
formation is significantly enhanced by the injected cement grout; hence, the grouted
single pile shows basically identical bearing behavior in the two types of sandy soil
formations. In addition, compared with annular point grouting, ideal-geometry
grouting has more obvious advantages in improving the bearing characteristics of
pile foundations and shows higher stability in improving the bearing properties of
pile foundations.

2. Post-grouting has affects the load transfer responses of the pile. Given that grouting
at the side of the pile increases the effective horizontal stress of the soil around the
pile, the enhanced shear strength of the soil can effectively offset the transmission of
the axial force of the pile, resulting in the load attenuation of the grouted pile along
the depth direction is faster than that of the ungrouted pile.

3. The particle breakage characteristics of calcareous sand during pile driving will reduce
the shaft resistance of the pile, so the ungrouted single piles in calcareous sand has a
lower shaft resistance than that in siliceous sand. The grout fills the holes and pores on
the surface of calcareous sand and enhances the surrounding soil by the solidification
effect of injected cement grout, which forms a new structural equilibrium state for
the pile-soil interaction system and effectively improves the physico-mechanical
properties of the surrounding soil. The grouted pile has a higher shaft resistance than
the ungrouted pile, and the increased ratio of the total shaft resistance after grouting
in calcareous sand formations is better than that of piles in siliceous sand formations.
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4. Grouting at the side of the pile can not only improve the strength of the surrounding
soil but also increase the strength of the bearing layer at the pile tip so that the single
pile without post-grouting has a lower tip resistance than that of the single pile with
post-grouting. This result indicates that the mobilization of the tip resistance can be
enhanced by the soil improvement at the pile side due to side grouting.

5. The analysis of the static load test and excavation observations shows that the annular
point grouting does not have an obvious reinforcement effect due to the uncertainty
of the grouting flow direction, which results in a large discreteness of the increase in
bearing capacity after grouting. The use of an ideal-geometry grouting device can
effectively control the key parameters, such as the grouting amount and grouting
pressure, so it can form an ideal geometric shape, which standardizes the application
of the post-grouting technique.

6. The analysis of the bearing mechanism of the post-side-grouted pile shows that,
compared with the annular point grouted pile, the ideal-geometry grouted pile forms
a larger bonding surface between the cement-stabilized mass and the pile shaft, which
forms a more stable pile-soil interaction structure system. It is suggested that the
directional grouting device should be used in actual grouting projects in the future to
realize pile-soil effective bonding and load transfer.
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