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Abstract: There is a notable difference between garbage pile foundations and general site foundations;
due to their uneven particles, complex structure, and diverse composition, there are relatively few
cases that can be used for reference. In this study, with the aim of renovating a landfill in Shenzhen,
bearing-layer reinforcements were introduced in the overlying road of a garbage heap dominated by
construction waste. The bearing capacity of a single-pile composite foundation was studied through
a core-pulling test of high-pressure jet-grouting piles, a static load test of the bearing capacity of the
single-pile composite foundation, design estimation, and numerical analysis. The results show that
the obtained eigenvalue of the design estimate was 267.8 kPa, and the eigenvalue of the field test was
between 182.58 kPa and 196.89 kPa, meeting the design requirement of an eigenvalue of no less than
175 kPa. The bearing capacity of the composite foundation of the single jet-grouting pile was analyzed
using the ABAQUS numerical simulation software; the characteristic value of the bearing capacity of
the single-pile composite foundation was 186.01 kPa, and the variation trend of its settlement–load
curve was the same as that of the field test results, which met the design requirements. High-pressure
jet-grouting pile technology has achieved remarkable results in the reinforcement of foundations that
are mainly composed of construction waste.

Keywords: high-pressure jet-grouting pile; landfill dumps; pile-testing experiments; ground rein-
forcement effect; load-bearing capacity characteristics

1. Introduction

The rapid improvement in China’s urbanization level has been accompanied by a sharp
increase in urban waste, which necessitates stricter requirements for the treatment capacity
of landfills [1,2]. In order to improve this capacity, scholars have tried to renovate original
landfills, including improving their roads, drainage systems, and lighting systems [3,4].
In addition, engineering construction will be carried out above original landfill sites to
improve their treatment capacity and the utilization rate of land resources [5–7].

Underground geotechnical stratification is determined using borehole-coring technol-
ogy. Garbage dumps with poor mechanical properties, low shear strength, high compress-
ibility, a certain corrosiveness, and a weak bearing capacity are not suitable for engineering
construction [8–10]. High-pressure jet-grouting pile technology is a common method for the
treatment of soft-soil foundations; a drilling machine is used to carry out a pilot operation
for each pile, with the hole drilled to a specified depth to ensure that the pile length meets
the design requirements. Then, a jet-grouting pile pipe is inserted to a predetermined depth,
high-pressure jet grouting is carried out, and cement mortar is mixed with the surrounding
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soil and solidified to form a uniform solid cylinder, which can effectively strengthen the
soil and has a certain anti-seepage reinforcement effect. This method is now widely used
in the reinforcement of various soft-soil foundations [11–13]. Wei et al. [14] argued that,
on the Yangtze River embankment outside the Yangtze River construction site, it is easy
for embankment soil slippage or even collapse to occur. In their study, high-pressure jet
grouting was used to strengthen soil to improve its anti-slip stability and anti-overturning
stability, as well as the overall stability of the embankment. After testing the reinforcement,
the vertical displacement of the embankment’s daily variation was less than 5 mm and the
cumulative displacement was less than 60 mm, within the allowable range. Ho et al. [15]
used high-pressure jet-grouting pile technology to strengthen soil in order to minimize
disturbance to the surrounding ground during a basement excavation project, and the
movement of the inner wall in the place where the jet-grouting pile was used was limited
to 11.2 mm, when previously, it was 38.4 mm. Qiu et al. [16] studied the settlement perfor-
mance of a three-lane tunnel with a large cross-section in Gansu Province after the use of
high-pressure jet-grouting piles. After conducting finite element analysis and a field investi-
gation, the consolidation settlement was calculated to be 14.99 mm; the on-site observation
was 12.89 mm; the settlement around the tunnel and the overall consolidation settlement
decreased evenly; the high-pressure jet-grouting pile technology had a strong reinforcement
effect. Li et al. [17] studied the reinforcement effect of high-pressure jet-grouting piles on
the collapsible foundations of deep loess tunnels, and used on-site monitoring methods to
monitor the settlement performance of the tunnel foundation, additional stress, earth stress,
rock pressure, etc. They found that the stress at the top of the pile and the earth pressure
between the piles increased rapidly in the first 45 days, and the stress tended to be stable
after 45 days. The stress increased with increasing distance from the tunnel centerline,
and the settlement of the tunnel foundation gradually increased with the passage of time,
becoming stable after 50 days of construction. Li et al. [13] studied the performance of
grouting materials and consolidated bodies of high-pressure jet-grouting piles, as well as
the on-site reinforcement effect. Their results showed that the compressive strength, elastic
modulus, and impermeability of the consolidated bodies were related to the water–cement
ratio, and the strength increased with increasing cement content. When an ultra-shallow
buried tunnel was excavated, after the reinforcement of the high-pressure jet-grouting
pile, the surrounding rock at the top was more stable, the surrounding rock cracks were
consolidated and filled with cement soil, and the integrity improved. Li et al. [18] sys-
tematically evaluated the adaptability of jet-grouting composite foundations in shallow
collapsible loess tunnels. Taking a tunnel with a buried depth of 20 m as an example, they
studied the deformation control of the foundation during construction and the control
of the foundation’s settlement after construction; the results showed that the uplift dis-
placement of the pile could be controlled by changing the pile length and improving the
replacement rate, and a combination of long and short piles could reduce the low-level
uneven settlement and plastic zone. Fan et al. [11] used high-pressure jet-grouting piles
to strengthen a tunnel’s foundations, which had been weakened by gradual sinking of
the lining of the tunnel due to long-term operations. After reinforcement, the strength
of the foundation was significantly improved and the cumulative settlement reduction
was greater than 75%; the reinforcement better controlled the deformation of the tunnel’s
bottom and was conducive to improving the stability of the tunnel’s foundation. Dong
et al. [19], focusing on a real case of highway damage in Shanxi, studied the influence of
jet-grouting piles either penetrating or not penetrating loess on the uneven settlement of the
highway subgrade in a loess area, and the results showed that the lateral friction resistance
of the jet-grouting pile penetrating the loess was small; the foundation settlement quickly
reached a stable state when the underlying soft layer was thicker, and the foundation settle-
ment increased with time when the underlying loess was deeper. Zhang Y et al. [20] used
empirical formulas, numerical simulations, statistical analysis, and artificial intelligence
techniques to comprehensively discuss various techniques for the evaluation and design
of stabilized ore pillars. Combining AI with finite and discrete element simulations can
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not only improve the safety and environmental sustainability of resource extraction, but
can also generate significant economic benefits. Overall, the application of high-pressure
jet-grouting pile technology for the reinforcement of soft-soil foundations is common, but
its application to the foundations of garbage heaps is relatively rare.

Based on a foundation reinforcement project on a new road section of a landfill in
Shenzhen, this paper studies the application of high-pressure jet-grouting pile technology
to strengthen the foundation of a garbage heap dominated by construction waste. The
composite bearing capacity of a single pile was studied using a combination of design
estimation, pile test experiments, and ABAQUS numerical simulation analysis, and the
optimal construction parameters were determined based on the bearing capacity of a
single-pile composite foundation that met the design requirements and was applied to the
construction process [21–23]. There are many types of construction waste, such as concrete
blocks, bricks, and gravel blocks in the foundation of new road sections. Additionally, the
lower layer of construction waste is an argillaceous siltstone layer, and the stratum has the
characteristics of considerable thickness, a complex structure, and inconsistent compaction;
therefore, it cannot be directly used as the bearing layer of a road foundation [24–26].
Through this research on foundation reinforcement for construction waste heaps, we hope
to provide a reference for the design and construction of high-pressure jet-grouting pile
technology to strengthen the foundations of miscellaneous construction waste fill.

2. Engineering Overview

In the landfill renovation project assessed in this study, it was necessary to build a
new 299 m plant-connection channel, as shown in Figure 1. The road base is located on
the original construction waste heap, which is mainly composed of construction waste
and miscellaneous fill soil such as concrete blocks and bricks, and has the characteristics
of considerable thickness, a complex structure, and inconsistent compaction, and thus,
cannot be directly used as the bearing layer of the road base and must be reinforced. The
design grade of the foundation of the project is B, the sensitivity to settlement deformation
is average, and the characteristic value of the bearing capacity of the treated single-pile
composite foundation is not less than 175 kPa.
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Figure 1. Schematic diagram of new plant with access road.

The geological conditions of this new section are as follows: there is a quaternary artifi-
cial fill layer from top to bottom, and the underlying bedrock is argillaceous siltstone of the
Lower Jurassic Jin Formation. The artificial fill layer is mainly miscellaneous fill, primarily
composed of concrete blocks, bricks, and other construction waste and cohesive soil; the
content of hard impurities is greater than 45%; the average particle size is 8 cm–15 cm; the
structure is loose [27]. The layer thickness is 3.0 m–7.0 m, the average layer thickness is
4.75 m, the buried depth at the bottom of the layer is 7.0 m–54.1 m, and the elevation of the
bottom of the layer is 113.0 m–119.9 m. This layer contains ordinary Class I–II soil.
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3. Experimental Study on the Technical Parameters of High-Pressure Jet-Grouting Piles
in Landfill Sites
3.1. Adaptability Analysis of High-Pressure Jet-Grouting Piles

The foundation composition in this project is complex; the garbage pile is mainly
composed of miscellaneous construction waste fill, and an HDPE geomembrane is placed
at the bottom of the garbage dump and upstream of the garbage dam to prevent the seepage
of landfill leachate and protect groundwater resources. In the literature on road design
and construction on landfill bodies, there are few cases of landfill bodies with uneven
settlement and complex structure that can be used for reference, and determining what
measures to take to avoid the above-mentioned damage has become a design difficulty.
Therefore, the key to the treatment of this miscellaneous fill garbage pile soil foundation
is to select an appropriate foundation reinforcement method to meet the requirements of
foundation design strength, bearing capacity, and economy.

(1) The construction waste-based miscellaneous fill is deeply buried, and the hard-
impurity particles are uneven. The aggregate strength of concrete blocks, bricks,
and other aggregates is high, but there is a large gap between the aggregates. If
only mechanical compaction is performed, with the passage of time and rainwater
infiltration, the foundation will be prone to uneven settlement, which will seriously
hinder its later use.

(2) If the strong compaction method is adopted, the hard impurities will damage the
HDPE geomembrane placed under the garbage pile due to strong pressure, resulting
in tearing of a large area of the impermeable membrane and the leakage of landfill
gas and leachate into the garbage dump, affecting its overall stability; moreover, this
would pose considerable safety risks and environmental pollution hazards.

(3) High-pressure jet-grouting piles are used for foundation reinforcement, using drilling
to crush strong aggregates, such as concrete blocks and bricks, and fully mix them
with high-pressure cement slurry to form a high-strength columnar body, which plays
a role in reinforcing the foundation. For some sections of a construction waste pile
stratum with large voids, an appropriate amount of quick-setting agent is mixed into
the slurry or the amount of grouting is increased to ensure that the pile is formed.

To summarize, it is most reasonable for the miscellaneous fill garbage pile foundation
in this project to be reinforced using high-pressure jet-grouting piles.

3.2. Design Estimation Parameters

The design parameters were preliminarily proposed according to the site conditions
of the landfill and the distribution of construction waste, and the characteristic value of
the bearing capacity of the composite foundation was comprehensively determined with
reference to the design steps carried out before the pile test [27] according to the design
estimation and the pile test experiment. The estimation method was as follows:

fspk = m
Ra

Ap
+ β(1 − m) fsk, (1)

In Equation (1), fspk is the characteristic value of the bearing capacity of the composite
foundation; m is the surface area replacement rate (m = d2/de

2, m = 0.227); Ap is the cross-
sectional area of the pile; Ra is the characteristic value of the vertical bearing capacity of a
single pile (it can be calculated according to Equations (2) and (3), and takes the smaller of
the calculated results). The physical meaning of m(Ra/Ap) is the bearing capacity of the pile.
β is the coefficient of the bearing capacity of the soil between the piles, which is used to
convert the actual bearing capacity of the soil between the piles (it can be based on regional
experience; 0.4~0.8 can be taken, and this article takes β = 0.7), and fsk is the characteristic
value of the bearing capacity of the soil between the piles, which can be determined based
on regional experience. The physical meaning of β(1 − m)fsk is the bearing capacity of
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the soil. Therefore, the addition of the above two terms (m(Ra/Ap) and β(1 − m)fsk) is the
bearing capacity of the pile–soil composite foundation.

The characteristic value of the bearing capacity of a single pile was determined through
estimation and field testing, and the estimation method was as follows with reference to
the design steps [27]:

Ra = η fcu Ap, (2)

Ra = up

n

∑
i=1

qsili + αpqp Ap (3)

In Equations (2) and (3), fcu is the compressive strength of the rotary grouting pile; up
is the perimeter of the pile; li is the thickness of the first layer of soil within the length of
the pile; qsi is the resistance of the pile side, which can be determined based on regional
experience; αp is the coefficient of resistance at the end of the pile (0.4~0.6 can be taken, and
this article takes αp = 0.4); qp is the characteristic value of the bearing capacity of the pile
end, which can be determined based on regional experience; η is the strength reduction
coefficient of the pile, obtained by reducing the theoretically calculated bearing capacity (to
give a wide enough safety margin to the structural design, this article takes η = 0.3).

In Equations (1)–(3), the estimated characteristic value of the bearing capacity of the
composite foundation is 267.8 kPa, meeting the design requirements.

3.3. Experimental Design of Pile Reinforcement

Through the pile test, the geological conditions were further explored; the optimal
cement content, water–cement ratio, lifting speed, slurry pressure and air pressure, and
other parameters, as well as the optimal construction parameters, were determined in the
process of the pile test experiment.

According to the construction experience, the cement content of the pile body was
categorized into three grades: 250 kg/m, 275 kg/m, and 300 kg/m; the air pressure ratings
were 0.7 Mpa, 0.75 MPa, and 0.80 MPa; the increases in speed level were 0.10 m/min,
0.15 m/min, and 0.20 m/min. We kept the water–cement ratio of 1:1 as a fixed parameter.
The slurry pressure remained in the range of 20~30 MPa, with instant adjustments made
according to the construction process. This was divided into three groups according to
factors such as cement content. There were six test piles for each group of parameters, and
the total number of test piles was 18, as shown in Table 1.

Table 1. Parameters of pile test.

Group
Number

Station
(Spacing of

1.2 m)

Station
(Spacing of

1.0 m)

Cement
Content
(kg/m)

Water–Cement
Ratio

Lift Speed
(cm/min)

Slurry
Pressure

(MPa)

Air Pressure
(MPa)

1
1# 10#

250 1:1
0.10

20~30
0.70

2# 11# 0.15 0.75
3# 12# 0.20 0.80

2
4# 13#

275 1:1
0.10

20~30
0.70

5# 14# 0.15 0.75
6# 15# 0.20 0.80

3
7# 16#

300 1:1
0.10

20~30
0.70

8# 17# 0.15 0.75
9# 18# 0.20 0.80

“#” is the mark for the pile. For example, pile 1 is denoted by “1#”.

The diameter of the experimental jet-grouting pile was d = 60 cm, and the pile length
was 14 m. According to the construction experience and design requirements, the 18 above-
mentioned test piles were divided into two kinds of pile spacing in a plum blossom
arrangement, as shown in Figure 2. A plum blossom-type pile refers to a pile with a
position arrangement similar to that of a plum blossom body, with the center of the adjacent
two piles forming an equilateral triangle distribution. This arrangement method can ensure
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uniform pile arrangement, prevent interference between the pile bodies, and is conducive
to the formation of continuous and uniform improvement in the soil layer. Compared
with straight or square piles, a plum blossom type pile can provide more dense coverage
and more uniform bearing capacity distribution. The new road section was divided into
two sections. The first was the retaining wall foundation section. According to the design
requirements, this section of the road was 79 m long, the high-pressure jet-grouting pile
was arranged in a plum blossom shape, and the pile spacing was 1 m, as shown in Figure 2a.
This is because the back of the retaining wall was the area where the earth pressure was
most directly experienced. Increasing the number of jet-grouting piles effectively improved
the resistance of the back of the retaining wall to earthwork pressure, reduced the lateral
deformation of the wall, and effectively improved the shear strength of the soil, which is
very important for preventing soil slippage and maintaining the overall stability of the
retaining wall. The other section had a general subgrade layout; this section of the road was
220 m long with a plum blossom-type arrangement and pile spacing of 1.2 m, as shown in
Figure 2b.
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3.4. Actual Pile Test Parameters

In the actual operation process, the air pressure and the actual pile length could
be controlled using the instrument to reach a standard that conformed to the design.
Since there was a certain error between the experimental design and the actual operation
when controlling the cement content, these values were within the allowable range of the
experimental design. At the same time, the diversity of the data was increased, while the
error did not affect the accuracy of the experiment, so as to better observe the influence of
the cement content on the experimental results, and the actual parameters of each pile were
recorded in the pile testing process (see Table 2 for details).

Table 2. Actual pile test parameter table.

Group
Number Station

Cement
Content
(kg/m)

Water–
Cement

Ratio

Lift Speed
(cm/min)

Slurry
Pressure

(MPa)

Air
Pressure

(MPa)

1

1# 266

1:1

0.12 20 0.70
2# 255 0.16 21 0.75
3# 248 0.23 22 0.80
10# 264 0.11 20 0.70
11# 256 0.16 21 0.75
12# 250 0.22 22 0.80
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Table 2. Cont.

Group
Number Station

Cement
Content
(kg/m)

Water–
Cement

Ratio

Lift Speed
(cm/min)

Slurry
Pressure

(MPa)

Air
Pressure

(MPa)

2

4# 282

1:1

0.12 23 0.70
5# 279 0.22 24 0.80
6# 274 0.15 25 0.75
13# 279 0.11 23 0.70
14# 277 0.21 24 0.80
15# 275 0.17 25 0.75

3

7# 314

1:1

0.12 26 0.70
8# 299 0.14 28 0.75
9# 307 0.22 27 0.80
16# 313 0.12 26 0.70
17# 298 0.14 28 0.75
18# 305 0.21 27 0.80

“#” is the mark for the pile. For example, pile 1 is denoted by “1#”.

3.5. Test Excavation and Coring Inspection
3.5.1. Test Excavation Inspection

The experimental construction of the jet-grouting pile was completed, and the pile
diameter and appearance of the test pile were tested after 28 days under standard mainte-
nance conditions. The diameter of the test pile is smaller, at 0.50 m~0.69 m, compared with
the diameter of the designed test jet-grouting pile (d = 60 cm). The pile diameter of all the
test piles (1, 2, 3, 10, 11, 12) in the first group is 0.50 m~0.59 m, which does not meet the
requirements. Of all the test piles, in Group 2 (4, 5, 6, 13, 14, 15) and Group 3 (7, 8, 9, 16, 17,
18), the pile diameter is 0.60 m~0.69 m, meeting the design requirements. The test piles that
met the design requirements were excavated and inspected, and the excavation shows that
the soil particles in the jet-grouting piles are evenly mixed with the cement slurry, and the
integrity is good.

3.5.2. Test Coring Inspection

After the first round of appearance inspection, the bearing capacity and deformation
characteristics of the piles were evaluated through drill coring inspection, and the core
samples obtained were compared with the design requirements to provide a basis for
engineering safety assessment. Through the coring experiment, the quality of the core sam-
ples could be observed, and the quality of the piles could be judged, such as determining
whether there was difficulty with penetration, external looseness, etc.

In the test piles whose pile diameters met the requirements, 4, 8, 13, and 17 piles were
extracted for coring verification. The coring position was 1/4 of the pile diameter outward
from the center of the pile cross section, and the coring length was the length of the pile
body (vertical drilling coring); we observed the integrity and uniformity of the pile and
took photos of the core samples obtained on site, as shown in Figure 3.

The core samples of the No. 8 and No. 17 test piles were obtained, and their GSI of
60 meets the requirements; the No. 4 and No. 13 core samples’ GSI of 20 do not meet the
requirements, and their cement contents are 282 kg/m and 279 kg/m, respectively; the No.
5, 6, 14, and 15 piles with lower cement content ceased to be cored.

3.6. Bearing Capacity Test

The single-pile bearing capacity test adopts a stacking platform system. When testing
the bearing capacity of a pile, the bearing platform is set up with a steel beam at the top
of the pile, heavy objects including sand bags and concrete prefabricated blocks are piled
up, and the platform is gradually jacked up using a jack placed on the pile head so that
force is applied to the pile body. This stacking method can help engineers evaluate the
load-bearing capacity, deformation, and safety performance of a monopile. During the test,
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a gradually increasing loading force is applied until the monopile reaches its load-bearing
limit. The relationship between the loading force and the settlement of the pile top can be
used to determine the bearing capacity of the single pile, as shown in Figure 4.
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Firstly, the composite bearing capacity of the No. 8 and No. 17 piles that passed the
coring verification were tested. If the piles met the bearing capacity requirements and
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passed the composite foundation bearing capacity test, it would not be necessary to test the
No. 7, 9, 16, and 18 test piles with higher cement content.

The slow Virther load method was used to apply the load in 10 stages, and the
increased load in each stage was 1/10 of the maximum design load, namely, 35 kPa. When
the No. 8 and No. 17 piles are loaded to 350 kPa, the pressure plate settlement of the test is
14.564 mm~15.189 mm, the load settlement curve is slowly deformed, the proportional limit
and the ultimate load are not obvious, the bearing capacity of the composite foundation
does not reach the limit state in the test process, and the compacting, local shear failure, and
complete failure characteristics of the foundation are not obvious, as shown in Figure 5.

Buildings 2024, 14, x FOR PEER REVIEW 9 of 22 
 

  
(a) (b) 

Figure 4. Pile bearing capacity detection: (a) No. 8 pile; (b) No. 17 pile. 

Firstly, the composite bearing capacity of the No. 8 and No. 17 piles that passed the 
coring verification were tested. If the piles met the bearing capacity requirements and 
passed the composite foundation bearing capacity test, it would not be necessary to test 
the No. 7, 9, 16, and 18 test piles with higher cement content. 

The slow Virther load method was used to apply the load in 10 stages, and the in-
creased load in each stage was 1/10 of the maximum design load, namely, 35 kPa. When 
the No. 8 and No. 17 piles are loaded to 350 kPa, the pressure plate settlement of the test 
is 14.564 mm~15.189 mm, the load settlement curve is slowly deformed, the proportional 
limit and the ultimate load are not obvious, the bearing capacity of the composite founda-
tion does not reach the limit state in the test process, and the compacting, local shear fail-
ure, and complete failure characteristics of the foundation are not obvious, as shown in 
Figure 5. 

 
Figure 5. Load–settlement curve of single-pile composite foundation. 

3.7. Analysis of Test Results 
(1) After the first round of excavation pile diameter detection, the pile diameter of all the 

test piles (1, 2, 3, 10, 11, 12) in the first group is 0.50 m~0.59 m, which is smaller than 
the diameter of the designed test pile of 0.60 m and does not meet the requirements; 

Figure 5. Load–settlement curve of single-pile composite foundation.

3.7. Analysis of Test Results

(1) After the first round of excavation pile diameter detection, the pile diameter of all
the test piles (1, 2, 3, 10, 11, 12) in the first group is 0.50 m~0.59 m, which is smaller
than the diameter of the designed test pile of 0.60 m and does not meet the require-
ments; additionally, its cement content is 248 kg/m~266 kg/m, which does not meet
the design requirements. The second (4, 5, 6, 13, 14, 15) and third groups of test
piles (7, 8, 9, 16, 17, 18) have diameters of 0.60 m~0.69 m and cement contents of
274 kg/m~314 kg/m which do meet the pile diameter requirements.

(2) The coring test results show that the core samples of the second group (4 and 13) of
test piles are more broken (the cement content is 282 kg/m and 279 kg/m, respec-
tively) and do not meet the design requirements; therefore, the jet-grouting effect of
cement content of 282 kg/m and below (piles 5, 6, 14, and 15) cannot meet the design
requirements, as shown in Table 3.

(3) According to the static load test of the bearing capacity of the single-pile composite
foundation of the No. 8 and No. 17 test piles, as shown in Figure 5, the load–
settlement curve is slowly deformed, the ultimate load and the proportion limit are
not obvious, and the characteristic value of the bearing capacity of the single-pile
composite foundation can be determined according to the relative deformation value.
Assume a pressure value corresponding to s/b = 0.008 (where s is the settlement of the
bearing plate in the static load test, and b is the side length of the bearing plate); in this
test, b is 1.0 m, namely, the load value corresponding to s = 0.008 × b = 8.0 mm is the
characteristic value of the bearing capacity of the single-pile composite foundation.
The characteristic value of the bearing capacity of the single-pile composite foundation
obtained in the field test is 182.85 kPa~196.89 kPa, and the characteristic value of the
bearing capacity of the foundation, determined using the relative deformation value,
should not be greater than half of the maximum load of 350 kPa, and the smaller value
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is taken. Therefore, the characteristic value of the bearing capacity of the No. 8 and No.
17 monopile composite foundations is 175 kPa, which meets the design requirements.
The rotary grouting effect of a minimum cement content of 298 kg/m and above,
corresponding to the No. 8 and No. 17 piles, also meets the design requirements.

Table 3. Summary of preliminary screening of pile diameter and core sample results.

Group
Number Station Diameter of

Jet-Grouting Pile (m)
The Degree of Pile

Core Fragmentation
Cement Content

(kg/m)
Are the Design

Requirements Met?

1

1# 0.55 - 266 no
2# 0.56 - 255 no
3# 0.57 - 248 no

10# 0.50 - 264 no
11# 0.56 - 256 no
12# 0.59 - 250 no

2

4# 0.60 broken 282 no
5# 0.62 - 279 no
6# 0.60 - 274 no

13# 0.60 broken 279 no
14# 0.62 - 277 no
15# 0.65 - 275 no

3

7# 0.69 - 314 yes
8# 0.66 complete 299 yes
9# 0.65 - 307 yes

16# 0.64 - 313 yes
17# 0.63 complete 298 yes
18# 0.60 - 305 yes

The “#” symbol in the figure represents a pile. For instance, “1#” denotes pile 1.

(4) The static load test results for the composite foundation are summarized in Table 4. It
can be seen that the No. 17 pile has a stronger bearing capacity than the No. 8 pile;
this is because the No. 17 pile was tested according to the smaller distance between
the piles, and the smaller the pile spacing at the same depth as the foundation soil
layer, the more likely it is that the lateral displacement and deformation of the soil
between the piles will cancel each other, thereby reducing the overall settlement and
deformation of the foundation. Therefore, the settlement of the No. 17 pile is less than
that of No. 8.

Table 4. Static load test results for composite foundation.

Station Maximum Test Load
(kPa)

Eventual Settlement
(mm)

Eigenvalues of Bearing
Capacity (kPa)

Cement Content
(kg/m)

8# 350 15.189 182.58 299
17# 350 14.564 196.89 298

(5) Comprehensively considering the on-site pile test construction scenario, test pile test
results, economic applicability, and other factors, the following construction standard
parameters can be used to guide the construction of high-pressure jet-grouting piles in
landfill heaps, and better construction results can be obtained. The specific parameters
are shown in Table 5.

Table 5. Standard parameter table for the construction of jet-grouting piles.

Parameter Cement
Parameters (kg/m)

Water–Cement
Ratio

Lift Speed
(cm/min)

Spraying
Pressure (MPa)

Air Pressure
(MPa)

Rotary Spray
Speed (r/min)

Index 300 1:1 20 20~28 0.7 20
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4. Numerical Simulation of Bearing Capacity of Single-Pile Composite Foundation
4.1. Numerical Simulation Establishment and Parameter Selection

In this paper, the ABAQUS finite element software was used to establish a single-
pile model of a high-pressure jet-grouting pile, and its composite bearing capacity was
simulated and analyzed using the jet-grouting pile. Considering that the boundary effect
of the model may interfere with the results, the size of the model site was set to be larger
at 20 m × 20 m × 30 m long, as shown in Figure 6. Displacement and rotation angle
constraints were carried out on the side of the model, and the bottom surface of the model
was fixed. A Mohr–Coulomb plastic model was used for the soil model, because compared
with the modified Cam-clay model, it is more suitable for hard rock, sand, and similar
geological engineering conditions, and the model is simpler [28–30]. The soil was simulated
using a C3D8R unit, the drilling position of the soil model was locally infilled, and the
model had a total of 86,868 units. The linear elastic model of the pile was also simulated
using C3D8R elements, amounting to a total of 8782 elements. In order to make the
simulation process more closely resemble the actual engineering practice, 10-stage loading
to 350 kPa was used, which is consistent with the actual loading process. A laboratory
triaxial compression experiment was carried out on the column core and soil core of the jet-
grouting pile obtained from the borehole, and parameters such as the elastic modulus and
Poisson’s ratio of the jet-grouting pile and the soil were obtained through the experiment.
The parameters of the soil and pile are shown in Table 6.
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Table 6. Pile and soil layer parameters.

Material Category Modulus of
Elasticity (MPa)

Poisson’s
Ratio

Severe
(kN·m−3)

Cohesion
(kPa)

Internal Friction
Angle (◦)

Jet-grouting pile 10,500 0.2 21.5 - -
Plain fill 3.1 0.35 19.59 8 10

Miscellaneous fill 3.3 0.33 19.6 8 12
Strongly weathered argillaceous siltstone 10.2 0.15 20.2 30 28
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4.2. Numerical Simulation Results and Analysis

The numerical simulation of the step-by-step loading process of a single high-pressure
jet-grouting pile was carried out to obtain a strain change contour diagram in the U3
direction of the pile and soil and a stress change contour diagram of the soil and pile in the
S3 direction under load during the loading process, as shown in Figures 7 and 8. With the
continuous increase in load, the displacement of the surrounding soil is gradually increased
with increasing pile settlement, and the settlement within 2.5 m around the pile is the
most obvious.
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The settlement–load curve obtained through numerical simulation is slowly deformed,
the ultimate load and the proportion boundary are not obvious, and the characteristic
value of the bearing capacity of the single-pile composite foundation can be determined
according to the relative deformation value; the corresponding load value at the settlement
of 8 mm is taken as the characteristic value of the bearing capacity of the single-pile
composite foundation. The characteristic value of the bearing capacity of the single-pile
composite foundation obtained through the numerical simulation is 186.01 kPa, and the
load–settlement curve is basically the same as that obtained in the field test; the proportion
limit is not obvious and does not reach the bearing limit, and the settlement rate of the
composite foundation increases slightly with increasing load. The characteristic value
of the bearing capacity of the single-pile composite foundation calculated via numerical
simulation is slightly smaller than that obtained in the field test, because the elastic modulus
is constant and does not change in the simulation calculation, while the compressive
modulus of the soil also increases with increasing load in the field pile test. Secondly,
the numerical simulation model is a single-pile load simulation; in contrast to the field
test, there is no influence of adjacent piles on a single pile. Additionally, when the pile
spacing is reduced in the field test, the soil filler between the adjacent piles will be more
constrained, thereby increasing the lateral resistance of the pile, and the interaction between
the piles will also be enhanced, further improving the bearing capacity of the pile; therefore,
the bearing capacity of the numerical simulation presents a slightly smaller effect of this
phenomenon, as shown in Figure 9.

In order to better study the effect of high-pressure jet-grouting piles on the rein-
forcement of the roadbed, numerical simulation software was used to simulate the plum
blossom layout method employed in the actual project, and the surrounding piles were
added as shown in Figure 2. Jet-grouting piles with spacing of 1 m were arranged one
by one around the above-mentioned simulated single high-pressure jet-grouting pile, and
the load–settlement curves of the jet-grouting piles were added through simulation, as
shown in Figure 10. The results show that with the increase in the number of surrounding
jet-grouting piles, the settlement of a single pile at 35 kPa increases sequentially, because
the soil is further compacted by the increase in the number of piles, as shown in Table 7.
At the same time, with the increase in the number of surrounding jet-grouting piles, the
final settlement gradually decreases; this is because the soil filler between adjacent piles is
more constrained, thereby increasing the lateral resistance of the pile, and the interaction
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between the piles is also enhanced, which will further improve the bearing capacity of the
pile. Therefore, under the action of surrounding piles, the subgrade reinforcement effect
is better.
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5. The Construction Process of High-Pressure Jet-Grouting Piles in Landfills
5.1. Construction Process

According to the construction parameters of the jet-grouting pile utilized in the above-
mentioned test analysis, construction can be guided and carried out according to the
construction process outlined in Figure 11.
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5.2. Construction Process Control

The construction equipment and required materials should be inspected to ensure the
normal operation and safety of the rotary spraying machine, room press, conveyor pipe,
and other equipment. Before construction, the slurry ditch and slurry pool around the site
must be set up, and after construction, the slurry from rotary spraying and wastewater
from mechanical flushing should be discharged into the slurry pool along the slurry ditch;
they must not be scattered and discharged at will so as to prevent the grout from further
scouring the substrate clay, aggravating its cracking and deformation, and even causing
settlement and collapse.

According to the design drawings and site markings, one should determine the
position and spacing of each pile, and make a mark. There are different slopes on the site
of this project, which is conducive to the accurate positioning of the hole position using
GPS measuring instruments, determining the pile position, and measuring the position
and elevation of the hole. The pilot drilling procedure is as follows: place the pilot drilling
rig in the designated position to ensure the stability and safety of the drilling equipment, as
shown in Figure 12; start drilling according to the design requirements, and carry out this
operation for each pile separately; pass through the covering layer, comprising materials
such as solitary stone and construction waste, and ensure that the pile length meets the
design requirements, as shown in Figure 13.

After the jet-grouting pile pipe reaches a predetermined depth, a high-pressure water
jet test should be carried out, and after the predetermined pressure displacement is reached,
the jet nozzle should be sprayed first, and then, continuously and slowly lifted to prevent
the nozzle from being twisted and strictly control the amount and time of the jet; it is strictly
forbidden to pull out the rotary nozzle quickly and indiscriminately. If failure interrupts
the rotary spraying, if the downtime is less than 2 h, it is necessary to drill down to 0.5 m
again, and then, start the spray lifting; if the downtime is more than 2 h, it is necessary to
start the rotary spraying again from the bottom of the pile.
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The selection of cement should be tested and screened, and its fineness should be 
equal to that of a standard sieve (aperture 0.08 mm) with a sieve allowance of no more 
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on the amount of cement on site, the consumption of cement, and the remaining amount. 
In the process of jet spraying, the slurry should be stirred frequently to prevent 

Figure 13. Pilot drill rig drilling.

One should strictly control the spraying pressure, spraying time, and nozzle lifting
speed. Keeping the spraying pressure stable and ensuring the spraying liquid is evenly
sprayed into the soil are key to ensure the quality of the pile. When the nozzle is lifted,
the spraying time, spray continuity, and lifting speed should be strictly controlled, and
the nozzle should not be lifted at will, as shown in Figure 14. The construction site needs
to have technicians and foremen on duty to check whether parameters such as spraying
pressure, nozzle lifting length, and lifting speed meet the requirements, and to keep records
at all times.
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The selection of cement should be tested and screened, and its fineness should be
equal to that of a standard sieve (aperture 0.08 mm) with a sieve allowance of no more
than 15%. During the production of slurry, one must strictly control the amount of cement
and water–cement ratio. Next to the slurry mixer, detailed statistics should be recorded on
the amount of cement on site, the consumption of cement, and the remaining amount. In
the process of jet spraying, the slurry should be stirred frequently to prevent precipitation
and concentration changes affecting the strength of the column, and the waiting time for
pumping after the slurry is stirred must not exceed 4 h.

5.3. Problems Encountered in the Construction Process and Measures to Mitigate Them

(1) There are large voids in some sections of construction waste heaps. If there is no slurry
in the drilling process, an appropriate amount of quick-setting agent can be added to
the slurry; as a result, the consolidation time is shortened, and the grout is solidified
within a certain range.

(2) A large amount of slurry in the drilling process is caused by incompatibility between
the effective spraying range and the amount of grouting. Measures such as increasing
the injection pressure, appropriately reducing the nozzle diameter, and speeding up
the lifting and rotary spraying speed can be taken to reduce the amount of slurry.

(3) Due to the solidification process of mixing grout with the miscellaneous fill, slurry
water precipitation will occur, and there will be different degrees of pile shrinkage,
resulting in depression during consolidation (this depression is usually between 0.3 m
and 1 m at the top of the pile), and the depth varies with the soil quality, slurry
precipitation, solid diameter, and other factors.

6. Conclusions

At present, high-pressure jet-grouting piles are widely used in the engineering fields
of foundation reinforcement, foundation treatment, waterproof curtains, etc., but due
to the diversity of geological conditions, the stress characteristics, treatment effects, and
inspection methods of this technology need to be discussed in depth. In this paper, based
on the foundation reinforcement project of a new plant in a landfill in Shenzhen, the bearing
capacity and reinforcement effects of foundation pile-forming and single-pile composite
foundations dominated by construction waste are discussed and studied through a core
pulling test of high-pressure jet-grouting piles, a static load test of the bearing capacity of
a single-pile composite foundation, design estimation, and numerical analysis, and the
following conclusions are drawn.

(1) Regarding the thickness of the foundation soil layers composed of miscellaneous fill
mainly from the building garbage pile, its composition is complex, and its treatment is
difficult. A high-pressure jet-grouting pile composite foundation is used to reinforce
the foundation soil, and the construction technology is simple, the reinforcement
effect is remarkable, and a considerable amount of cement mortar is saved.

(2) The test results show that the cement content has a significant impact on the bearing
capacity of the single-pile composite foundation, and through the testing of the bearing
capacity of the single pile and the composite foundation, the construction index of
cement content greater than 300 kg/m is found to meet the design requirements.
Through the comparison of different cement content results, a suitable cement dosage
is found that can save costs to a certain extent and meet the needs of economic
applicability. In the process of spraying the rotary grouting pile, the spraying pressure
can be strictly controlled, and the spraying liquid can be evenly sprayed into the soil
and fully mixed with the crushed soil to form a consolidated cement body to ensure
the quality of the pile.

(3) The characteristic value of the bearing capacity of the single-pile composite foundation
obtained from the field test lies between 182.58 kPa and 196.89 kPa. The characteristic
value of the bearing capacity of the numerical simulation of the single-pile composite
foundation obtained through the ABAQUS numerical simulation is 186.01 kPa, which
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is slightly smaller than the value obtained in the field test, but the difference is small.
Therefore, when field test conditions are not available, the characteristic value of the
bearing capacity of the composite foundation can be used as a construction reference.

(4) In the simulation of adding jet-grouting piles one by one around the high-pressure
jet-grouting piles of a single pile, it is shown that with an increase in the number of
jet-grouting piles in the actual project, the overall bearing capacity of the foundation
will be stronger than that obtained in the simulation of a single pile, and the subgrade
reinforcement effect will be better.
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