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Abstract: Rigid-flexible composite pouch piles with expanded bottom (RFCPPEB) are generally con-
sidered as new symmetrical piles in practical engineering, but their bearing characteristics and de-
sign method are still not completely understood. The objective of this study is to investigate the
vertical bearing performance and the optimal design scheme of RFCPPEB. Hence, laboratory mod-
eling tests for this symmetric structure and an ABAQUS three-dimensional (3D) numerical simula-
tion analysis were used to study the vertical bearing characteristics on bottom-expanded piles and
rigid-flexible composite piles with expanded bottom. The vertical bearing capacity, shaft resistance,
pile tip resistance distribution rule, and load sharing ratio of RECPPEB were analyzed and verified
using different bottom expansion dimensions and cemented soil thicknesses. The results revealed
that the optimal bottom expansion ratio of rigid bottom-expanded piles was 1.8 when the ratio of
pile body to bottom-expanded pile head was 9:1. When the bottom expansion ratio (D/d) was in-
creased, the bearing capacity of bottom-expanded piles was significantly increased at D/d = 1.4 and
D/d = 1.8 compared to that of D/d = 1.0, reaching 1.67 and 2.29 times, respectively, while for D/d =
1.6 and D/d = 2.0, the ultimate bearing capacity remained unchanged. Besides, shaft resistance
played an important role in the bearing process of the rigid bottom-expanded piles and RFCPPEB.
When the shaft resistance was increased, the ultimate bearing capacity of the pile foundation was
significantly improved. The shaft resistance of RFECPPEB was increased with increasing cemented
soil thickness. The increases in the shaft resistance and thickness of the cemented soil showed a
nonlinear growth, and the maximum shaft resistance was approximately 75 cm from the pile top.
When the diameter of the expanded head was 1.8 times the diameter of the pipe pile and slightly
larger than the thickness of the cemented soil (0.5 times the diameter of the pipe pile), the optimal
amount of concrete 425.5 kN/m? required for per unit volume around piles was obtained, with the
RFCPPEB ultimate bearing capacity of 7.5 kN. For RFCPPEB, the soil pressure at the pile tip was
directly proportional to the pile top load under small load and was decreased in the form of a half
quadric curve under large load. It reached the most reasonable position where the slope of the quad-
ric curve was the largest when the thickness of the cemented soil was larger than 0.5 times the di-
ameter of the pipe pile.

Keywords: pipe pile; RFECPPEB; vertical bearing performance; model tests; numerical simulation;
shaft resistance
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1. Introduction

Pile foundations are the most widely used types of foundations in geotechnical engi-
neering. The bearing capacity provided by conventional pile foundations has failed to
meet the existing engineering requirements due to the continuous development in traffic
and construction engineering around the world. There are many special shape-derived
piles, such as X-section-in-place concrete (XCC) piles [1-3], Y-shaped piles [4-6], instru-
mented winged piles [7], static drill rooted nodular piles [8-11], and pre-bored grouted
planted (PGPN) piles [12,13]. The shaft or tip resistance of a single pile with a special shape
can be increased due to the changes in the shape of the pile body that enlarges the contact
area between the pile and the soil or by virtue of an expanded head at the bottom of con-
ventional piles in order to increase the bearing capacity of the pile body. The high usage
of special shape piles enabled scholars to observe the limited effect they provide in im-
proving the bearing capacity of a single pile for soft foundations by only changing the
shape of the pile body to increase the contact area between the pile and soil. To tackle this
problem, both rigid and flexible piles were combined to form rigid-flexible composite
piles [14-16]. In addition, the use of flexible piles changes the shear strength parameters
of soil around the pile (cohesion, ¢, and internal friction angle, ¢) and the characteristics
of the contact area between pile and soil, thus resulting in an increase in the bearing per-
formance of the composite foundations. A study was performed by Liu et al. [17] to ex-
amine the bearing characteristics of a rigid-flexible pile composite foundation with ge-
ogrid reinforced cushion (RFPCFGRC). The results indicated that RFPCFGRC could effec-
tively transfer loads to the foundation and reduce the load sharing ratio of the rigid piles
when compared with geogrid-reinforced pile-supported embankments. In addition,
Wang et al. [18] investigated the mechanical properties of embankments using coaxial
rigid-flexible compound (CRFC) piles by conducting field tests. The results showed that
the lateral displacement and total settlement within the founded soil reinforced by CRFC
piles were smaller than those encountered for foundations treated by cement mixing piles.
Meanwhile, jet grouting soil-cement-pile strengthened piles (JPP) [19,20] are described as
rigid-flexible composite piles formed by high-pressure jet grouting cement soil piles and
prestressed concrete piles. The upper load is carried by the inner core of a prestressed
concrete pile, and the load is transferred to the cemented soil around the pile during the
downward transformation, which is transferred to the soil around the pile by the ce-
mented soil, thus forming a dual transfer mode. Ren et al. [21] examined the uplift bearing
characteristics of JPP piles when the cemented soil around the pile was located in different
positions from the precast pipe of the pile body. The authors used model tests in their
investigation, and the results revealed that shaft resistance could be fully used. Besides,
the uplift bearing capacity can be improved when the cemented soil and precast pipe pile
are set at the middle and lower parts of the pile body, respectively.

Pouch grouting refers to the technology where a pouch is placed at a designated po-
sition and solidified slurry is injected into the pouch. The pouch will automatically be
expanded during this process, thereby filling the surrounding spaces and forming a fixed
shape after grouting. The injected slurry is guaranteed to not spill into the surrounding
soil, which can cause environmental pollution. Pouch grouting is mainly used in sealing
pipes [22,23], filling cracks [24,25], and reinforcing foundations [26,27]. It is also used in
new structures, such as pouch grouting soil nails, pouch grouting bolts, and pouch grout-
ing piles, that are widely used in the field of practical engineering. Li et al. [28] used model
tests to study the compaction effect of bag grouting piles. The outcome of the study
showed that the range of horizontal displacement during pile formation and bag grouting
pile compaction was about six times the diameter of the pile. The study was mainly fo-
cused on the specific form of pile and pouch grouting technology. Hence, further studies
are needed for investigating different forms of pile and pouch grouting combination tech-
nologies. Based on JPP piles, the prestressed pipe piles serve as rigid piles, and the ex-
panded heads are formed through grouting and expansion in pouches preset at the bot-
tom part of the pile. Then, the prestressed pipe piles are organically combined with field
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grouting to develop RECPPEB. As a new pile form, RFCPPEB have been used in engineer-
ing construction, but most scholars still consider its surplus bearing capacity as a safety
reserve. This may cause overplus bearing capacity, construction cost burden, and other
related problems. At present, there are only a few studies on RFCPPEB and its correspond-
ing bearing characteristics; load transfer mechanism and design methods are not yet spec-
ified. Therefore, in this study, model tests and a three-dimensional (3D) numerical simu-
lation were used to systematically explore the load transfer mechanism of RFCPPEB. La-
boratory model tests were first performed to determine the vertical bearing characteristics
of the rigid bottom-expanded piles when the length ratio of pile body to expanded head
at the pile bottom was 9:1. Secondly, the vertical bearing characteristics of RFCPPEB at
different cemented soil thicknesses were studied when the rigid bottom-expanded piles
with D/d = 1.8 were selected according to the results obtained from the laboratory tests.
Following this, the ABAQUS finite element model was developed based on the laboratory
tests to examine the optimal thickness range of the cemented soil around the RFECPPEB.

2. Technology of RFCPPEB

RFCPPEB are the rigid-flexible composite piles equipped with prestressed pipe piles
(rigid piles) that are placed in the center and high-pressure jet grouting piles (rigid bot-
tom-expanded piles) and flexible piles. During the construction processes, high-pressure
jet grouting is injected first to form the expanded pile bottom. Then, the cemented soil
around the pile is formed by elevating the constant jet grouting after reducing the jet pres-
sure. Next, the prestressed high-strength concrete (PHC) pipe piles connected with the
expanded bottom pouch are placed into the cemented soil by hoisting. Pile splicing is con-
ducted after the PHC piles are lowered to a certain depth. After that, the pile bodies are
temporarily fixed, and the corresponding grouting pipes are inserted into the grouting
channels of the pile walls. The telescopic pipes are pressed down and adjusted to make
the newly inserted grouting pipes into the grouting pipe joints. The prestressed pipe piles
with mixed reinforcement (PRC piles) and precast high-strength concrete thin-walled
steel pipe piles (TSC piles) are successively lowered by hoisting. After the pouch grouting,
compaction, and expansion, the pipe bodies are continuously fixed until the cemented soil
strength reaches 80% of the design strength. This is to ensure a high construction quality
of RFCPPEB. Figure 1 shows the structure and a detailed description of RFCPPEB, and
Figure 2 shows different phases of RFCPPEB construction.

RFCPPEB are still under assessment due to the presence of crucial scientific and tech-
nical problems during their construction, design, detection, and application processes.
The optimal design scheme for RFECPPEB needs to be studied, especially the optimal di-
ameter expansion ratio and the optimal thickness of cemented soil around the pile.
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Figure 1. The structure and the components forming the RFCPPEB.
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Figure 2. Different phases of RFCPPEB construction.

3. Design Procedures for Laboratory Tests
3.1. Testing Materials

Sand was selected as the soil to be placed around the pile, and clay with 0.5 m thick-
ness was selected for the bearing layer at the bottom of pile during the modeling test. The
soil was filled and compacted in several layers with the thickness of 0.1 m each. Sieve
analysis was performed to measure the particle size of the sand and to plot the particle
size distribution curve. Figure 3 shows the particle size distribution of the sand used in
this study. After calculation, the uniformity coefficient, Cu = 1.87, and the curvature coef-
ficient, Cc = 4.087, revealed that the used sand was classified as fine sand. The sand was
obtained from the Qiantang River in Hangzhou, while the clay soil was collected from an
engineering site in Shaoxing. The basic physical and mechanical properties of the soil sam-
ples used for testing are shown in Table 1.
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Figure 3. Particle size distribution curve of the sand utilized in this study.

Table 1. Physical and mechanical properties of the tested sand and clay soils.

Soil Type D(e;/:i;};; P InteFrrrilztli:;\gql)e of Cohesion, ¢ (kPa) Compression Modulus, Es MPa Water Content (%)
Sand 1.51 39.0 0.0 17.42 2.795
Clay 1.92 28.2 24.7 4.69 28.30
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3.2. Modeling Box and Loading Device

The modeling box used in this study had a dimension of 1.5 m x 1.0 m x 1.5 m, which
was loaded pursuant to the lever principle (Figure 4). The column of the loading system
was joined by the upper and lower round steel openings whose lower section was fixed
to the base, while the upper one was designed to be able to rotate freely and to be fixed at
any position. The lever consisted of two sections at which the pressure was provided by
adding more weight to the long arm section while the tension was provided by adding
more weight to the short arm section. Moreover, the hoop on the lever was designed to
move freely along the length of the lever and to be fixed at any required position. The
model slot could be loaded at any position because of the movement feature provided by
the round steel rotation and the hoop. The loading device together with its components is
revealed in Figure 4.

Figure 4. Loading device used during testing.

3.3. Model Pile Manufacturing and Measuring Points

Based on the dimensions of the most commonly used RFCPPEB in practical engineer-
ing applications, a prototype for the rigid composite pouch expanded bottom pile was
simulated in this model test. The actual pile diameter was 600 mm, wall thickness was 110
mm, pile length was 10 m, the bottom expansion diameter was 1000 mm, and the thickness
of cemented soil around the pile was 30 cm. The geometrical similarity ratio of the pile
foundation was first determined as per the similarity theorem. The similarity ratio was
found to have the value of 10 on the grounds of the indoor model slot size, manufacturing
specifications of model test equipment, accuracy of data measurement, collection system,
etc. The other physical quantities were determined according to the similarity constant.

The tested pile types included pipe, bottom-expanded and RFCPPEB piles at which
the total pile length, I, was 1.0 m, the diameter of the straight pile section, d, was 60 mm,
the length of the expanded bottom section, /1, was 0.1 m, and the diameter of the expanded
head was D. To explore the effect of the expanded bottom size, D/d was set at 1.0 (pipe
pile), 1.4, 1.6, 1.8, and 2.0 and numbered as Ci, Ci4, C16, C1s, and Czo, respectively. The
optimal bottom expansion ratio D/d was determined according to results of the tests for
rigid bottom-expanded piles. Then, the effect of different thicknesses of the cemented soil
on the bearing characteristics of a single pile was studied on this basis. The cemented soil
thickness, h, was taken as 5, 10, 20, 30, and 40 mm and numbered as Ps, P1o, P20, P30, and
Pao, respectively. The reinforcement cages used for model piles are shown in Figure 5. The
modeling piles are shown in Figures 6 and 7. The specific design parameters of the mod-
eling piles used in the modeling test are revealed in Table 2.

PVC pipes of 63 mm were used as pile molds of the straight pile section. The 0.5 mm
thick aluminum film templates were used as the external molds at the bottom expansion
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end, while aluminum flakes were utilized as templates for the cemented soil. The rein-
forcement cage was made of 4 @2 main reinforcing bars and was firmly bounded with
fine wires. The concrete was made from P42.5 cement with a mix proportion of ce-
ment:water:sand:stone equals to 1:0.53:1.79:3, respectively. After the concrete was poured,
standard cubic samples were developed based on the specifications. A total of 15% P32.5
cement (water to cement ratio = 1.5) was added around the formed rigid bottom-expanded
piles to develop the composite bottom-expanded piles.

For the measurement of the strain during testing, several points were set on the pile
body. There was a total of 9 measuring points with a 0.1 m interval between each of the
two points, and the first measuring point was set at 0.1 m from the top of pile. Strain
gauges were vertically attached to the concrete surface and symmetrically arranged along
the diameter. Besides, an earth pressure cell was set at the bottom of the pile, and a static
strain indicator was used to measure the strain of the pile body and pile tip stress. Figure
7 shows the layout and arrangement of the strain gauges.

Table 2. Testing parameters used for the design of modeling piles.

Test

Cement Grade of Cemented Soil

Group Pile No. Type Grade around Pile L(m) d(@mm) D(@mm) h(mm)
C 1 60 60 0
Ci4 .. 1 60 84 0
1 Cis nglo‘it‘f)’gari‘ied ; 1 60 96 0
Cis p 1 60 108 0
C2o 1 60 120 0
Ps P42.5 1 60 108 5
P 1 60 108 10
2 P20 RFCPPEB P32.5 1 60 108 20
P3o 1 60 108 30
Pao 1 60 108 40

Figure 5. Reinforcement cages.
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Figure 7. Layout of the strain gauges along with the tested pile (unit: mm).

3.4. Methods Used during Testing

Modeling piles were placed in the middle of the modeling box as demonstrated in
Figure 8. The modeling piles were buried in the form of non-compaction piles. The specific
operation methods started by compacting the bottom clay, and the modeling pile was lo-
cated to fix the pile body. The strain gauges around the pile were connected to the static
resistance strain indicator, and the fine sand was filled and compacted until approaching
the top of the pile in layers. Then, two dial indicators were placed symmetrically at the
top of the pile to measure the displacement, and a pressure sensor was also placed to
measure the pressure at the top of the pile. Next, loading of the model was carried out
step-by-step according to 1/10 of the ultimate compression bearing capacity as specified
in the JGJ 106-2014 standard [29]. After loading in each step, if the settlement at the top of
the pile within a 10 min period of time was less than 0.1 mm, the settlement was consid-
ered stable and the loading in the next step would be carried out until the failure condi-
tions were observed.



Symmetry 2022, 14, 107

8 of 22

Figure 8. Layout showing the dial indicators placed on top of the pile.

4. Results and Discussion
4.1. Results of Modeling Test for Rigid Bottom-Expanded Piles
4.1.1. Load and Settlement Relationship

The load and settlement relationships of the five tested piles are shown in Figure 9.
The results showed a sharp drop type for all the tested piles. When the load of the point
prior to the point of drop was taken as the ultimate bearing capacity of a single pile as per
the specification [26], the ultimate bearing capacities of C1, Ci4, C16, C1s, and Caopiles were
2.4,4.0,4.0,5.5, and 5.7 kN, respectively. The settlement of rigid bottom-expanded piles
under the same load was, in all cases, lower than that of pipe piles in the early loading
steps. The resistance in the tips of pipe piles was much smaller than that encountered for
the bottom-expanded piles in the later loading steps, resulting in rapid settlement for pipe
piles. Moreover, the ultimate bearing capacity of rigid bottom-expanded piles was further
increased with the increased diameter of bottom-expanded piles.

Table 3 depicts the ultimate bearing capacities of rigid bottom-expanded piles with
different bottom expansion diameters. The results demonstrated that the bearing capaci-
ties of bottom-expanded piles was significantly improved compared with those of pipe
piles. The ultimate bearing capacity was the largest for pile Cz20 (2.38 times). When the
diameter of bottom expansion was increased, the bearing capacity of bottom-expanded
piles was significantly increased at D/d = 1.4 and D/d = 1.8, reaching 1.67 and 2.29 times,
respectively, while for D/d = 1.6 and D/d = 2.0, the ultimate bearing capacity remained
unchanged. The ratio of concrete amount of the five tested piles (Ci, C14, Cis, C18, and Cz0)
was 1.00:1.10:1.16:1.22:1.30, and the ratio of concrete bearing capacity per unit volume of
the piles was 1.00:1.52:1.44:1.87:1.82. The results of the tests showed that when the radius
of the pile tip was expanded, the head was enlarged and the concrete bearing capacity per
unit volume of the piles was increased first and then decreased. In addition, the ratio was
the largest for pile Cis, with a value of 1.87. For improving the ultimate bearing capacity
and saving the amount of concrete, the bottom expansion size of the rigid expanded bot-
tom pile was more economical when D/d =1.8.
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Figure 9. Load and settlement relationships for rigid bottom-expanded piles under modeling test.

Table 3. Ultimate bearing capacities of the rigid bottom-expanded piles.

Tested Pile C1 C14 Cus Cus Czo
Ultimate bearing capacity (kN) 2.4 4.0 4.0 5.5 5.7
Ratio to ultimate bearing capacity of pile C: 1.00 1.67 1.67 2.29 2.38
The concrete amount of the pile body (cm?3) 2826.0  3097.3 3266.8 3459.1  3673.8
Ratio to pile body concrete amount of pile Ci 1.00 1.10 1.16 1.22 1.30
Concrete ultimate bearing capacity per unit volume of pile (N/cm?3) 0.85 1.29 1.22 1.59 1.55
Ratio to concrete ultimate bearing capacity per unit volume of pile Ci 1.00 1.52 1.44 1.87 1.82

4.1.2. Pile Axial Force

The pile axial forces of Ci, Ci4, C16, C18, and C20are shown in Figure 10a,b. In Figure
10a, when the load at the top of the pile was 2 kN, the change rules of axial force around
the pipe and rigid bottom-expanded piles were consistent because the load at the top of
the pile did not reach their ultimate bearing capacity. The axial force was recorded as the
largest at the top of the pile within the pile body range and was encountered to be the
smallest at the bottom of the pile, showing a gradual decrease trend from top to bottom.
The rates in the middle and lower parts of the piles were significantly increased. With the
increasing load at the top of the pile, the axial force of the piles was differentially increased
within depth. During the loading of the five tested piles in this group, the slope of the
curve was large at 0-30 cm from the upper parts of the piles. The slope of the curve was
gradually declined at the lower parts of the piles, indicating that the load on the top of the
pile was not sufficiently transferred to the soil around the pile. The slope of the curve
between the measuring points was gradually reduced. The axial force of the piles was
gradually transferred from the piles to the soil around the piles and then decreased rap-
idly with increasing pile depth.

Axial force of pile (kN) Axial force of pile (kN)

00.5 1;0 1;5 2.0 o 1 % ? ;} 5
104 B Aon
I 7
304 /v © 30 /. /

] 7 2 10 ~
Eol /?/ / So S
Z 50 //v/‘//o _g 504 /A;
® 60 //%A o & 604 /

704 ] vo// 704 o /
80 /«A/v//O/A/ 801 /// ’
0| e 90 Ao//A =
100 ——C, —Cyy 2Cg v Cyy 2 Cy 100 —Cy4—*—Cg——Cis—2—C,,

(b)
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Figure 10. Changes in the axial force of the pile for rigid bottom-expanded piles at different thick-
nesses of cemented soil: (a) Q =2 kN; (b) Q=5 kN.

When the load at the top of the pile was 5 kN, the axial force of Ciwas not shown in
Figure 10b because of reaching the test termination conditions. According to Figure 10b,
the load at the top of the pile for Ci4 and Cis exceeded the ultimate bearing capacity, and
the piles were penetrated causing the shaft resistance to remain constant. The slope of the
axial force curves of Cis and Czo gradually declined at the depth of 20-80 cm and was
increased quickly at the depth of 80-90 cm. The comparison with the axial force curves of
Ci4 and Cis indicated that since the bottom expansion effects at the bottom of Cis and Czo
did not reach the ultimate bearing capacity, the continuing load on the top of the pile
could be further borne by the pile tip expanded head.

4.1.3. Shaft Resistance

The shaft resistance was calculated based on the pile axial force measured by re-
sistance strain gauges attached to the piles by using Equation (1) [30]:

f_:Ni_Ni+1
A

where, fi denotes the mean shaft resistance between sections i—i + 1, Ni denotes the pile
axial force at the section i, Nin indicates the pile axial force at the section i + 1, and A
designates the pile surface area of the layer i.

Figure 11 reveals the curves of the pile body resistance and depth for rigid bottom-
expanded piles when the load at the top of the pile was 2 and 5 kN. Compared with the
load and settlement relationships in Section 4.1.1, it was found that when the applied load
was 2 kN, all the five tested piles failed to reach the ultimate bearing capacity, and the soil
around the piles did not collapse (Figure 11a). Hence, the resistance change rules of the
piles for all tests were basically consistent. The shaft resistance curves of Ci—Cz0 were in
order from right to left, displaying a “left turn ¥ shape”. In addition, the shaft resistance
was gradually increased with increasing depth. When the depth of each pile ranged from
0 to 0.8 m and the pile body resistance was decreased at the depth of 0.8-0.9 m, the pile
tip resistance could have an adverse effect on the pile body resistance. By comparing C:
with other four rigid bottom-expanded piles, the shaft resistance of each section of C1 was
greater than that of rigid bottom-expanded piles. The pile body resistance was decreased
gradually at the same depth with the increasing bottom expansion diameter of rigid bot-
tom-expanded piles. This indicates that the pile tip expanded head affects the action of
the pile body resistance, which in turn reduces the shaft resistance. As shown in Figure
11b, when the load was increased to 5 kN, C1.4 and Cis reached the ultimate load, and the
soil around the piles had a shear failure mode. The shaft resistance reached the limit, and
the load was continuously transferred downwards and borne by the pile tip expanded
head. The pile top load of C1s and Cz0 did not reach the ultimate value, and the soil around
the piles was free from the shear friction. The shaft resistance was not fully utilized; hence,
the pile top load could be applied further.

)
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Figure 11. Change rules of shaft resistance for rigid bottom-expanded piles: (a) Q =2 kN; (b) Q=5
kN.

4.1.4. Pile Tip Resistance and Load Sharing Ratio

According to the earth pressure cell buried at the bottom of the pile, a static resistance
strain indicator was used to read the strain value of the pressure cell. The pile tip re-
sistance of the tested piles can be calculated using Equation (2).

P=K ue )

where, P is the corresponding soil pressure, nie denotes the soil strain measured during
the tests, and K designates the conversion coefficient.

The results of the soil pressure at the pile tip of rigid bottom-expanded piles are pre-
sented in Figure 12. When the load at the top of the pile was 2 kN, the soil pressure curve
at the top of the pile was straight and leveled. This suggests that the load borne by the
expanded bottom tip is small under small pile top load applied, and the load at the top of
the pile is almost borne by the shaft resistance. When the pile top load was 5 kN, the pile
tip resistance of the rigid bottom-expanded piles was increased with increasing expanded
tip diameter, and the tip resistance was abruptly increased in Cis. The pile tip pressure
distribution curves of Cis and Cz0 showed that the tip resistance played a limited role
when the bottom expansion diameter was larger than a certain value.

The sharing ratio of shaft resistance and pile tip resistance are an important index to
evaluate the pile bearing performance. Figure 13 reveals the sharing ratio of shaft re-
sistance and pile tip resistance of each pile when the load was 2 and 5 kN. In the figure,
Qp is the resistance value at the pile tip and Qs is the sum of the pile top load minus the
pile tip resistance, i.e., the friction around the pile. The external load was mainly carried
by the shaft resistance in the early loading steps with a sharing ratio of more than 90%.
Thus, the size of the pile tip expanded head has little effect on load sharing. When the load
was continuously increased to a value approximately close to the ultimate bearing capac-
ity, the shaft resistance was close to the limit value, and the sharing ratio of the tip re-
sistance was significantly increased. Furthermore, the larger the diameter of the expanded
head, the more obvious the increase in the tip resistance bearing ratio. When the external
load was 5 kN, the shaft resistance sharing ratios of Ci4, Cis, Cus, and Cz0 were 84.3, 82.9,
75.6, and 74.4%, respectively. These values were much higher than the sharing ratio of pile
tip resistance. In other words, even if the bottom expansion diameter is increased for the
bottom-expanded piles, the frictional resistance is still the main component of the pile
bearing capacity.
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Figure 12. Pile tip soil pressure distribution curve of rigid bottom-expanded piles.
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Figure 13. Qs—Qp sharing ratio of rigid bottom-expanded piles.

4.2. Results of Modeling Test for RFECPPEB
4.2.1. Load Settlement Curves (Q-S Curves)

The influence of different expanded bottom diameters on the bearing capacity of the
pile foundation was discussed in the above sections. According to the principle of control
variables, the expanded bottom diameter remained unchanged, and 1.8 d (the optimal
diameter of the expanded bottom) was selected to assess the influence of the cemented
soil thickness on the bearing capacity of composite piles with expanded bottom.

The load and settlement curves of Cis and Ps—Puo are shown in Figure 14. The settle-
ment curves were similar to those obtained for the piles with expanded bottom, and the
ultimate bearing capacities of Cis and Ps, P10, P20, P3o, and Pao were 5.5, 5.7, 6.0, 6.2, 7.5, and
7.7 kN, respectively. With Cisas a reference, the comparative analysis of the ultimate bear-
ing capacities of RECPPEB with different cemented soil thicknesses is shown in Table 4. It
was observed that the bearing capacity of the composite piles with expanded bottom
could be noticeably improved due to the presence of the cemented soil around the piles.
Besides, the increase in bearing capacity was more apparent with the increasing thickness
of cemented soil. When the thickness of cemented soil for Ps was 30 mm, the bearing
capacity of the composite piles with expanded bottom was the highest, and the ultimate
bearing capacity of the cemented soil per unit volume was also the greatest. D/d = 1.5 is
the most reasonable thickness for the cemented soil at which the bearing capacity can be
improved and the cemented soil can be saved.
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Figure 14. Q-5 curves of RFCPPEB.
Table 4. Comparative analysis of the ultimate bearing capacities of RFCPPEB.
Tested Pile
Method
€ s Cis Ps P1o P20 P3o Pao
Ultimate bearing capacity of each pile (kN) 55 57 6.0 6.2 7.5 77
C i f the ultimate beari ity of each pile with Cu.
omparison of the ultimate bearing capacity of each pile wi EEN 02 405 0.7 “ 29

Ratio of the increased bearing capacity of each pile to the ultimate

(kN)

0 3.6% 9.1% 127% 364%  40.0%

bearing capacity of Cis

Ratio of the cemented soil thickness around piles to the pile diame-

ter - /12 1/6 1/3 1/2 2/3
Cemented soil content around piles (m?) 0 0.0007 0.0014 0.0029 0.0047 0.0065
Ratio of the cemented soil content around pile Ps - 1.00  2.00 4.14 6.71 9.29
Bearing capacity provided by the cemented soil per unit volume 2857 3571 2414 4255 3385
around piles (kIN/m?)
Ratio of the ultimate bearing capacity provided by cemented soil 100 125 0.84 1.49 118

per unit volume around pile Ps

4.2.2. Axial Force of the Pile

The curves of the axial forces of RFECPPEB with different thicknesses for cemented
soil and under 3 and 6 kN are shown in Figure 15a,b, respectively. As shown in Figure
15a, the axial forces in the middle and upper parts of the piles were relatively large, while
those at the bottom of the piles were relatively small when Q = 3 kN. Since the pile top
load was relatively small, the load was mainly taken by the shaft resistance of the pile
body. A small part of load was borne by the pile tip resistance of the expanded head at
the bottom of the piles. When the thickness of the cemented soil was increased, the axial
force of the pile tip was gradually decreased, indicating that the increased thickness of the
cemented soil could improve the shaft resistance. The pile tip resistance provided by the
expanded head of the pouch started to work gradually with increasing load.

It was observed from Figure 15b that the axial force at the pile tip increased when Q
=6 kN, and a large part of the bearing capacity was supplied by the pile tip resistance at
the expanded head of the pouch. The axial force of the pile body was decreased with the
increased thickness of cemented soil around the piles, especially in the middle and lower
parts. This phenomenon showed that the efficiency of pile-soil load transfer could be im-
proved by increasing the thickness of the cemented soil around the piles and the axial
force of the pile body could be reduced, thus, improving the vertical compressive bearing
capacity of rigid-flexible composite pouch piles. In addition, when the thickness of ce-
mented soil was increased from 20 to 30 mm, the axial force at the bottom of the pile body
was rapidly decreased. However, when the thickness was further increased to approxi-
mately 40 mm, the axial force at the bottom of the pile body was slightly declined. It was
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observed that when the pile top load was 6 kN, the shaft resistance of Ps, P1, and P20 was
fully exerted from top to bottom until reaching the ultimate shaft resistance. Moreover,
the load was further transferred to be borne by the pile tip soil. The shaft resistance of the
pile body provided by Ps was greatly improved with the increasing thickness of the ce-
mented soil around the piles to about 30 mm. The pile top load was transferred to the soil
around the pile in the upper and middle parts of the pile body. Therefore, the axial force
at the lower part of the pile body was relatively small. When the thickness of the cemented
soil around the piles was increased to 40 mm, the shaft resistance of the middle and upper
parts of the pile body was increased by the cemented soil around the pile until reaching a
certain value. The pile top load was transferred to the soil around the pile from the middle
parts of the pile body. Hence, the shaft resistance of the expanded head at the bottom of
P30 and P4 was not fully exerted.

Axial farce of pile (kN) Axial force of pile (kN)
0.0 05 1.0 15 20 25 30 0 1 2 3 4 5 6
0 s s ‘ s ‘ 0 ‘ ‘ ‘ ‘ ‘
104 [m- i
20 A "
o o
T 30
—~
i/ .
g 40 - {nigifo] E 40
=50 4 O o ~ 0
s =50
60 - B _atm 3
§' . /‘//’/A & 60
70 1 o
I o /O-// 704
4 80 4
90 - D/DI{//A 90
100 100
—o— Py —m— Py —O— Py —A— Py —0— Py —o—P; —4—Py, —8—Py —0—Py —A—P,
(a) (b)

Figure 15. The curves of the axial forces of pile body based on different thicknesses of cemented soil:
(a) Q=3kN; (b) Q=6 kN.

4.2.3. Shaft Resistance

It is of great importance to analyze the distribution of the shaft resistance around the
pile body because the load transfer between pile and soil is mainly realized through the
gradual exertion of shaft resistance. Figure 16a,b shows the relation curves between the
shaft resistance and depth for RFCPPEB using the pile top loads of 3 and 6 kN, respec-
tively. When the curves in Figure 16 were compared with those in Figure 11, it was found
that the shaft resistance of RFECPPEB was generally greater than that of the rigid piles with
expanded bottom. This can be justified by the load transfer law of the rigid piles with
expanded bottom that can be changed by the cemented soil around the piles forming a
transfer mode from the concrete pile to the cemented soil and then to the soil, which causes
the shaft resistance to be fully exerted [26]. Furthermore, the increases in the shaft re-
sistance and thickness of the cemented soil showed a nonlinear growth, and the maximum
shaft resistance was approximately 75 cm from the pile top (Figure 16). When the pile top
load was 3 kN, the shaft resistance of RFCPPEB was increased with the increasing thick-
ness of the cemented soil in a linear growth relationship. In addition, the maximum shaft
resistance of Ps was 37 kPa, suggesting that the 5-mm increase in the thickness of cemented
soil could rarely increase the shaft resistance when the pile top load was 6 kN. The maxi-
mum shaft resistance of P10 and P2 was increased, and the shaft resistance started to play
its role. The maximum shaft resistance of Pso rose significantly compared with that of Pz.
The maximum shaft resistance of P indicated that when the thickness of the cemented
soil was 0.5 of the pile diameter, the shaft resistance had the best performance. This could
be due to the fact that the thickness of the cemented soil was at its optimum to improve
the shaft resistance. However, when the thickness exceeded 0.5 of the pile diameter, it was
of little significance to improve the shaft resistance.
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Figure 16. Variation laws of shaft resistance for RFECPPEB: (a) Q =3 kN; (b) Q =6 kN.

4.2.4. Pile Tip Resistance and Load Sharing Ratio

Due to the existence of the cemented soil around the piles, the shaft resistance was
larger than that of the rigid piles with expanded bottom, and the soil pressure at the pile
tip was smaller. As shown in Figure 17, the soil pressure at the tip of RECPPEB was basi-
cally the same at 3 kN of pile top load. For 6 kN pile top load, the soil pressure at the tip
of RFCPPEB was not decreased linearly with the increasing thickness of the cemented soil,
but it was decreased in the form of the quadratic curve. When the thickness of the ce-
mented soil was equal to 0.5 of the pile diameter, the soil pressure reached the most rea-
sonable position at the maximum slope of the quadratic curve.

The load sharing ratio of RECPPEB under loads of 3 and 6 kN is shown in Figure 18.
The ratio of the shaft resistance Qs/Q was decreased with the increasing thickness of the
cemented soil using a load of 3 kN, but such reduction was not obvious, and an opposite
trend was found in the pile tip resistance. On the other hand, the load ratio of the shaft
resistance Qs/Q of Ps, P, and P20 was gradually decreased from 77.5 to 75.3% at the load
of 6 kN, indicating that there was no significant decline in shaft resistance. This may be
attributed to the insufficient thickness of the cemented soil. Although the thickness of the
cemented soil could improve the shaft resistance, it was still limited. When the thickness
of the cemented soil was increased to 0.5 of the pile diameter (30 mm), the load ratio of
the shaft resistance of P was significantly increased at the Qs/Q of 84.0%. The ratio of pile
tip resistance (Qr/Q) was greatly decreased and the shaft resistance was considerably im-
proved. With further increase in the thickness of the cemented soil, the load ratio of the
shaft resistance (Qs/Q) of P« was slightly decreased, while that of the pile tip was slightly
increased.

Thickness of cement soil around pile (mm)
0 5 10 15 20 25 30 35 40 45
OO 1 1 1 1 1 1 1 1

1.0

154 T

2.0 \
2.5+

O\o

Pile tip resistance (kN)

3.0

—=—Q=3kN —o— Q=6kN

Figure 17. Distribution curves of the soil pressure at the tip of RFCPPEB.
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Figure 18. Qs—Qr sharing ratio of RECPPEB.

5. Numerical Modeling

To further explore the bearing characteristics of RFCPPEB, the vertical bearing ca-
pacities of the rigid piles with expanded bottom and a single RFCPPEB were verified and
analyzed using the ABAQUS finite element software. Besides, the best expanded bottom
diameter and the best thickness of cemented soil were obtained by a subsequent analysis
combined with the conclusions of indoor modeling tests.

5.1. Basic Assumptions and Simplified Calculation
This model was built using the following assumptions:

1. It was assumed that the boundary of the pile and soil displayed the no-node displace-
ment. This means that the regularity of the analysis is not affected by the pile and soil
relationships.

2. Therigid pile with expanded bottom was a line elastomer.

3. The soil and cemented soil were homogeneous, continuous, and isotropic elastic—
plastic solids.

4. It was assumed that the load was borne by the top surface of the rigid pile with ex-
panded bottom.

5.2. Establishment of Finite Element Model

According to the setting of modeling piles used in the indoor modeling tests, two
models of the rigid pile with expanded bottom and RFCPPEB were established. In light
of the working conditions of the indoor models, the models were established for different
expanded bottom diameters and different thicknesses of the cemented soil around piles.
The best design thickness of the cemented soil for rigid-flexible composite piles was fur-
ther analyzed and studied. The 1/4 model was established in the horizontally and verti-
cally axisymmetric structure; the stress, deformation, and settlement of the whole model
were learned in an axisymmetric way in the post-treatment. The calculation range of the
circumferential soil model was 20 times the pile diameter, and the vertical soil model was
double the pile length. A Mohr-Coulomb model was adopted for the cemented soil, sandy
soil, and clay. The friction models of the two interfaces of the rigid pile with expanded
bottom-cement soil-soil were both Lagrange friction models. On the interface between the
rigid pile with expanded bottom and the cemented soil pile, the friction coefficient (i) was
0.6. Meanwhile, on the interface between the cemented soil and the sandy soil, the friction
coefficient (u) was 0.3. Due to the friction and extrusion between the RFCPPEB and the
cemented soil around the pile under an external load, a large displacement may have been
encountered. Thus, the cemented soil was considered as the elastic—plastic material. The
parameters of the model are shown in Table 5. The steps of analysis included the stress
balance and static analysis. Hard contact was adopted in the pile and soil interaction, and
the pressure load was adopted in the load application. The boundary conditions were all
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set as Symmetry/Antisymmetry/Encastre. The structural units were adopted in the phys-
ical partition, and the unit type was C3D8R. The dimensions of the finite element model
of the two types of the pile are shown in Table 6. Figure 19 shows the modeling of a C14
rigid pile with expanded bottom. Figure 20 shows the pile and soil modeling using
ABAQUS finite element software.

Table 5. Values of parameters used for the modeling test.

Materials Quality Density Elastic Modulus Es  Poisson’s Cohesion ¢ Internal Friction
(kg/mm?) (MPa) Ratio (kPa) Angle ¢ (°)
Sandy soil 1.51 x 106 10 0.18 35 30
Cemented soil 2.15 %10 150 0.30 300 18
C30 cement 2.5x10° 30000 0.23 / /

Table 6. The dimensions of the finite element model for the two types of pile.

Pile Type for the Rigid Pile

Tested Pile with Expanded Bottom d (mm) I (m) D (mm) h (mm)
Ho 84 0
Hozs 84 25
Hao Cia 60 1 84 30
Hss 84 35
Huo 84 40

Io 96 0
Is 96 25
Is0 Cis 60 1 96 30
Iss 96 35
Ta0 96 40
Jo 108 0
Jos 108 25
Ja0 Cis 60 1 108 30
Jas 108 35
Jao 108 40
Ko 120 0
Kos 120 25
Kao Cao 60 1 120 30
Kss 120 35

Ko 120 40
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Figure 19. Modeling pile for the Ci.4 rigid pile with expanded bottom.

According to the calculated results of the finite element software ABAQUS, the com-

parison diagram of Q-5 curves between indoor tests and the numerical simulation of pile
value P3 and the simulated value Js revealed that the Q-S curve of Pz had a gradual

Ps» was obtained (Figure 21). The comparison of the Q-S curve between the measured

Figure 20. Pile and soil modeling with ABAQUS finite element software.

5.3. Reliability Validation of the Numerical Model
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upward trend simulated by the numerical calculation. It exhibited poor fitting when com-
pared with the Q-S curve of the indoor modeling pile test, and the Pearson correlation
coefficient was 0.77. It was speculated that there was a big error between the ultimate
bearing capacity obtained from the modeling test and that obtained from the numerical
simulation. The error was caused by the disturbance of the clay at the bottom of the pile
during the pile foundation test in the laboratory, thus resulting in a lower clay density
than that usually obtained in actual projects. Besides, the inevitable external and human
factors were noted in the process of sand backfilling and compaction. Since the results of
the numerical simulation reflected similar development law with that of indoor model
tests, this model could still be used for the subsequent simulation. Figure 22 shows the Q-
S curves of RECPPEB with different cemented soil thicknesses.
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Figure 21. Q-S curve comparison of the measured value P30 and the simulated value Ja.
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Figure 22. Q-5 curves of RECPPEB with different cemented soil thicknesses: (a) & =25 mm; (b) h =
30 mm; (c) h =35 mm; (d) & =40 mm.

5.4. Simulation Results of RFECPPEB

The Q-5 curves of RFCPPEB with different cement soil thicknesses and belled diam-
eter obtained by a finite element simulation are shown in Figure 22. The loads at the first
level before the steep drop of Q-S curves were selected as the ultimate bearing capacity.
Table 7 shows the ultimate bearing capacities of different pile types. According to Figure
22 and Table 7, it was found that the ultimate bearing capacity of the pile foundation was
increased with the increasing cemented soil thickness of different rigid bottom-expanded
piles. The stress ratio of the pile tip soil was decreased due to an increase in the expanded
bottom. The bearing capacity of the pile tip was strengthened, and the overall ultimate
bearing capacity of REFCPPEB was strengthened. However, the ultimate bearing capacity
of the pile foundation remained constant when the thickness of the cemented soil was
increased. The ultimate bearing capacities of Cis and C20 were both 7.5 kN at a thickness
of 25 mm for the cemented soil. This indicates that when the expanded head of the pile
bottom is fixed, the increased thickness of the cemented soil has little effect on the ultimate
bearing capacity. At the cemented soil of 30 mm, the ultimate bearing capacity of the pile
foundation was increased with increasing thickness. Meanwhile, at 35 mm thickness, the
ultimate bearing capacity of the pile with expanded bottom was not increased with in-
creasing cemented soil thickness, which was larger than 30 mm (0.5 of the pile diameter)
obtained in the laboratory experiment.

To sum up, the 1.8-d rigid pile with expanded bottom and thickness of 35 mm for the
cemented soil contributed to the optimal bearing capacity of RFCPPEB. Besides, the 2.0-d
rigid pile with expanded bottom had the same ultimate bearing capacity as the 1.8-d rigid
pile with expanded bottom as a whole. Thus, 1.8-d rigid pile with expanded bottom and
the thickness of 35 mm for the cemented soil are the ideal choices.

Table 7. Ultimate bearing capacity of RFCPPEB.

. ckness of Cemented Soil, h 25 mm 30mm 35mm 40 mm
Pile Type

Cis 6.5 kN 70kN 75kN 7.5kN
Cus 7.0 kN 75kN 85kN 85kN
Cis 7.5 kN 8.0kN 95kN 9.5kN
Cao0 7.5 kN 8.0kN 95kN 9.5kN

6. Conclusions

An indoor modeling test and ABAQUS numerical simulation were conducted in this
study. The vertical bearing capacity and the influential mechanism of the rigid piles with
expanded bottom and RFCPPEB were systematically investigated. The indoor modeling
test was conducted to assess the vertical bearing characteristics of the rigid piles with ex-
panded bottom using different expanded bottom diameters at which the expanded head
of the pile bottom was 9:1. The results of the indoor tests were used in the selection of the
rigid pile with expanded bottom featured by D/d = 1.8. Moreover, the vertical bearing
characteristics of RFCPPEB with different cemented soil thicknesses were studied. The
ABAQUS finite element model was established based on the indoor modeling tests, and
the optimum thickness interval of the cemented soil around RFCPPEB was determined.
The main conclusions can be drawn as follows:

5. The bearing capacity of the rigid piles with expanded bottom was better than that of
the pipe piles. When the bottom expansion ratio (D/d) was increased, the bearing
capacity of bottom-expanded piles was significantly increased at D/d = 1.4 and D/d =
1.8 compared to that of D/d =1.0, reaching 1.67 and 2.29 times, respectively, while for
D/d =1.6 and D/d = 2.0, the ultimate bearing capacity remained unchanged. Besides,
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D/d = 1.8 was the favorable range for the ultimate bearing capacity of the rigid piles
with expanded bottom that reduced the consumption of cement. Part of the load of
the rigid pile with expanded bottom was borne by the expanded bottom. Moreover,
with the increase in the expanded bottom diameter, the ultimate bearing capacity of
the pile tip was increased, and such increase was most obvious when D/d = 1.8.
Shaft resistance played an important role in the bearing process of the rigid piles with
expanded bottom and RFCPPEB. The pile body was mainly destroyed by the shear-
ing of the soil around piles. Hence, improving the shaft resistance could effectively
enhance the bearing capacity of the pile foundation.

The increases in the shaft resistance of RFECPPEB and thickness of the cemented soil
showed a nonlinear growth, and the maximum shaft resistance was approximately
75 cm from the pile top. It had a linear relationship under the relatively small load,
but the increase was small. The maximum shaft resistance of Pio and Px» was in-
creased and the shaft resistance started to play its role. The maximum shaft resistance
of P3o rose significantly compared with that of P2, indicating that when the thickness
of the cemented soil was 0.5 of the pile diameter, the shaft resistance had the best
performance. However, when the thickness of the cemented soil exceeded this value,
it was of little significance to improve the shaft resistance and pile tip resistance.
The soil pressure at the pile tip of RFCPPEB was smaller than that of the rigid piles
with expanded bottom. The soil pressure at the pile tip was proportional to the pile
top load under the relatively small load. The load ratio of the shaft resistance Qs/Q
for Ps, P10, P20, P30, and Puo piles were 77.5%, 77.1%, 75.3%, 84.0%, and 84.2% respec-
tively. When the pile top load was large, the soil pressure at the pile tip of RFCPPEB
was decreased in the form of half of the quadratic curve. It reached the most reason-
able position at the maximum slope of the quadratic curve when the thickness of the
cemented soil was slightly greater than 0.5 times the diameter of the pipe pile. Rela-
tively small thickness for the cemented soil led to poor effects. When thickness ex-
ceeded a certain value, the effect on the ultimate bearing capacity of the pile founda-
tion was not obvious.
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