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CFMPs (cement and fly ash mixing piles) are used to reinforce fly ash foundation to
solve the problem of a large amount of fly ash accumulation in coastal areas. CFMP-fly
ash composite foundation is used as the foundation of coastal and coastal engineering.
Through the indoor model test, the bearing characteristics and load transfer
mechanism of CFMP-fly ash composite foundation under wave load were
investigated. The results show that with the increase of wave load, the horizontal
resistance of the fly ash stratum increases gradually, the soil resistance moves down,
and the level of resistance shows nonlinear characteristics. The pile bending moment,
pile displacement, and horizontal resistance of the CFMP composite foundation are
concentrated in the upper pile and fly ash stratum, which can improve the ability of the
composite foundation to resist horizontal load by improving the physical and
mechanical properties of the upper fly ash stratum. Through the calculation of the
load–displacement curve, it is found that the measured displacement value is closer to
that obtained using the p–y curve method (a method for solving nonlinear lateral
resistance of piles). The hysteretic curve area of cyclic loading decreases with the
increase of cyclic number. The accumulation of elastoplastic deformation of pile shows
that the properties of fly ash gradually change to elastic stage, cyclic loading can
reduce the horizontal deformation modulus of composite foundation CFMP caused
pile—fly ash system of weakening, in peak load reaches level under the critical state
displacement curve showed a trend of the rapid growth of nonlinear, cyclic cumulative
failure occurs, and the cyclic load limit state is reached, which affects the service
performance of the whole structure.
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1 INTRODUCTION

As a kind of weak formation, the fly ash stratumhas the characteristics of large compressibility, highwater
permeability, large void ratio, and low shear strength. In actual engineering practice, fly ash foundation
can easily cause instability and unevenness. As a result, reinforcement measures are necessary to ensure
the safety of the structure built on the fly ash stratum (Zhang, 2011; Tian et al., 2011; Zhang et al., 2011; Du
et al., 2021). In recent years, a study on the features of cement–soil mixing pile composite foundation has
brought new ideas for the treatment of fly ash foundation (Zotsenko et al., 2015; Luo et al., 2018; Choi and
Kang, 2020; Wan et al., 2021; Huang et al., 2021; Guo et al., 2021).
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Cement–soil mixed pile composite foundation belongs to the
semi-rigid pile composite foundation, which is a widely used
foundation treatment technology at home and abroad. It has the
advantages of fast construction speed, low project cost, and little
influence on the surrounding environment during construction.
The cement–soil mixing is used to consolidate the fly ash
foundation into cement piles with certain strength, integrity,
and water stability with the aim of improving the soil strength
(Zhu et al., 2007; Kim et al., 2017; Lu et al., 2019; Sun et al., 2020;
Kalita and Anitha Kumari, 2021; Cheng et al., 2021; Seregin,
2022). With the gradual increase of coastal and offshore
buildings, the lower foundation not only bears the deadweight
load of the upper structure but is also influenced by the horizontal
loads, for instance, water flow, wave, and wind during the long-
term life service time (Dyson and Randolph, 2001; Motta, 2013;
Xu et al., 2020; Wang et al., 2020; Xu et al., 2021; Jin et al., 2021;
Huang et al., 2022). Research on the horizontal bearing capacity
of the composite foundation has been carried out at home and
abroad, and some achievements have been made.

Li et al. (2018) found that DCM-BP had obvious advantages by
comparing the horizontal ultimate bearing capacity, pile bending
moment, and transverse resistance of DCM-bored pile and
conventional bored pile under transverse load. Jeong and Kim
(2020) studied the distribution and deformation of loads under
transverse loads by means of the p–y curve method using the
transverse load transfer method. Through a series of model tests,
Mahdi et al. (2021) found that the foundation around the pile
moved when the lateral load was applied to the pile, and the pile
position moved greatly near the ground level. Richards et al.
(2021) studied the bearing characteristics of single pile
foundation under cyclic horizontal load, especially pointing
out that the pile accumulation displacement rate and secant
stiffness change rate gradually decreased with the increase of
the load value under cyclic load. Zhang et al. (2019) studied the
cumulative deformation response of a single pile under horizontal
cyclic load and found that the cumulative displacement of pile top
presented two-phase characteristics with the increase of cyclic
number. Chen et al. (2018) found out using themodel test that the
cumulative displacement under cyclic load was larger than that
under static load with the same amplitude, and the horizontal
displacement relationship was rigid plastic. Chen et al. (2022)
accomplished the cyclic detection of the single pile in foundation,
and the outcomes indicated that plastic deformation of the soil
surrounding the pile would accumulate under the cyclic loading,
and the horizontal stiffness of the pile–soil system reduced with
increasing number of cycles.

At present, research works on cement–fly ash mixing pile
composite foundation mainly focus on its vertical bearing
capacity (Zhou SQ. et al., 2020; Zhou S. et al., 2020), while
research on the horizontal bearing capacity has been rarely
reported. Therefore, research on the bearing characteristics of
CFMP composite foundation under horizontal load has
important scientific significance and broad application prospects.

In this study, horizontal load tests on CFMP composite
foundation were carried out. Both static and cyclic lateral load
tests were conducted to study the horizontal load characteristics
of composite foundation. The lateral displacement of composite

foundation, horizontal resistance coefficient of model pile,
bending moment of pile, lateral displacement of pile,
horizontal resistance, and pile side soil pressure were analyzed.
The applicability of the p–y curve andmmethods to calculate the
load–displacement curve of CFMP composite foundation was
studied and analyzed. The displacement curve, secant stiffness,
and pile bending moment of CFMP composite foundation under
horizontal cyclic loading were studied and analyzed to explore the
influence of CFMP on the horizontal bearing characteristic of fly
ash foundation.

2 MATERIALS

2.1 Test Materials
The test model foundation material (fly ash) was taken from a fly
ash accumulation site in Huainan City, Anhui Province. In order
to eliminate the adverse influence of particle size of test materials
on bearing characteristics, according to the conclusion that the
influence of foundation bearing characteristics can be ignored
when the particle size ratio between model structure and model
foundation soil is greater than 23 times, fly ash with particle size
less than 2.00 mm was selected for this test. The particle size is
divided into <0.075 mm, 0.1–0.075 mm, 0.25–0.1 mm,
0.5–0.25 mm, 1–0.5 mm, and 2–1 mm. Screening tests are
carried out on the selected fly ash to obtain fly ash materials
with different particle sizes. The gradation of fly ash particles is
shown in Figure 1.

2.2 Model Box and Foundation Preparation
In order to meet the distance requirement between the model pile
and the inner and bottom walls of the model box, and meet the
condition of a semi-infinite filling medium, this test utilizes an
acrylic plate model box. The size of the box is 500 × 500 × 750 mm
(length × width × height) and wall thickness is 25 mm, and a 10-
mm thick steel plate is used for welding reinforcement. At the
same time, the model pile size is constrained by the side wall of
the model box, and the boundary effect should be considered.

FIGURE 1 | Fly ash particle grading curve.
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Ovesen (1979) discovered that the boundary effect influence
could be ignored when the distance between the side wall of
the box and the model was larger than 2.82 times of model size.
To eliminate the above influence on the test outcomes, the ratio of
the diameter of the model pile to the distance between the side
wall of the model box and the model pile should be larger
than 2.82.

The approach of single compaction times (50 times/layer) and
laying layer thickness (10 cm/layer) was used for foundation
preparation (Chen et al., 2018). After every 10 cm of fly ash
spreading, the fly ash layer was compacted 50 times by a
compactor, and then the fly ash layer was pressed by a steel
plate and filled to the specified height. In order to make the
compactness of the model foundation conform to the
requirements of the foundation, the model foundation was
subjected to back pressure produced by the self-weight stress
of the model foundation. Back pressure load of 1 kg/cm2 was
employed on the model foundation surface to accelerate the
consolidation of the model foundation (Chen et al., 2018). An
X-ray fluorescence analyzer was used to measure the chemical
parameters of fly ash. The basic chemical parameters of fly ash are

displayed in Table 1. The fundamental physical and mechanical
performances of fly ash were measured through indoor tests, and
the fundamental physical and mechanical indexes of the fly ash
are reflected in Table 2. An X-ray diffractometer is used for
diffraction of fly ash, and its diffraction pattern is shown in
Figure 2.

2.3 Model Pile
In the model test, the diameter and length of the pile are 40 and
500 mm, respectively, and the aspect ratio is 12.5, which is close to
the aspect ratio in the field test condition (the diameter and length
of the pile are 1 and 13 m, respectively, and the aspect ratio is 13).
The field engineering is shown in Figure 3.

As an important part of the CFMP composite foundation, the
change of model pile strength will have a great impact on the
bearing capacity of the composite foundation. Therefore,
according to the construction technology standard of
soil–cement mixing pile (QB-CNCEC J010112-2010), the
cement content is generally 7%–20% of the weight of
reinforced soil. Four cement mixtures with different
proportions (8%, 12%, 16%, and 20%) were selected for the
test, and the test block mold (70.7 × 70.7 × 70.7 mm) was
used to prepare samples; the module configuration is shown in
Table 3. The above four cement and fly ash samples with different
proportions were vibrated, compacted, and placed in a curing
room for curing. After 28 days, the unconfined compressive
strength test was conducted, as shown in Figure 4.

The maximum compressive strength is 2.09 MPa when the
content of cement is 20%. This is a 50.36% strength increase
compared with 1.39 MPa when the cement content is 16%.
Considering the safety of pile foundation design, referring to
the construction technology standard of soil–cement mixing pile
(7%–20%) and the economic problems of cement cost in field
engineering, the proportion of the model pile is 20% cement, 80%
fly ash, and 35% water.

After mixing with a ratio of 2:8 cement and fly ash, it was
poured into a customized PVC tube with a length of 50 cm, an
inner diameter of 4 cm, and a wall thickness of 0.5 cm. It was put
into a curing room for 5 days, and then a miniature cutting
machine was used to cut the PVC tube. The model pile was
removed and cured for 55 days (Zhou SQ. et al., 2020; Zhou S.
et al., 2020). The model pile was buried using the embedded
method. The fly ash foundation 20 cm below the pile bottom was

TABLE 1 | Chemical properties of fly ash.

Chemical
component

SiO2 Al2O3 Fe2O3 CaO K2O TiO2 SO3 Burn
the vector

Percentage (%) 54.57 30.14 6.05 3.88 1.66 1.49 0.93 1.28

TABLE 2 | Physical properties of fly ash.

Basic index Moisture content (%) Natural gravity Proportion Dry density Pore ratio Saturability Liquid limit

The average 40 14.3KN/m3 2.22 9.4KN/m3 1.42 76.5 48.9

FIGURE 2 | Fly ash diffraction pattern.
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first filled and compacted; then, the embedded position of the
model pile and bearing plate was found using steel ruler
measurement. After positioning, the pile body and bearing
plate were placed, and the fly ash was filled in time; initial
compaction was carried out to ensure that the pile body and
bearing plate are vertical. In this way, fly ash was repeatedly filled
to complete the burial of the model pile.

2.4 Model Test Design
To explore the bearing features of the CFMP composite
foundation, several resistance strain gauges were arranged
symmetrically along the side of the model pile to measure the
strain at various sections of CFMP. Two strain gauges were

symmetrically arranged on each section of CFMP, and seven
sections were arranged on the pile from top to bottom based on
the depth of the pile. The detailed arrangement is reflected in
Figure 5. Based on the static load test, the data of the strain gauge
were collected by the static strain test system. When measuring
the horizontal displacement of the foundation, the important part
of the static load test was to choose a dial indicator; the accuracy is
0.01 mm, and the range is 0–20 mm. Two dial indicators were
symmetrically installed on the two sides of the bearing plate and
kept at the same horizontal line, and the test results were averaged
to obtain the horizontal displacement of CFMP composite
foundation. In addition, in order to obtain the variation of
earth pressure in the model foundation, miniature earth
pressure boxes numbered T1–T5 were embedded in the pile
side, and the specific layout is shown in Figure 5.

3 METHODS

3.1 Test Loading
For model piles, the horizontal static load test should be carried
out after setting for 24 h after the completion of embedding. First,

FIGURE 3 | Field engineering test of CFMP-fly ash composite foundation.

TABLE 3 | Cement fly ash test block ratio table.

Cement content/% Fly ash content/% Moisture content/%

8 92 35
12 88 35
16 84 35
20 80 35

FIGURE 4 | Compressive strength curve of cement fly ash test block.

FIGURE 5 | Layout of the indoor model test under wave load.
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the horizontal ultimate bearing capacity of CFMP was
determined by a preloading test, and then the loading was
carried out in a graded and equal way using the slow loading
method, and the unloading amount of each stage was twice the
graded load at the loading time. According to the Technical Code
for Building Foundation Pile Testing (JGJ 106-2014), after each
level of load is applied, at 5, 15, 30, 45, and 60 min to read the
displacement value, the next level of load can be applied when the
horizontal displacement of foundation under this level of load is
not more than 0.1 mm per hour for two consecutive times. When
the horizontal displacement is too large to continue loading or the
horizontal displacement increases significantly and the
deformation rate accelerates rapidly, the loading is terminated.
During unloading, the load of each stage should be maintained
for 1 h, and the horizontal displacement should be measured at
15, 30, and 60 min. After unloading to zero, the residual
displacement should be measured and maintained for no less
than 3 h.

Five groups of cyclic load amplitudes were selected according
to the horizontal static load test data. The cyclic load test was
carried out after the model pile was buried and maintained for
24 h. When the horizontal cyclic load was applied, the design
value of cyclic load amplitude was divided into 10 grades. After
each load, the horizontal displacement was read after 2 min of
dead load; after each load was loaded to the design value, the
horizontal displacement was read after 4 min of dead load, and
then the unloading began; after each load, the residual
displacement was read after 2 min of dead load. This cycle was
repeated 30 times to complete the horizontal cyclic loading
process.

3.2 Data Processing
Proportional coefficient m of the foundation soil horizontal
resistance coefficient is a significant parameter in designing
horizontal load. Based on “The Technical Code for Building
Pile Foundation” (JGJ 94-2018), for the foundation soil
horizontal resistance coefficient, its horizontal deformation
coefficient α and proportional coefficient m can be calculated as

m � (vyH)5
3

b0Y
5
3
0(EI)23

, (1)

α � (mb0
EI

)
1
5

, (2)

where vy is the lateral displacement coefficient, which is 2.441 in
this test, and b0 is the calculated width of the pile body. For a
circular pile, when D ≤ 1 m, b0 = 0.9 (1.5 days + 0.5), EI is the
bending stiffness of the pile, E is the elastic modulus of pile
material, and I is the moment of inertia of the pile section. The
measured horizontal force and lateral displacement of the
foundation are substituted into Eq. 1, and m of the foundation
horizontal resistance coefficient can be calculated by using pile
bending stiffness.

Based on the strain gauge data, the pile bending moment
under various levels of the horizontal load is calculated in Eq.
3, where Δε is the strain difference of the two symmetric strain

gauges in the pile section obtained through measurement; s0
is the spacing between adjacent strain gauges of the pile
section.

M � EIΔε
s0

. (3)
From the quadratic integration of the pile bending moment, the
pile deflection can be calculated as follows:

w(z) � ∫
z

H

∫
z

H

M

EI
dz2. (4)

Based on the elastic beam theory, the horizontal resistance of pile
soil is obtained by differentiating the distributed bending
moment twice.

p(z) � d2

dz2
M(z), (5)

whereM(z) � a + bz + cz2 + dz3 + ez4 + fz5 + gz6 (sixth-order
polynomial) is used to fit the pile bending moment curve. This
method can obtain a continuous soil resistance distribution curve.
The m method assumes a linear correlation between the
horizontal displacement and foundation reaction. A study has
been carried out on the response of the pile body under the action
of horizontal load in the foundation soil; this work utilizes the
matrix transfer approach to solve the problem, and elastic
coefficient K of the horizontal spring in the calculation
formula is

K � mB0zh, (6)
where m is the proportional coefficient of horizontal resistance
coefficient of foundation soil, B0 is the calculated width of the pile,
z is the depth of pile in foundation, and h is the height of the soil
layer taken. The p–y curve method mainly uses the Winkler
foundation model and assumes the soil as a nonlinear elastic
spring and the pile as an elastic beam. According to the laboratory
model experiment andMatlock, the p–y curve form is (Wang and
Yang, 2012)

p

pu
�

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.5( y

y50
)

1
3

, y≤ 8y50

F + (1 − F) z
zr
, y> 8y50, z< zr

1, y> 8y50, z≥ zr

. (7)

In the formula: pu � FNpcz, (8)

Np �
⎧⎪⎨⎪⎩

2.5 + 6.5
z

zr
, z< zr

9, z≥ zr

, (9)

y50 � 4.5ε50B
0.75, (10)

ι � 3( EI

EsB0.5
)0.25

, (11)

zr � l

4
, (12)
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where l is the effective length; zr is the influence depth; F is the
reduction coefficient, with a value of 0.5–1;Np is the ultimate soil
resistance coefficient; and Es is the average value of soil modulus
within the depth range of foundation soil. Horizontal secant
stiffness k of pile–soil is defined as shown in Eq. 13:

k � ΔH
Δs , (13)

where ΔH is cyclic load amplitude Q and Δs is the difference
between the horizontal displacement and the residual
displacement during loading.

4 RESULTS

4.1 Horizontal Static Load Test
After the horizontal static load test of the CFMP-fly ash
composite foundation, the data are processed, and the bearing
characteristics are analyzed from the ultimate bearing capacity, M
value, pile bending moment, pile displacement, horizontal
resistance, and earth pressure.

4.1.1 Cement and Fly Ash Mixing Pile Composite
Foundation Displacement Gradient Scale
Figure 6 shows the horizontal displacement curve of the CFMP-
fly ash composite foundation and fly ash foundation under
horizontal load. From Figure 6, it can be found that the
horizontal displacement curves of both the fly ash foundation
and CFMP-fly ash composite foundation show steep drop
characteristics, with obvious inflection points. At the initial
stage of horizontal loading (0–90°N), the lateral displacement
of the composite foundation increases slowly, and the pile–fly ash
system does not show plastic deformation and is in an elastic
working state as a whole. The lateral displacement for the
composite foundation gradually accumulates with the

increasing horizontal load. When the horizontal load reaches
90°N, the growth of lateral displacement accelerates obviously,
and the horizontal displacement curve of the composite
foundation shows obvious nonlinear characteristics, indicating
that the fly ash at the pile side changes from an elastic state to a
plastic state. The pile–fly ash system starts to enter the plastic
failure stage when the load reaches 300°N, and the horizontal
displacement curve appears as an obvious inflection point. In
addition, the horizontal displacement curve of the CFMP
composite foundation is compared with that of the fly ash
foundation under the horizontal load. The lateral displacement
of the composite foundation decreases obviously, indicating that
the composite foundation can effectively control the lateral
displacement of the foundation and can modify the elastic
working space of the pile–fly ash system. It can be found that

FIGURE 6 | Horizontal static load–displacement curve.

FIGURE 7 | Horizontal force–displacement gradient curve of composite
foundation under static load. (A)Horizontal force-displacement gradient curve
of CFMP composite foundation. (B) Horizontal force-displacement gradient
curve of fly ash foundation.
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the deformation control ability together with horizontal bearing
capacity of the composite foundation is significantly improved
compared with the fly ash foundation.

In order to better reflect the correlation between the lateral
displacement and horizontal force of composite foundation in the
process of the horizontal static load test, the horizontal
load–displacement gradient curve is drawn by referring to the
determination method of horizontal ultimate load and critical
load given in the “Technical Code for Testing Building
Foundation Piles” (JGJ 106-2014), as illustrated in Figure 7.

From Figure 7, it can be observed that the horizontal critical
load is the horizontal load associated with the first displacement
gradient, namely, the horizontal critical load of fly ash
foundation, and CFMP-fly ash composite foundation is 90°N
and 300°N. The horizontal critical load of CFMP composite
foundation is 233% higher than that of fly ash foundation,
indicating that composite foundation can evidently improve
the horizontal bearing capacity of fly ash foundation and
effectively control its lateral deformation.

4.1.2 m Value Curve of Fly Ash Around Piles
Figure 8 shows the relationship curve between the lateral
displacement of the foundation and m value. From Figure 8,
it can be found that m is not a certain value. The m value and
lateral displacement exhibit a nonlinear change correlation. The
m value is large when lateral displacement is small, and m is
negatively related to lateral displacement. With increasing lateral
displacement,m reduces and stabilizes gradually. The correlation
between the lateral displacement and m value is similar to that of
an inverse proportional curve. In reality, the correlation between
the m value and foundation lateral displacement also reveals the
nonlinear features of the generation of fly ash to a certain extent.
In addition, them value also shows nonlinear characteristics with
the change of horizontal force of the foundation, the m value is
high when the load level is small, and the m value gradually
reduces with the increasing load level, which may be due to the

plastic deformation of fly ash on pile side. Therefore, the lateral
displacement of the foundation, soil properties, and horizontal
load are the factors affecting the change of them value, and them
value is mainly influenced via the pile–soil performances and the
lateral displacement of the foundation.

4.1.3 Pile Bending Moment
Figure 9 shows the bendingmoment distribution curve of a single
pile under horizontal load at all levels. With increasing pile
embedment depth, the pile bending moment first increases
and subsequently reduces. Pile bending moment also
uniformly increases with increasing horizontal load. The pile
bending moment evidently increases when the horizontal load
reaches the critical load of 300°N, and the fly ash on the pile side
enters an elastic–plastic state. For the CFMP composite

FIGURE 8 | Lateral displacement–proportional coefficient curve of
composite foundation under static load.

FIGURE 9 | Bending moment diagram of the pile under horizontal
static load.

FIGURE 10 | Pile lateral displacement diagram under horizontal
static load.
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foundation, its maximum pile bending moment appears
approximately 17.5 cm below the model foundation surface,
which is the major influence depth of the pile bending
moment. The bending moment of the pile body gradually
develops to the deep fly ash stratum with increasing horizontal
load. It is believed that the horizontal load is gradually supported
by the middle and lower fly ash stratum. In the whole process of
the horizontal load test, most of the pile bending moment is
distributed between 32.5 cm and above, and tends to 0 in the
range of 32.5–47.5 cm. In addition, CFMP composite foundation
can effectively enhance the moment resistance ability of the pile
foundation by enhancing the physical and mechanical
performances of the fly ash formation; hence, the horizontal
bearing ability of the pile foundation is significantly improved.

4.1.4 Pile Displacement
Through Formula 4, pile lateral displacement can be obtained
indirectly from the pile bending moment. The pile lateral
displacement distribution curve along pile depth under
horizontal loads at all levels is shown in Figure 10.

Known from Figure 10, with increasing pile embedment
depth, the pile lateral displacement decreases nonlinearly from
the ground downward, and most of the displacement
concentrates at the pile head. When more than 25 cm depth of
the pile lateral displacement is close to zero, the lower lateral
displacement of the pile body is influenced by the horizontal force
of the foundation, and the bending deformation of the pile
bottom is small. The pile deformation near the pile bottom is
not high and is approximately vertical. The pile lateral
displacement increases synchronously with increasing
horizontal load, and increases greatly at the horizontal load of
300°N. With the increase of pile top lateral displacement, the load
is gradually transferred to the deep fly ash stratum, and the zero
point of pile displacement gradually develops downward, from
17.5 to 32.5 cm. This indicates that the fly ash stratum with a
depth of 0–32.5 cm in the CFMP composite foundation is the
most affected by horizontal load. In practical engineering, it is

very important to improve the engineering properties of fly ash
formation in this range to improve the horizontal bearing ability
of the CFMP composite foundation.

The lateral displacement control effect of pile top under
horizontal critical load is better. When the horizontal critical
load is between 0°N and 90°N, the relation between the
displacement and horizontal force between the pile and
surrounding fly ash is approximately linearly elastic. With
increasing horizontal load, the fly ash around the pile enters
the stage of plastic deformation. At this time, the relationship
between the displacement and horizontal force between the pile
and surrounding fly ash is approximately elastic–plastic, which is
nonlinear. When the horizontal load reaches the critical load of
300°N, the displacement of the pile increases sharply with the
development of plastic deformation of the pile–fly ash system.
This indicates that the development rate of pile displacement of
the CFMP composite foundation is directly affected by the
nonlinear pile section and the plastic development of the
pile–fly ash system. Therefore, the greater the load, the less
the impact on the limit of the displacement value.

4.1.5 Horizontal Resistance and Soil Pressure of Pile
Side
Figure 11 shows the lateral horizontal resistance of the CFMP
composite foundation pile under various loads. Based on
Figure 11, when the load is constant, the horizontal resistance
of the pile side increases first and reaches the maximum value at
17.5 cm of pile body, and then decreases rapidly downward, and
there is a certain reverse soil resistance. The soil resistance near
the tip of the pile is basically 0. This shows that fly ash from the
upper part of pile circumference contributes the most to
horizontal resistance. Moreover, along with increasing
horizontal load, the horizontal resistance of the fly ash stratum
increases gradually, and soil resistance zero position also moves
down; this is because as the shallow plastic deformation of fly ash
increases gradually, the pile lateral restraint ability declines, the

FIGURE 11 | Horizontal resistance curve under horizontal static load.

FIGURE 12 | Pile side earth pressure diagram under horizontal
static load.
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load is passed to the deeper fly ash, and the bending moment of
the pile change trend is consistent.

Pile deformation caused by soil pressure on the pile side
foundation is the outcome of the interaction of the pile–soil
system. The variation law of soil pressure of CFMP composite
foundation under horizontal loading is obtained through the
micro-earth pressure box T1–T5 embedded in the pile side.
Figure 11 shows the relationship curve between pile side earth
pressure and horizontal load of miniature earth pressure boxes
T1–T5.

On the basis of Figure 12, with increasing horizontal load, the
pile side earth pressure gradually increases. When the horizontal
load is constant, the soil pressure on the pile side exhibits a
downward trend with increasing pile embedment depth (TI, T2,
and T3). It can be seen that the soil pressure of the pile side in the
shallow part of foundation fly ash is large, and that in the middle
and lower parts is relatively small; that is, the physical and
mechanical indexes of the fly ash stratum in the shallow part
of foundation are the main controlling factors of the horizontal
resistance of pile side. The measured earth pressure values of the
miniature earth pressure boxes T4 and T5 on the side wall of the
model box are all within the range of 5 kPa, and with large
horizontal force, some values are less than 10 kPa. It is believed
that when the length between the side wall of the model box and
model pile is more than 8 D, the influence of horizontal load on
the boundary is small or ignored.

4.2 Horizontal Static Load Displacement
Calculation
At present, under the action of horizontal load, the theoretical
analysis of a single pile at home and abroad is principally
classified as the p–y curve method, elastic foundation reaction
method, as well as ultimate foundation reaction method
(Kobayashi et al., 2009; Hong-jiang et al., 2017; Mao et al., 2018;
Wang et al., 2020; Yin et al., 2021; Polishchuk and Shmidt, 2021; Ma

et al., 2021; White et al., 2022). Among them, the ultimate
foundation reaction method assumes that the pile is rigid and the
pile deformation is not considered. As CFMP is a typical semi-rigid
pile, which produces a certain degree of pile deformation in the
process of horizontal loading, the ultimate foundation reaction
method is not applicable. The elastic foundation reaction method
is mainly divided into the k method, constant method, double
parameter method, c value method, and m method, among
which the constant method, k method, and c value method are
not discussed here due to their own limitations. In this study, the p–y
curve and m methods are employed to study the bearing
displacement of the foundation under horizontal load.

Figure 13 shows the measured and calculated
load–displacement curves of the model test. In accordance with
Figure 13, the calculated value of themmethod differs greatly from
the measured value, and the displacement value calculated by the
p–y curve method is close to the measured value. With increasing
horizontal load, the displacement value calculated by themmethod
is smaller. This may be due to that the soil has entered the plastic
stage, while the soil deformation is still calculated by themmethod
according to the elastic method. The displacement value calculated
by the p–y curve is closer to that of the measured value. For the
bearing ability of composite foundation, its critical value is 150°N.
Under 150°N horizontal load, the measured displacement value is
2.81mm, while the value calculated by the p–y curve method is
2.67mm, and the difference value is 4.9%, which can be ignored.
Therefore, the p–y curve method can be applied for calculating the
bearing ability and load displacement of the CFMP composite
foundation.

4.3 Horizontal Cyclic Load
4.3.1 Hysteresis Curve of Cyclic Loading
By testing the horizontal force and displacement of the CFMP
composite foundation, the load–displacement curve under cyclic
load is given, as illustrated in Figure 14.

According to the diagram, the load–displacement curve under
circulating load shows a clear hysteresis loop. The horizontal
displacement increases with the increase of cycling times. In the
first cycle, an obvious nonlinear load–displacement curve can be
observed. With the increase of cycles, each cycle load in the
process of the linear displacement curve is more and more
obvious.

As the number of cycles increases, the whole hysteretic loop
gradually shifts to the right and produces cumulative deformation
under the unidirectional cyclic loading mode. The area of the
hysteretic circle decreases gradually, indicating that the behavior
of fly ash around the pile changes from the elastic–plastic stage to
the elastic stage.

4.3.2 Stiffness Curve of Cyclic Loading
The relationship curve between secant stiffness and cycle times is
shown in Figure 15. From Figure 15, it can be observed that the
secant stiffness increases within a certain range at the beginning
of the cycle. This is because the density of fly ash around the pile
gradually increases with increasing cyclic load at the beginning of
the cycle. With the accumulation of pile deformation and the
increasing number of cycles, fly ash at the pile side gradually

FIGURE 13 | Measured and calculated load–displacement curves of
model tests under horizontal static load.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8579079

Zhang et al. Dynamic Response of Cement–Fly Ash Mixed Pile Composite Foundation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


transfers to the deep layer. The compactness of deep fly ash
decreases under cyclic loading, which results in a decreasing trend
in the overall stiffness of the hysteretic loop.

When the amplitude of cyclic load is 60°N, 120°N, 180°N,
240°N, and 300°N, the final secant stiffness decreases by 16%,
18%, 22%, 27%, and 35%, respectively, compared with the initial

FIGURE 14 | Horizontal displacement curve of composite foundation under horizontal cyclic load. (A) Horizontal displacement curve when F = 60N. (B) Horizontal
displacement curve when F = 120N. (C) Horizontal displacement curve when F = 180N. (D) Horizontal displacement curve when F = 240N. (E) Horizontal displacement
curve when F = 300N.
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secant stiffness. The reduction of horizontal secant stiffness of
CFMP composite foundation indicates that the horizontal
deformation modulus of the fly ash stratum is reduced, which
leads to the plastic deformation of fly ash around piles and the
weakening of the pile–fly ash system. When the horizontal load is
small (F ≤ 120°N), the cyclic load has little disturbance to the soil,
and the soil stiffness is basically unchanged. The cyclic cumulative
displacement and residual displacement after unloading are
relatively small, and the pile–fly ash system is approximately
in an elastic state. With the increase of the load (180°N ≤ F ≤
240°N), the disturbance of the cyclic load to the soil increases, and
the stiffness decreases obviously. The cumulative displacement
and residual displacement caused by the cyclic load at each stage
increase gradually. When the load reaches the horizontal critical
load (F = 300°N), the cumulative displacement and residual

displacement of soil caused by each cycle increase rapidly, and
the increase cannot be stabilized, which is defined as unstable
load. CFMP composite foundation under the cyclic load of this
amplitude has cyclic cumulative failure and reaches the cyclic
load limit state. In addition, under the same load, the cumulative
displacement of one-way cyclic load is much larger than that of
static load. Therefore, the cyclic effect of the one-way cyclic load
has a greater impact on the CFMP composite foundation than
that of the static load.

4.3.3 Peak Displacement Curve of Cyclic Loading
The cumulative peak horizontal displacement of the CFMP
composite foundation varies with the number of cyclic
loading, as shown in Figure 16. On the basis of Figure 16, the
horizontal displacement peak of the CFMP composite foundation
increases with increasing load cycle and cyclic load amplitude.
When the amplitude of cyclic load is small, its curve is

FIGURE 15 | Relationship curve between secant stiffness and the
number of cycles.

FIGURE 16 | Horizontal displacement peak curve of composite
foundation under horizontal cyclic load.

FIGURE 17 | Bending moment distribution diagram of composite
foundation pile under horizontal cyclic load. (A) Bending moment distribution
diagram at F = 120N. (B) Bending moment distribution diagram at F = 240N.
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approximately a horizontal straight line. For example, when the
cyclic load is 60°N and 120°N, the horizontal displacement peak
increases by 0.14 and 1.1 mm, respectively. When the amplitude
of cyclic load is large, the horizontal displacement peak-cycle
number curve increases steadily and linearly. When the cyclic
load amplitude reaches the horizontal critical load (F = 300 N),
the horizontal displacement peak curve shows a nonlinear rapid
growth trend, which is caused by the failure of the pile–fly ash
system when the CFMP composite foundation reaches the cyclic
load limit state.

4.3.4 Bending Moment Curve of Pile Under Cyclic
Loading
Figures 17, 18 show the variation of pile bending moment
distribution and residual bending moment distribution of CFMP

composite foundation under horizontal cyclic load with the increase
of cyclic number. Based on Figure 18, the increase in the maximum
bending moment of the pile body is positively correlated with the
number of cycles. This is because cyclic load weakens the stiffness
and strength of the fly ash around the pile, resulting in the gap
between pile–fly ash and further softening of the pile–fly ash system.

When the amplitude of cyclic load is the same, the relative depth
of the maximum bending moment together with the maximum
residual bending moment in each cycle is constant and does not
change with increasing cycle number. When the cyclic load is 120°N
and 240°N, the maximum pile bending moment increases by 10%
and 21%, respectively, and the maximum residual bending moment
changes by 80% and 100%, respectively. It can be seen that the
influence of cyclic load on the bending moment is minimal, but its
influence on the residual bending moment is much more obvious.
This is due to the softening of the fly ash around the pile and pile–fly
ash clearance, which reduces the contact between the pile and
surrounding fly ash, and the force of the fly ash stratum on the
pile during unloading.

5 DISCUSSION

In this study, a horizontal load model test of the CFMP-
reinforced fly ash foundation was carried out. The lateral
displacement, bending moment of the pile, horizontal
resistance of the pile, and soil pressure on the pile side of
CFMP composite foundation were studied, and the
applicability of the p–y curve method together with the m
method to CFMP composite foundation was analyzed. The
displacement curve, secant stiffness, and pile bending moment
of CFMP composite foundation under horizontal cyclic loading
were studied and analyzed. The test results show that the
horizontal critical load of CFMP composite foundation was
233% higher than that of fly ash foundation; compared with
fly ash foundation treated by dynamic compaction, the bearing
capacity increases significantly, indicating that CFMP composite
foundation could effectively improve the pile–fly ash-bearing
capacity, and had an important influence on the improvement
of the horizontal bearing performance of fly ash foundation and
enhancing the deformation control ability. Under horizontal
load, the maximum bending moment of the CFMP composite
foundation was located between the upper andmiddle parts of the
pile, and such depth is the major depth affecting the bending
moment of the pile. The pile displacement of CFMP decreased
linearly with increasing horizontal load, and its displacement
mainly occurred at the top of the pile. With increasing lateral
displacement of the pile top, the zero point of displacement
gradually developed toward the middle of the pile. Therefore,
the fly ash formation in the middle and upper parts of the CFMP
composite foundation under horizontal load was the most
strongly affected, and the strength of fly ash in this area
should be enhanced in practical engineering. CFMP
strengthened the fly ash around the pile, and the lateral
binding of the pile was enhanced. Soil resistance gradually
developed with the increase of horizontal lateral displacement.
At the late loading stage, the fly ash stratum began to have plastic

FIGURE 18 | Residual bending moment distribution diagram of
composite foundation pile under horizontal cyclic load. (A) Distribution
diagram of residual bending moment when F = 120N. (B) Distribution diagram
of residual bending moment when F = 240N.
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failure and the load was transferred downward. Therefore, CFMP
improved the physical and mechanical performances and
strength of fly ash around piles, which further increases the
pile side soil pressure and improves the ability of the
composite foundation to resist the horizontal load. Compared
with the traditional concrete pile, CFMP shows better horizontal
bearing characteristics and reduces the pile bending moment to a
certain extent. The pile displacement degree of CFMP is smaller
than that of the traditional concrete pile and has better stability.

The load–displacement curve obtained by using the
conventional p–y curve method and m method was basically
consistent with the shape and trend of the measured curve of the
model pile. The calculation result of the m method was small,
while that of the p–y curve method was closer to the measured
value, exhibiting that the p–y curve method could be employed
for calculating the bearing capacity and horizontal displacement
curve of the CFMP composite foundation.

The area of the hysteretic curve circle of cyclic loading gradually
decreased with increasing cycle number, indicating that the behavior
of fly ash around piles changed from elastic–plastic to elastic. The
cumulative horizontal displacement increased linearly until the
cyclic load reached the critical load value, and the pile–fly ash
system was destroyed when it reached the critical load. The
horizontal secant stiffness increased first and then decreased, and
the earlier cyclic load increased the compactness of fly ash. With
increasing cycle number, the fly ash resistance around the pile
transferred from the shallow layer to the deep layer, and the fly
ash compactness at the shallow layer decreased.When the cyclic load
amplitude reached the critical load, it entered the cyclic load limit
state, and the service performance of the CFMP composite
foundation was affected. Compared with the current research
results on fly ash foundation, CFMP composite foundation has
obvious bearing capacity advantages, which can greatly improve the
horizontal bearing capacity of fly ash foundation, meet the
engineering needs, and has a good engineering application prospect.

6 CONCLUSION

1) CFMP composite foundation has a significant effect on
improving the horizontal bearing capacity and enhancing
the deformation control ability of the fly ash foundation.
Under the action of horizontal load, pile deformation and
foundation bearing horizontal load are concentrated on the
pile body, which can improve the bearing capacity of the
composite foundation by enhancing the engineering
properties of the upper fly ash foundation.

2) Through the calculation of the load–displacement curve of the
CFMP-fly ash composite foundation, it can be seen that the
p–y curve method is more close to the measured value. In
engineering applications, the p–y curve method can be used to
predict the displacement of composite foundation, so as to
better formulate engineering plans.

3) Under the action of horizontal cyclic load, the displacement rate
and area of the hysteretic curve show a negative correlation trend
with the increase in the number of cyclic loads. The fly ash
resistance of the pile body transfers to the deep layer, and when
the cyclic load value reaches the critical load, it enters the ultimate
state under load, thus affecting the service performance of the
CFMP composite foundation; therefore, the bearing capacity of
composite foundation should be designed according to the
critical load in engineering design.
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