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Abstract. The CFG pile technology is primarily employed for foundation reinforcement, offering
cost-saving benefits and demonstrating significant reinforcement effects. Consequently, it has
gained widespread utilization. However, due to its unique composition and exceptional strength
characteristics, investigating the dynamic properties of rubber particle loess-CFG poses significant
challenges. In this study, a numerical simulation approach is employed to investigate the dynamic
characteristics of rubber particle loess-CFG and its deformation response under dynamic loading
is analyzed. The results indicate that the deformation of rubber particle loess-CFG remains
minimal under static loading, while it significantly increases under dynamic loading. However,
the vertical and horizontal displacements at the top of the mattress layer are comparatively smaller
than those observed in loess-CFG, highlighting their seismic stability. The mattress layer of the
rubber particle loess-CFG undergoes vertical compression and deformation, while being
horizontally squeezed towards the central region. The horizontal displacement and its variation
range are significantly greater than that of the entire pile and the soil between piles. Therefore, it
is crucial to analyze the material properties, thickness, and extent of the mattress layer during
design in order to mitigate its influence. When subjected to dynamic loading at the base of the
model, the rubber particle loess-CFG exhibits a strip distribution of vertical displacement which
gradually decreases from bottom to top. Moreover, as focal depth increases, the impact of dynamic
loading on foundation deformation diminishes. Consequently, rubber particle loess-CFG provides
a dual functionality of enhancing foundation strength while effectively resisting dynamic
deformations. These research findings provide a theoretical basis for designing reinforced
foundations using rubber particle loess-CFG and offer an innovative approach for recycling waste
tire rubber particles.
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1. Introduction

Loess exhibits high porosity, extensive vertical joint, and is predominantly collapsible,
resulting in poor engineering properties under heavy loads and dynamic conditions. Extensive
research has been conducted to enhance the properties of loess to meet engineering requirements
[1]-[4], among which the dynamic characteristics of improved loess have become a research
hotspot [5], [6]. One of the typical improvement methods that is currently being focused on
involves incorporating waste tire rubber particles into loess, aiming to improve its characteristics
while promoting waste tire recycling [7], [8]. The inclusion of rubber particles enhances elastic
and damping characteristics, which significantly contributes to seismic stability; however, it does
not substantially improve the bearing capacity compared to plain loess. In practice, composite
foundations consisting of cement fly-ash gravels pile (referred to as CFG) have proven
advantageous for addressing foundation bearing capacity issues and are widely employed [9]-[12].

The application of CFG has proven to be an effective solution for addressing foundation
settlement, making it a prominent area of research. Zhao Xiongfei [13] conducted an analysis on
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the strengthening mechanism of CFG and subsequently developed a calculation model using the
finite element software MIDADS/GTS. This study also investigated the settlement and
deformation patterns of bridgehead foundations with varying pile lengths. Li Xuejun et al. [14]
utilized FLAC3D to establish a numerical model for calculating and analyzing the deformation
characteristics of subgrades reinforced by CFG. The findings demonstrated that the settlement in
these reinforced subgrades was significantly reduced compared to natural subgrades.

The displacement of CFG composite foundation is influenced by various factors. Bi Junwei et
al. [15] established a 2.5D finite element analysis model based on the fundamental principles of
the 2.5D finite element method to investigate the vibration reduction characteristics of transverse
isosmotic CFG pile-soil composite subgrade under high-speed rail load, considering parameters
such as pile diameter, pile distance, and area replacement rate. He Chunyu [16] employed a layered
system dynamic finite element analysis model to simulate the dynamic response of CFG
composite foundation and examined the impact of pile elastic modulus on foundation deformation.
Li Wei et al. [17] developed a refined three-dimensional model for full section and conducted
transient fluid-solid coupling finite element simulations to analyze how loading speed affects the
displacement value of composite foundation. Guo Peicheng [18] enhanced the bearing capacity of
composite foundation through modifications in CFG piles’ spacing, length, bearing layer, and
mattress thickness to reduce building settlement. Lu Min [19] revised the calculation formula for
the pile-soil stress ratio in embankment-based CFG composite foundations to improve the
accuracy of settlement calculations in practical applications.

When CFG are utilized for foundation reinforcement in earthquake-resistant areas, it is
necessary to conduct seismic calculations for the CFG pile composite foundation [20], thereby
requiring a thorough understanding of the dynamic load characteristics of CFG. Yu Zipeng et al.
[21] employed the FLAC3D to establish a three-dimensional numerical model of a liquefied soil
layer supported by CFG pile-reinforced embankment.

By subjecting the system to sinusoidal ground motion excitations with varying frequencies and
holding times, the influence of ground motion frequency and holding time on the seismic response
behavior of the CFG supported reinforced embankment in liquefied soil layers are analyzed.
Zhang Huahua et al. [22] conducted numerical simulations on soft soil subgrades reinforced by
CFG and examined their dynamic characteristics before and after foundation treatment. The
results indicate that composite foundations experience reduced settlement, effectively mitigated
horizontal displacement, and significantly weakened vehicle-induced dynamic loading on
subgrades due to the reinforcing effect of CFG. Yang Chuanling et al. [23] employed an elastic-
plastic finite element method to analyze parameter sensitivity values for soft soil subgrades
reinforced by CFG under dynamic loading conditions; their findings revealed that foundation
settlement was primarily attributed to secondary consolidation settlement caused by creep, while
an inverse relationship existed between structural stiffness of CFG and subgrade settlement under
soil filling loads.

The existing research on rubber particle loess is inadequate, and the partial deformation
difference between the mattress layer and pile-soil composite foundation under dynamic loading
is rarely considered, thus failing to elucidate the significant influence of the mattress layer on the
deformation of the composite foundation. In this study, FLAC3D simulation program was
employed to establish a model of a rubber particle loess-CFG. By subjecting the model’s bottom
to dynamic loading, the deformation characteristics of both the mattress layer and pile-soil
composite foundation under dynamic loading are analyzed.

2. Modeling

The FLAC3D software is a three-dimensional numerical simulation tool based on the finite
difference method, which accurately models the passive deformation of matter and effectively
simulates both continuum and splitting processes. It offers distinct advantages for static and
dynamic analysis, making it particularly suitable for applications in geotechnical mechanics,
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tunnel engineering, underground mining, and related fields.

2.1. Modeling

The dimensions of the foundation are 19.0 m, 19.0 m, and 20.0 m in the X, Y, and Z directions
respectively. The CFG piles have a diameter of 0.80 m and a spacing of 3.0 m, arranged in a square
pattern, and they are located at a depth of 7.0 m-20.0 m from the bottom of the model. Their length
is 13.0 m each while the center of side pile is located at a distance of 0.50 m from the edge of
foundation. The mattress has a thickness of 0.40 m and is situated at a depth of 20.0 m to 20.4 m
from the bottom of the model. Eight-node hexahedral elements are used for both foundation and
mattress layers while cylindrical grid elements are employed for CFG piles. A total number of
11809 units and 18442 nodes are established, as shown in Fig. 1(a).

S S S=E s R L
a) Solid model

b) Boundary condition

Fig. 1. Modeling

2.2. Constitutive model and parameter values

The foundation soil consists of rubber particle loess, while the loess foundation is used for
comparison purposes. The mattress is composed of graded gravel, and both the foundation soil

and mattress are modeled using the More-Coulomb model with parameter values provided in
Table 1.

Table 1. Basic parameters

. . . Internal Modulus of . s
. Soil Density | Cohesive - . Poisson’s
Position designation (ke/m) | force (kPa) friction angle | compression ratio i
” ©) E, (MPa)
Original Rubber 1870 17 23 17 0.25
foundation particle loess
Original Loess 1920 16 21 12 025
foundation
Mattress layer| Graded gravel| 2000 1 40 35 0.2

Taking 5 times the compression modulus of Young’s modulus into account, the volume
modulus (K) and shear modulus (G) of rubber particle loess are calculated using Egs. (1-2) [24],
respectively. The obtained values are K = 56.5 MPa and G = 34 MPa. In addition, for the mattress
material, the volume modulus is determined to be K = 97.2 MPa, while the shear modulus is found
to be G = 72.9 MPa:

e o
3(1 —2p)
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E

C=a+

2)

where: E is Young’s modulus, E = 5E;.

The CFG pile is composed of C20 concrete, which follows an elastic constitutive model. With
a density of 2500 kg/m?, Young's modulus of 25.5 GPa, and Poisson’s ratio of 0.2, the internal
friction angle and cohesion of the concrete are determined using Egs. (3-4) [25]. Given
0. = 13.4 MPa and g, = 1.54 MPa for C20 concrete, its internal friction angle ¢ is calculated to
be 52.5° while the cohesion ¢ amounts to 2.271 MPa. Consequently, the bulk modulus K is
estimated at 14.2 GPa with a shear modulus G of approximately 10.6 GPa:

O, — O¢

2.[o.0, 3)

where: g, — standard value of compressive strength of concrete (MPa); o, — standard tensile
strength of concrete (MPa):

VO 4)

2 )

tangp =

Cc =

where: ¢ — cohesive force of concrete (MPa).
2.3. Contact surface setting

The cohesion and internal friction angle of the structural plane between the pile and soil are
0.8 times that of the soil, resulting in ¢ = 13.6 kPa and an internal friction angle of 18.4°. The
contact surface 1 between the pile and non-pile is established using the guiding method, with
parameters kn and ks selected as 10 times Eq. (5), yielding a result of 2.83x10'! Pa. The tensile
stiffness at the pile-soil interface is assumed to be zero, with no residual strength after failure
occurs between the pile and soil. The contact surface 2 is established between the foundation and
mattress using a shift-to-remove method, with parameters identical to those used for contact
surface 1:

4G
K+
max , ®)
AZmin

where: Az,,;,, — the minimum size in the normal direction of adjacent elements (m).
2.4. Boundary condition

The static calculation is subject to displacement constraints on the four vertical sides of x =0,
x =19.0,y =0, and y = 19.0, fixed constraints at the bottom of the model, and free constraints
at the top of the mattress. For dynamic calculation, the original static boundary conditions at the
bottom of the model are eliminated and replaced with static boundary conditions and free field
boundaries considering infinite extension of foundation soil on each side, as shown in Fig. 1(b).

2.5. Loading

In the static calculation, a vertical static loading of 450 kPa is applied to the top surface of the
mattress. In the dynamic calculation, the dynamic loading is applied by utilizing a stress time
history, while taking into account the p-wave velocity C,, determined using Eq. (6):

4 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



NUMERICAL SIMULATION OF THE DEFORMATION BEHAVIOR OF A COMPOSITE FOUNDATION CONSISTING OF RUBBER PARTICLE LOESS-CFG
UNDER DYNAMIC LOADING. JIAN-GUANG BAI, WEN-QI Kou, HAI-JUN L1

K +4G/3
C, = T/ =233 m/s. (©)

The normal stress is calculated according to Eq. (7), resulting in a value of —7.4x10° Pa.
Considering the dynamic loading as a positive basalt wave with a frequency f of 1 Hz, its
expression is shown in Eq. (8):

o, = —2(pCp)vn, (7
where: v,, — normal velocity component on model boundary:

Op = —0paSin(27ft), ®)
where: 0,4 = -8.7%10° Pa.

2.6. Damping condition

The mechanical damping in this study is implemented using Rayleigh damping, with a
minimum critical damping ratio of 0.5 % and the center frequency set as the natural vibration
frequency. Fig. 2 illustrates the displacement time-history curve obtained by considering the
natural vibration frequency. As shown in the figure, the natural vibration period is determined to
be 0.343 s, corresponding to a natural vibration frequency of 2.92 Hz.
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Fig. 2. The curve of displacement time history for natural frequency calculation
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Fig. 3. The maximum unbalanced force
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Assuming self-weight consolidation occurs between the pile and soil following pile
construction, the model conducts 5,000 steps of consolidation calculation under self-weight
loading. Subsequently, it applies the superstructure load to calculate an additional 50,000 steps
after stabilization of pile-soil consolidation before performing dynamic calculations. The dynamic
calculation time is set at 0.1 s, and Fig. 3 illustrates the distribution curve of maximum unbalanced
forces, indicating a high level of convergence.

3. Analysis
3.1. Change of vertical displacement

The settlement of the foundation under dynamic loading can be observed from Fig. 4, which
increases with depth and exhibits a strip distribution. This indicates that deeper focal depth results
in less damage to the building’s foundation. Notably, the maximum displacement value at the top
of the mattress is not located in its middle but around its center, aligning with CFG treatment for
road subgrades [26]. With a significant magnitude of 11.35 c¢m, this maximum displacement is
considerably larger than the settlement of the pile-soil composite foundation (As shown in Fig. 5),
suggesting substantial settlement within the mattress itself. The primary reason behind this lies in
the absence of loading sharing effects from piles within the mattress; instead, it solely bears
loading transmitted by buildings and experiences settlement influenced by its modulus and
thickness [27], [28].
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-1.05

-1.10 o
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Distance x10"1

Fig. 4. The vertical displacement at the top of the mattress

L
S}

;

vertical displacement (m)

0,1
1,85 3,75 7,58 9,45 11,35 134 1522 17,05
distance (m)

Settlement at the top of the mattress Settlement at the top of the pile
Fig. 5. The vertical displacement curve at the top of mattress and piles

As depicted in Fig. 5, at identical positions, settlements within mattress surpass those within
piles, indicating considerable compression deformation occurring specifically within these
mattress alongside overall settlement. Consequently, while mattresses can adjust pile-soil stress
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ratios to some extent, they also represent weak links within composite foundations. Therefore, it
is imperative to consider the reinforcement of mattress properties in order to enhance their overall

quality.
3.2. Change of horizontal displacement

As shown in Fig. 6, the horizontal displacement at the center of the mattress is nearly zero,
while on its left and right sides it is positive and negative respectively. The displacements on both
sides are almost equal with a maximum value of approximately 4.22 mm, indicating that the
dynamic loading causes compression towards the center of the mattress. Similarly, as shown in
Fig. 7, the horizontal displacement at the top of pile-soil composite foundation near its middle is
also close to zero but negative on one side and positive on another side with a maximum value of
about 1.2 mm. The symmetry between both sides suggests that under dynamic loading conditions,
there is movement in all directions from the center at the top of pile-soil composite foundation.

The horizontal displacement of the mattress remains zero within the range of 5.0 m-14.8 m,
accounting for approximately 51.6 % of the total length of the model. Similarly, the horizontal
displacement of the pile top is zero within the range of 1.80 m-17.20 m, constituting around 81 %
of the total length of the model. Consequently, in designing CFG composite foundation, it is
recommended to extend the piles by at least 0.23 times wider than the foundation loading range.
At the same time, considering mattress stability, an extension by 0.9 times wider than that should
be considered for mattresses as well. However, considering the actual situation, when extending
mattress by such proportions since it would significantly increase construction scope multiple-
fold and correspondingly escalate costs and construction duration accordingly, thus making it
relatively challenging to extend mattress ranges extensively. The mattress plays a crucial role in
determining failure mechanisms for composite foundations subjected to dynamic loading.
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0.6 o
20 w04 ]
: $
%10 ] #02 ]
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E 202
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Fig. 6. The horizontal displacement Fig. 7. The horizontal displacement at the top of
at the top of mattress composite foundation composed of piles and soil

4. Comparison of settlement under static and dynamic loading

In addition to the parameters shown in Table 1, the design incorporates additional parameters
as follows. The foundation is buried at a depth of 11.0 m, with a saturated weight of 19.5 kN/m?
for the foundation soil. The pile length is 13.0 m and is distributed in a square pattern, as shown
in Fig 8. The bearing capacity reduction coefficient for each individual pile is set at 0.85, while
the reduction coefficient for soil bearing capacity between piles is determined as 0.95. The
standard values assigned to ultimate side resistance and ultimate end resistance of each pile are
respectively 60 kPa and 1400 kPa. A single pile exhibits a bearing capacity of 1300 kN under axial
compression conditions, considering that the vertical loading amounts to be approximately
450 kPa.
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Fig. 8. Simplified diagram of Lizheng geotechni:ajcalculation

According to the calculation of Lizheng software, the characteristic value of the bearing
capacity for the modified composite foundation is 516.5 kPa, exhibiting a remarkable increase of
158 % compared to that of the original foundation with a bearing capacity of 200 kPa. The stress
area method is employed to calculate the settlement of the foundation, considering a current
compression modulus value of 23.77 MPa and an experience coefficient for settlement calculation
is 0.312. Consequently, the total settlement at the center of the composite foundation amounts to
4.614 cm < 5.0 cm, meeting design requirements and affirming that this design effectively meets
static loading demands.

The maximum vertical displacement of the rubber particle loess-CFG, including the mattress,
under dynamic loading is 11.08 cm, which exceeds the allowable settlement value of 5.0 cm under
static loading. Part of this settlement is primarily attributed to the compression deformation of the
mattress. Therefore, careful consideration should be given to selecting appropriate materials and
thickness for the mattress as well as other parameters for the rubber particle loess-CFG under
dynamic loading [29], [30]. Furthermore, it should be noted that different mattress thicknesses
result in significant variations in settlement behavior of the composite foundation [31].

5. Deformation comparison between rubber particle loess-CFG and loess-CFG

The dynamic response characteristics of the loess-CFG are determined through numerical
simulation of a composite foundation consisting of loess and CFG piles under various load
conditions using the same method. Fig. 9 illustrates the displacement distribution curves at the top
of the mattress for both rubber particle loess-CFG and loess-CFG subjected to dynamic loading.
The results indicate that, on average, the vertical displacement of rubber particle loess-CFG is
approximately 17.0 % smaller than that of loess-CFG at different positions. The horizontal
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displacement amplitudes are similar on both sides of the model for both types of piles. However,
in the middle section, rubber particle loess-CFG exhibit smaller maximum displacements
compared to loess-CFG with a more moderate variation. Therefore, rubber particle loess-CFG has
strong seismic stability.

The incorporation of rubber particles reduces soil porosity, enhances particle connectivity,
alters soil structure, and improves its resistance to deformation. Moreover, the high elasticity of
rubber particles can effectively attenuate dynamic loading and mitigate soil deformation and
failure under such conditions.

vertical displacement (m)

1,85 3,75 7,58 9,45 11,35 13,4 15,22 17,05
distance (m)
loess-CFG rubber loess-CFG
a) Vertical displacement

=g
(=3
=

f=1

1,95 3,75 577 7,62 9,7 11,26 13,35 15,3 17,16

horizontal displacement (m)

-0,01 .
distance (m)
loess-CFG rubber loess-CFG

b) Horizontal displacement
Fig. 9. Rubber loess — CFG and loess — CFG Mattress top displacement

6. Conclusions

1) The vertical displacement of the rubber particle loess-CFG gradually decreases from bottom
to top and exhibits a strip distribution when subjected to dynamic loading at the base of the model.
Consequently, in practical applications, as the focal depth increases, the impact of dynamic
loading on composite foundation deformation diminishes, while the influence of earthquakes on
composite foundation deformation becomes closely associated with the focal depth.

2) The vertical compression and deformation of the mattress of the rubber particle loess-CFG
result in significant settlement. Horizontally, the mattress is squeezed towards the middle part, and
the soil between the piles move in all directions from the center at the top of pile-soil composite
foundation. Moreover, both the horizontal displacement of the mattress and its variation range are
considerably larger than those of soil between the piles.

3) The deformation of rubber particle loess-CFG is minimal under static loading, however, it
significantly increases under dynamic loading. It is crucial to consider the deformation of the
mattress in design and analyze the material and thickness of the mattress to mitigate its influence.
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4) The vertical and horizontal displacements at the top of the loess-CFG with rubber particles
are observed to be smaller than those of the loess-CFG pile under dynamic loading conditions.
This indicates that incorporating rubber particles can enhance the seismic stability and improves
the foundation’s ability to withstand earthquakes.

5) CFG piles enhances the bearing capacity of the foundation through the strengthening effect
of the piles, and the incorporation of rubber particles improves the seismic performance of the
soil, so the rubber particles loess-CFG has the dual effect of increasing the strength of the
foundation and resisting dynamic deformation.
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