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Abstract: To investigate the mechanism of reinforcing soft soil with cement-mixing pile, based
on ABAQUS secondary development, a numerical simulation study of the hydration reaction of
cement-mixing piles was conducted. In this study, the influence of ground temperature variations on
the distribution patterns of the temperature field in and around the pile was also considered. The
temperature field of the pile-soil model can be primarily divided into two stages: the temperature rise
stage (0~5 d) and the temperature decrease stage (5~90 d). The following observations were made:
(1) The temperature of the pile body rapidly increased within the first 5 days, dissipating heat to the
surrounding soil, leading to an elevation of the temperature in the soil around the pile and a decrease
in soil moisture content. Around the 5th day, the temperature reached its maximum value, and the
heat release rate of the pile body was higher than that of the surrounding soil. (2) With a 15% cement
admixture, under the influence of 425* cement hydration, the temperature inside the pile increased
by 5 °C, and the temperature in the soil around the pile increased by 4.2 °C. After considering the
ground temperature, the temperature in the soil around the pile increased by 4.6 °C. (3) The maximum
temperature generated during the hydration of 425% Portland cement is higher than that of 525*; the
temperature of the soil around piles made with 425 cement is consistently higher than that made
with 525%. (4) The hydration temperature of piles with a 10% cement admixture increased by 4.4 °C;
for piles with a 15% cement admixture, the hydration temperature increased by 6.6 °C; and for piles
with a 20% cement admixture, the hydration temperature increased by 9.1 °C. The temperature field
of this structure gradually stabilizes after 7 days with increasing time and cement admixture. The
results indicate that the hydration of cement-mixing piles raises the temperature of the soil around
the piles. Additionally, the temperature resulting from the hydration of cement-mixing pile increases
with the addition of cement.

Keywords: cement-mixing pile; temperature field; numerical simulation; ground temperature

1. Introduction

Cement-mixing piles mainly involve the mixing and forced stirring of cement or
stabilizers such as lime with soft soil. This process encourages physical and chemical
reactions between the soil particles and stabilizers, resulting in a uniform, dense, and
appropriately hardened cement-stabilized soil mass [1,2]. Reinforcing silty soil with cement-
mixing piles is a ground treatment method that has been widely studied and applied both
domestically and internationally. It has proven to be effective due to its advantages such
as easy construction, minimal environmental pollution, flexible arrangement, and cost-
effectiveness [3].
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The reinforcement mechanism of cement-mixing piles mainly involves four aspects:
the hydrolysis and hydration of cement, ion exchange, hardening effect, and carbonation.
These factors collectively contribute to the solidification of soft soil, thereby increasing
the bearing capacity of the composite foundation [4—6]. Currently, researchers focusing
on the application of the cement-mixing pile method for treating soft soil are primarily
concentrated on aspects such as pile design and construction, reinforcement effectiveness
testing, and the analysis of bearing capacity and settlement [4]. For example, Qian [5]
conducted an in-depth exploration of curing mechanisms and mechanical properties.
Zhao et al. [7] investigated the influence of cement admixture, pile spacing, and cushion
layer on the foundation settlement. Xu et al. [8] studied the mechanism of the joint treatment
of cement-mixing piles and preloading consolidation with plastic drainage boards through
on-site testing. Yuan et al. [3], starting from a microscopic perspective, obtained the strength
variation patterns of cement by conducting indoor unconfined compressive strength tests.
Deng et al. [9] analyzed the load-settlement variations of a cement-mixed pile-reinforced
loess subgrade under different durations and intensities of rainfall, as well as a varying
elastic modulus of the piles. Guo et al. [10] primarily analyzed the mechanism of the
composite foundation of cement-mixing piles from two aspects: the strength of the pile
body itself and the interaction between piles. Li [11] and Wang et al. [12] conducted
an analysis based on the inherent characteristics of cement-mixing soil and parameter
optimization. Through the reinforcement mechanism, Wang et al. [13] explained that
cement-mixing piles have advantages such as low cost, short construction period, and good
waterproofing performance. Yuan [14] introduced the treatment effects of using cement-
mixing piles from the perspectives of construction method, cost, and bearing capacity.
Phutthananon et al. [15] conducted an analysis of ground settlement reinforcement through
innovative improvement methods. By evaluating the possibility of using existing numerical
models of mortar and concrete machinery on wood-based cementitious composites, Ndong
Engone et al. [16] identified the parameters that have to be adjusted in the models. In foreign
countries, some new technologies have emerged, such as adding modifiers to enhance
solidification effects and utilizing detection systems for construction monitoring [17-20].

The above studies seldom take into account the influence of temperature. In the realm
of temperature field studies, scholars currently delve into the analysis of the impact of
temperature on the process of concrete construction by investigating concrete hydration
heat [21,22]. Additionally, they explore its effects on the heat transfer characteristics of
energy piles and similar topics [23,24]. Therefore, from the perspective of understanding
the mechanism of cement—soil mixing piles for reinforcing soft soil, it is crucial to investigate
the variations in the temperature field of pile-soil interactions. Cement, as a stabilizer,
undergoes rapid hydrolysis and hydration reactions with the water in the soft soil when
mixed. This process occurs on the surface of cement particles, releasing a significant
amount of heat energy. The elevated temperatures of both the piles and the surrounding
soil result in the generation of substantial hydration heat during the pouring period. Based
on the basic theory of heat of hydration, this study establishes a finite element model with
ABAQUS2020 and sets relevant conditions to analyze the effect of the heat of hydration in
the process of reinforcing foundation with a hydraulic soil mixing pile as well as the effect
on the surrounding soil by considering the different types of cement, ground temperature,
air temperature, and different cement mixing amounts.

2. The fundamental Theory of Hydration Heat Analysis
2.1. Hydration Heat of Cement

As a stabilizer, the hydration heat of cement is mainly related to the characteristics
of the cement itself [20]. Typically, many researchers use empirical formulas for the heat
source function in hydration heat calculations [25]. There is less research based on hydra-
tion kinetics models. The expressions for hydration heat mainly fall into the following
three types:

Q(t)=Qy(1—e™) (1)
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Qo is the final hydration heat at time t—o0. In Equation (1), m is a constant depending
on the type of cement, the temperature of the mold, etc. In Equation (2), n is a constant. In
Equation (3), a, b are parameters.

In actual engineering practice, the exothermic process of hydration is usually evaluated
through adiabatic temperature rise tests. When no available data are present, the adiabatic
temperature rising equation for concrete can be selected as a composite index expression,
which is highly consistent with the test results [26]. This expression is widely used in
studying the heat of hydration, and numerous related studies indicate that using this
hydration heat release curve is more consistent with the real temperature field. According
to the cement variety and concrete strength grade, different coefficients are provided in
the literature. The most commonly used cement in this field of study is ordinary Portland
cement 425 and 525%. Here, QO is the final cement hydration heat release of 330 k] /kg
(425%) and 350 k] /kg (525%), and t is the time (in days). In the given information, for the
value 4257, the coefficients are (a = 0.69) and (b = 0.56), while for 525%, the coefficients are
(a=0.36) and (b = 0.74).

2.2. Heat Conduction Equation

According to the theory of heat conduction, the three-dimensional transient temper-
ature field T(x, y, z, t) of cement-soil mixing piles needs to satisfy the following partial
differential equation [27]:

- (4)

o _ (¥T ,&T T\, Q
ot axz = 9y? 022 cp

In the equation, « is the thermal conductivity of the pile, Q represents the heat released
from cement hydration, t is the time, c is the specific heat capacity of the pile, and p is the
density of the pile.

3. Model Establishment
3.1. Geometric Model and Material Parameters

Using ABAQUS to establish the finite element model of a single cement—soil mixing
pile and the pile foundation system, a geometric model of the pile—soil is shown in Figure 1.
The soil is set as an ideal elastic—plastic material, following the Mohr-Coulomb strength
criterion, and a four-node linear heat transfer tetrahedron (DC3D4) is used to mesh the
model. The cement-soil mixing pile has a diameter of 0.6 m and a length of 8 m, with the
height of the soil equal to twice the length of the pile. The dimensions of the soil are a side
length of 12 m and a depth of 16 m. The material parameters are listed in Table 1, where
the unit weight of the soil is 1900 kg/m3.

Table 1. Pile-soil material parameters.

Thermal Conductivity

. . . . Specific Heat Elastic . .
Materials Density (kg/m®) Coefficient "1 o1 Poisson’s Ratio
(/day-m-1°C-1) (J-kg c1 Modulus (MPa)
Soil 116,640 840 15 0.3
Pile 155,520 1000 800 0.16
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Figure 1. Geometric model of the pile-soil. (unit: m). (A: Pile; B: Soil).

The mesh division is shown in Figure 2. The mesh control employs sweep hexahedral
elements, with a grid size of 0.4 m x 0.4 m x 0.4 m for the pile body (A) and a grid size of
0.1m x 0.1 m x 0.1 m for the soil part (B).

Figure 2. Mesh division for the pile-soil model.

3.2. Initial Conditions

To begin, the initial temperature of the material is set. The initial conditions involve
the temperature distribution within the pile and the foundation soil at the moment when
the calculations start. Under normal circumstances, the initial temperature field can be
considered uniformly distributed. During the hydration heat calculation process, it is
treated as having a constant initial temperature [27]. In this study’s calculations, the
initial temperature of the pile is set to the ground surface temperature when the ground
temperature is not considered, and it is set to the ground temperature when the ground
temperature is considered. The initial temperature of the foundation soil is determined
using a first-order linear expression, considering both the ground surface temperature and
the temperature of deeper layers underground.

T(X/ YI z, t) |t:0 = TO (X/ YIZ) (5)
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3.3. Boundary Conditions and Interactions

Boundary conditions can be determined using the four methods mentioned in ref-
erence [28]. In this study, the boundary conditions involve the interaction between the
pile-soil surface and the surrounding medium, including the thermal conduction effects of
surrounding media such as air, water, or soil. The interaction with the air belongs to the
third type of boundary condition. When the temperature and heat on the contact surface
are in a solid state and the contact is good, it can be considered continuous. The thermal
conduction between the cement-soil mixing pile and the foundation belongs to the fourth
type of boundary condition [25].

In finite element software, the heat transfer between different objects varies. There
can be radiative heat exchange and heat conduction between solid objects. In this study,
the contact between two solids is considered, and it is assumed to be fully conformal. It is
directly defined using “tie” without the need for additional definitions, and temperature is
transmitted directly through nodes.

3.4. Include Ground Temperature Variations

Research has shown significant differences in ground temperature variations between
shallow and deep layers. Generally, shallow ground temperature changes are more pro-
nounced, and as depth increases, the amplitude of the temperature variation decreases.
Deep ground temperatures are relatively stable, with the temperature change amplitude
becoming smaller or approaching zero with increasing depth. With the increase in soil
depth, the average soil temperature rises in autumn and winter, while the average tempera-
ture decreases year by year in spring and summer. The surface soil temperature undergoes
large fluctuations, while the deep soil temperature experiences smaller variations. The
temperature of the soil from 0 to 10 m varies dramatically, while the temperature from 10
to 25 m remains relatively stable [29].

The climate tendency rate of the soil temperature is analyzed using a simple linear
equation method [30]. In winter, the average deep soil temperature increases with depth,
indicating that heat is transferred from the deep layers to the shallow layers. This process
represents the release of energy. The stable depth during winter is around 10 m, and the
stable temperature is approximately 13.2 °C. The temperature of the soil at depths of 10 to
25 m typically fluctuates by less than 0.2 °C during spring and summer, and generally by
less than 0.4 °C during autumn and winter [27]. The paper assumes that the variation in low
temperatures at a depth of 0~10 m follows a linear pattern and employs a first-degree linear
equation for calculation [31], while stability occurs beyond 10 m. Based on the data from
winter soil temperature monitoring in a certain region, it is observed that the temperature
is 7 °C at a depth of 0 m (surface) and 10 °C at a depth of 5 m. A linear relationship can be
obtained, as shown in Figure 3.
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Figure 3. Relationship between soil depth and its temperature.
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3.5. Cement Blending Amount

The cement blending amount will affect the degree of hydration heat in the pile,
thereby influencing the strength of the surrounding soil. With the increase in cement
blending amount, a series of physical and chemical reactions between cement, water, and
soil will occur with the extension of experimental time. The longer the time, the more
thorough the physical and chemical reactions become [32]. This study investigates the
influence of different cement blending amounts (10%, 15%, 20%) using the same type of
cement (ordinary Portland cement 425%) under identical conditions. The curing periods are
set at 7 days, 14 days, 28 days, and 90 days. The analysis focuses on the impact of cement
blending amounts on the temperature field variations in pile-soil interactions.

4. Analysis of the Results
4.1. Calculation Results of the Hydration Heat Temperature Field

With a cement blending ratio of 15% and no thermal exchange between the surface
of the pile—soil system and the surroundings, the initial temperature of both the pile and
the soil surface is 7 °C. Simulating the changes in the temperature field of the structure,
the results for a curing period of 90 days are shown in Figure 4. The result indicates that
ordinary Portland cement 425" is in an adiabatic state throughout the entire soil mass. Heat
conduction starts inside the pile-soil, and each unit of the pile starts to release heat. NT11
represents the temperature field contour map (in degrees Celsius).

(a) (b)

Figure 4. Temperature change diagram of hydration heat at a specific moment in the model. (a) Ordi-

nary Portland cement 425 after 1.5 days; (b) ordinary Portland cement 425% after 90 days.

Figure 5 illustrates the curves depicting the changes over time in the temperature
field calculations of piles at different depths and the inter-pile soil, considering only the
influence of hydration heat. The simulation results indicate that there is a varying degree
of temperature increase within the structure, and the temperature rise becomes more
pronounced as one gets closer to the interior of the pile. The highest temperature is located
within the interior of the pile. Under the influence of hydration heat, the temperature of
the pile body begins to rise, reaching its maximum value in about 3 days. The highest
temperature inside the pile increased by 4.5 °C. Eventually, the structural temperature
stabilizes. The heat release rate of the pile is higher than that of the surrounding soil.
Through heat conduction, the temperature of the soil around the pile begins to rise. The
temperature varies at different depths, with the upper soil layer being higher in temperature
due to the effect of sunlight. The highest temperature reaches around 5 °C. Due to the
effect of hydration heat, the temperature begins to rise and reaches its maximum value in
about 5 days. Subsequently, the temperature inside the pile—soil system starts to decrease
through heat conduction; the upper soil layer experiences a relatively slow decrease in
temperature due to sunlight, while the temperature in the deeper layers decreases more
rapidly; after around 15 days, the temperature of the upper soil layer starts to rise again,
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while the middle and deep layers begin to warm up after around 28 days. With the increase
in curing period, the internal temperature field eventually stabilizes.

14 : :
— Upper node
12 ——Middler node |
— Deep node
10
8 —Pile node
g gl
=
=
2 6
5
= 4
2 !
0 ! 1 1 !
0 20 40 60 80 100

Time(d)
Figure 5. Temperature variation time history graph of the pile-soil model.

Figure 6 is a curve chart of the measured data from the hydration heat temperature
field sensors [33], which remains consistent with the curves plotted in the text. Through the

comparison of Figures 5 and 6, the reliability of the numerical simulation method adopted
in this paper is verified.

100

—4-18
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Figure 6. Roof.

4.2. The Calculated Results of the Temperature Field during the Hydration Heat of Different Types
of Cement

Figure 7 depicts a comparative curve chart of the calculated temperature field between
piles at different depths over time for different types of Portland cement, namely 425 and
525%. The simulation results indicate that the internal temperature of the structure increases
to varying degrees under different types of cement, ultimately reaching a stable state.
During the temperature rise phase, the heat release of the 525 cement is relatively lower
than that of 425%, resulting in a lower maximum internal temperature for the structure.
This difference may be influenced by coefficients (a) and (b). Specifically, the temperature
inside the piles with 425% cement increases to around 5 °C, while for 525 cement, it rises
to approximately 3 °C. Additionally, the temperature of the surrounding soil increases
to about 4.5 °C for 425% cement piles and around 3.75 °C for 525 cement piles. During
the temperature reduction phase, the 525* cement reaches a similar temperature to the
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425* cement at around 7 days, at which point the temperature is approximately 7 °C.
Subsequently, the temperature inside the 525* cement piles decreases more slowly than that
of the 425% cement piles. Consequently, at any given moment, the temperature values of the
525 cement piles remain higher than those of the 425 cement piles until around 28 days,
after which they become equivalent. Following this, there is a temperature increase, and
the internal temperature of the structure eventually stabilizes. The temperature of the
surrounding soil for the piles with 425% cement consistently remains higher than that for
the piles with 525%. Due to the influence of depth, the temperature difference between the
upper portion of the piles with 525% cement and those with 425% cement is greater than that
in the middle and deep sections.

Temperature{ C)
(=2

'

i \ f

——5252 pile-soil

525= pile
4252 pile

14 14
——5252 pile-soil ~——525% pile-soi
4252 pile-soil 12 y ——4252 pile-soil 12 ——425% pile-soi
Pors |
— | 5252 pile — | 525% pie
£10 | 4252 pile =10 | ——425% pie
ot -
-1 \ gs \
: B
g. 6 26 \
£ £ \
A & 4\
L!‘."”_ N\
2 = 2 &_”
0 0

0 20

40 60

Time(d)

(a)

100 0 20 4 60 80 100 0 20 40 60 80 100
Time(d) Time(d)
(b) (c)

Figure 7. Temperature variation over time at different depths for various types of cement. (a) Upper
node; (b) middle node; (c) deep node.

4.3. Results of Hydration Heat Release Rate and Cumulative Heat Release Calculation

The hydration heat release rate, defined as the variable SDV1, represents the heat
released per unit volume over time through a subroutine. Selecting a specific unit from
samples 425* and 525*, the variation pattern of SDV1 over time is shown in Figure 8. It
starts off significant, gradually decreasing over time, and stabilizes around the 3rd day.
This aligns with an exponential expression. Based on the center of the selected element
(consistent with SDV1), the variation pattern of SDV2 (cumulative hydration heat release)
over time is illustrated in Figure 9. The total heat release continues to increase, reaching
stability around the 7th day. Initially, 425% is higher than 525%, but after 7 days, the trend
reverses, with 525% surpassing 425%, and then ultimately stabilizing.

%108

—525#
25} ——425#

-

0 20 40 60 80 100
Time(d)

0

Figure 8. Curve of SDV1 with time.
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Figure 9. Curve of SDV2 with time.

4.4. Results of Soil Temperature Variations

The script for applying soil temperature variations was written in the Python 3.8 lan-
guage and implemented through the ABAQUS secondary development script interface [34].
The developed script is mainly used to achieve the linear variation of soil temperature
as the initial temperature in the boundary conditions. Running the written Python script
code directly in the ABAQUS command window automatically completes the creation
process, as shown in Figure 10. After applying the soil temperature variations, there is a
clear stratification observed between the pile and the surrounding soil, and the results are
consistent with the expected outcomes.

Figure 10. The simulated results of ground temperature variation.

4.5. The Calculation Results at a Certain Moment after Adding the Soil Temperature

With a cement mixing ratio of 15%, the linear variation in ground temperature is added
as the initial temperature within the pile, with the soil edge being thermally insulated.
Using meteorological data from a certain region during the winter, which are calculated
based on numerical forecasts at the central point of the area, and employing daily average
temperature, the boundary conditions for the surface temperature field of the pile and soil
were determined. The temperature field of the cement-mixed piles and the surrounding
soil structure in a certain region during the winter were studied, with an aging period of
90 days. The results at a certain moment are shown in Figure 11.
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Figure 11. The temperature field cloud map at a certain moment.

From Figure 11, it can be seen that the internal temperature of the pile is higher due to
the accumulation of heat from cement hydration reactions, causing the temperature around
the pile to rise. Due to the influence of the ground temperature, the temperature begins
to diffuse to the surroundings, creating a temperature gradient. The surface is in contact
with the outside, where the temperature is relatively low, limiting the rate of temperature
increase at the surface; hence, the surface temperature is lower.

4.6. Results of Vertical Temperature Variation

Taking nodes at different depths as an example, the temperature gradient of the soil
around the pile during the 90-day hydration period is shown in the time distribution curve
in Figure 12.

14 T
—Upper node
12| ——Middler node |
— Deep node
O
210
2
o
g st
5
|_
6 L
4 L I L I
0 20 40 60 80 100

Time(d)
Figure 12. The vertical temperature gradient distribution around the pile.

Analyzing Figure 12, the following conclusions can be drawn: As the rate of hydration
heat release gradually decreases with time, the convective heat transfer rate increases with
the temperature difference between the interior and the environment. Therefore, the core
temperature of the structure shows a pattern of first rising and then falling. The temperature
curve is mainly divided into two stages: temperature rise and temperature fall. The period
from 0 to 5 days is the temperature rise stage, which is caused by the hydration heat of
the pile and the effect of ground temperature, leading to an increase in temperature. Heat
is transferred between the upper node and the external environment, with a high degree
of heat dissipation, so the temperature change in the upper part is relatively gentle. The
highest temperature of the upper node is 10.6 °C, the highest temperature of the middle
node is 12.1 °C, and the highest temperature of the deep node is 13.6 °C. After 5 days,
it enters the temperature fall stage. During this stage, the temperature gradient shows a
decreasing trend. Due to the influence of solar radiation on the upper part, changes begin
to occur, and the heat dissipation rate is relatively fast. Therefore, the temperature decline
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rate is much faster than other parts. After around 40 days, the temperature begins to rise
slowly, and after around 60 days, it starts to decrease, followed by a gradual increase again.
The temperature drop in the middle and deep layers is not significant due to the small
influence of solar radiation. Influenced by ground temperature, the temperature in the
deep part of the soil remains higher than the temperature in the upper part of the soil.
The temperature around the pile rises by a maximum of 4.6 °C. With the effect of heat
conduction, the temperature of the pile-soil structure basically stabilizes after 90 days. The
temperature varies at different nodes.

Figure 13 represents the measured temperature data at different depths of the pile—soil
system [35]. By comparing it with Figure 12, the presented pattern of pile-soil temperature
variation with depth, incorporating ground temperature, aligns well with the observed
data. This confirms the reliability of the numerical simulation method employed in this
paper. Furthermore, through comparison with the relevant literature [36,37], the correctness
of the numerical model is validated, demonstrating its ability to effectively simulate the
heat transfer process between the pile and soil.

40

—1.8m

[\ %) %)
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0 : : ‘
1122 0114 0122 0130 0317 0415
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Figure 13. Monitoring hole.

4.7. Temperature Field Changes with Different Cement Blending Amounts

The temperature curves at the same depth with different cement blending amounts
are shown in Figure 14.

18 T T
—— 10%blending amount
16 ——15%blending amount
— 20%blending amount
O 14 ]
T
5 12
©
o 10 -
£
L8
6
4 . . . . J
o] 20 40 60 80 100
Time(d)

Figure 14. The temperature curve graphs under different cement blending amounts.

The results indicate that with a higher cement blending amount, the temperature
increased by the hydration of the cement—soil mixing piles is higher. At the same depth,
with an initial temperature of 8.4 °C, the maximum temperature increased by hydration is
12.8 °C for a 10% cement blending amount, 15 °C for a 15% cement blending amount, and
17.5 °C for a 20% cement blending amount. With the increase in cement blending amount,
the maximum temperature difference is 9.1 °C. The temperature rise is significant. During
the cooling process, the cement blending amount affects the cooling rate. The greater the
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(a) 10%

(a) 10%

(a) 10%

cement blending amount, the faster the temperature decrease, reaching the same level after
around 50 days.

By using cement blending amounts of 10%, 15%, and 20%, the temperature field clouds
at different ages are shown in Figures 15-18; Table 2 provides specific numerical values for
the temperature field cloud changes at a certain age.

"

(b) 15% (c) 20%

Figure 15. Temperature field cloud map at different cement blending amounts on the 7th day.

(b) 15% (c) 20%

Figure 16. Temperature field cloud map at different cement blending amounts on the 14th day.

10.630
9.609 K
8.588
7.568
6.547

(b) 15% (c) 20%
Figure 17. Temperature field cloud map at different cement blending amounts on the 28th day.

From Figures 15-18, as well as Table 2, the following observations can be made: The
temperature change region at 7 days includes the area where the cement-soil mixing pile
hydration reaction occurs and the surrounding soil. With an increasing cement blending
amount, the temperature field of this structure rises. The highest temperature regions
vary. The highest temperature region for a 10% cement blending amount appears deep
within the soil, while for 15% and 20% cement blending amounts, it appears within the
pile body. When the cement blending amount increases by 5%, the maximum temperature
rises by 1 °C. Under the influence of ground temperature and aging, the temperature
field changes are generally small. The influence of hydration heat gradually diminishes
at 14 days, leading to significant temperature gradients. The trend is most pronounced
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(a) 10%

with a 20% cement blending amount, and temperature variations are also observed in the
upper layers. At 28 days, the temperature gradient begins to level off. Under the influence
of ground temperature and heat conduction, the temperature field changes with different
cement blending amounts are generally small. At 90 days, the temperature gradient tends
to stabilize, with changes primarily occurring in the upper and middle layers. With the
increase in age, the internal temperature field eventually reaches a stable state. The results
provide a certain reference basis for further promoting the engineering application of
cement-soil mixing piles in reinforcing soft soil.

(b) 15% (c) 20%

Figure 18. Temperature field cloud map at different cement blending amounts on the 90th day.

Table 2. Temperature changes at different cement blending amounts on the 7th day.

10% Blending 15% Blending 20% Blending
Temperature/°C Temperature/°C Temperature/°C
13.391 14.437 15.524
12.440 13.399 14.395
11.489 12.361 13.266
10.538 11.323 12.138
9.587 10.285 11.009
8.636 9.247 9.880
7.685 8.208 8.752
6.735 7.170 7.623
5.784 6.132 6.496
4.833 5.094 5.336
3.882 4.056 4.237
2.931 3.018 3.108
1.980 1.980 1.980

From the perspective of the temperature field, the higher the cement blending amounts,
the higher the temperature of the pile and the surrounding soil. However, when considering
various factors such as bearing capacity and engineering geological conditions, the final
choice of cement blending amounts should be based on the specific needs of the project,
cost budget, and acceptable environmental impact, in order to achieve the best balance
between economy, engineering performance, and environmental sustainability.

4.8. The Practical Impact

The practical significance of this study mainly includes the following content.

Optimized Cement Composition: Selecting cement types and additives that manage
hydration heat effectively could minimize the risk of excessive temperature increases,
reducing potential damage to the pile and surrounding soil.

Temperature Monitoring During Construction: Implementing real-time temperature
monitoring during the pouring and curing process can help identify potential issues
early on. Adjustments to the construction process or materials can be made based on the
monitored data to control the temperature within safe limits.
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Improved Pile Design: Understanding the temperature profile and its impact on soil
properties enables engineers to design pile foundations that account for changes in soil
strength and behavior due to temperature variations. This could lead to more accurate
predictions of bearing capacity and settlement.

Construction Timing and Techniques: Planning construction activities to avoid peak
temperature periods and employing techniques that dissipate heat more efficiently can
help manage the thermal impact on the soil and the structure.

Enhanced Pile-Soil Interaction Models: Incorporating temperature effects into models
of pile-soil interaction allows for a more comprehensive analysis of pile performance under
various environmental conditions. This can lead to designs that are both safer and more
cost-effective.

5. Conclusions

This study, through the establishment of a three-dimensional finite element model,
simulated the changes in the temperature field during the reinforcement of soft soil by
cement-soil mixing piles for 90 days. The conclusions obtained are as follows:

(1) Without considering the ground temperature, a 15% cement blending ratio, under
the influence of 425% cement hydration, results in an internal temperature rise in the
structure, reaching its peak around 5 days and eventually stabilizing with the aging
process. The pile itself experiences a temperature increase of 5 °C. The temperature
generated by hydration heat causes a 4.2 °C increase in the temperature of the soil
around the pile. Due to the temperature at the pile-soil surface, the temperature at
upper depths rises by 5 °C. The temperature of the 525 cement pile itself increased by
3 °C, while the heat generated by hydration raised the temperature of the surrounding
soil by 3.75 °C.

(2) During the temperature rise phase, the temperature inside the pile generated by the
hydration of the 425% cement is higher than that of the 525%. In the temperature
decrease phase, the temperature inside the pile produced by the hydration of the 425%
cement remains higher than that of the 525*. The temperatures become equal around
the 7th day. Additionally, the soil temperature around the pile of the 425* cement is
consistently higher than that of the 525*.

(38) The simulation of the hydration heat release rate and cumulative hydration heat
of the cement was achieved through an associated subroutine, conforming to the
composite index expression of hydration heat. The linear change process of the
ground temperature was implemented through programming language.

(4) Upon adding the ground temperature, the temperature curve between the pile shows
a pattern of initial rise followed by a decrease, divided into two stages: temperature
rise and temperature decrease. Due to the influence of sunlight temperature, the
temperature curve of the soil between the upper pile differs from that of the middle
and deep layers. The internal temperature of the entire structure reaches its peak
around 5 days, resulting in a 4.6 °C increase in the temperature of the soil around
the pile.

(5) The temperature generated by the hydration of cement-soil mixing piles increases
with the increase in the cement blending amount. The hydration temperature of the
pile body increases by 4.4 °C with a 10% cement blending amount, 6.6 °C with a
15% cement blending amount, and 9.1 °C with a 20% cement blending amount. The
temperature rise is significant. Therefore, in actual construction, the temperature of
the piles should be controlled by adjusting the cement blending amount to avoid
adverse effects on the structure caused by excessively high temperatures.

(6) The temperature field of the structure shows minimal changes after 7 days with
increasing time and cement blending amount. At 7 days, the temperature changes
caused by different cement blending amounts occur within the range of the hydration
reaction inside the piles and the surrounding soil. By 14 days, significant temperature
gradients appear. At 28 days, the temperature gradient smoothens, with temperature
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changes beginning to occur in the upper-middle layers. Finally, by 90 days, the
temperature field stabilizes.
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