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Abstract: To control settlement deformation in permafrost regions, new piles are con-
structed for remediation. However, the construction of new piles inevitably causes thermal
disturbance to the existing pile foundations. A three-dimensional quarter-model of a rect-
angularly arranged pile group was established to analyze temperature field changes under
construction time in odd-numbered months. In addition, a refreezing rate formula based
on the effective freezing temperature was developed to examine the annual changes. The
results indicate that the thermal disturbance from the new pile foundation construction
gradually weakens over time but does not subside within a year, which significantly affects
75% of the existing pile length, and that the refreezing rate continues to increase after
construction in November, i.e., the initial month of the cold season, and is maximized
in approximately 60 days. This result suggests that November is the optimal time for
such construction activities. The findings of this study provide valuable insights for pile
engineering practices to mitigate issues caused by permafrost degradation.

Keywords: permafrost region; pile foundation; engineering diseases; optimal construction
time

1. Introduction
With the development of the global economy and technology, the construction of

railways, highways, and other infrastructure in permafrost regions is becoming increasingly
common. Over the past half-century, the Qinghai–Tibet Highway and Qinghai–Tibet
Railway have been successively opened to traffic [1,2]. During the operation of projects
in permafrost regions, a series of engineering problems has emerged, and some sections
have experienced varying degrees of engineering diseases [3]. Permafrost depends on
low-temperature environments for existence. Studies have shown that the average annual
temperature on the Qinghai–Tibet Plateau is rising due to global climate change and
threatens the survival of the permafrost [4,5]. Changes in the permafrost environment will
directly change its thermal stability and mechanical stability [6].

The study of interaction mechanisms between engineering structures and permafrost
and of the mechanics of permafrost has been in a gradual exploration phase [7–9]. Its
mechanical properties, thermal stability, and engineering characteristics are key to under-
standing the permafrost [10]. Correct understanding and in-depth research on these issues
are crucial for the design, construction, and post-operation maintenance of engineering
projects in permafrost regions [11].
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In permafrost foundation engineering, pile foundations are the most common form of
foundation. Due to their great depth and minimal influence from the active layer, they are
widely used in permafrost regions [12,13]. Engineering structures such as “replacing roads
with bridges” projects and other facilities designed to protect permafrost play an important
role in ensuring the safe operation of the Qinghai–Tibet Railway and Highway [14]. Notably,
the implementation of these engineering measures has reduced deformation compared to
conventional embankments according to long-term monitoring data. Engineering practice
in permafrost regions has shown that pile foundations are an effective foundation type for
controlling structure deformation [15]. In general, the bearing capacity of pile foundations
in permafrost regions mainly relies on the adfreeze force between the piles and the per-
mafrost [16,17]. Therefore, the increase in temperature of the permafrost and increase in
depth of the permafrost table directly decrease the bearing capacity of pile foundations [18].
In some areas, sub-permafrost water poses a threat to the permafrost environment, which
makes the permafrost base rise, decreases the thickness of the permafrost layer [19], and
threatens the thermal stability of pile foundations [20,21].

Ensuring the thermal stability of pile foundations in the context of global warming
and extreme climate conditions is a critical task in design and construction [22]. For the
existing projects, ensuring the safe operation of existing structures is a major challenge.
Current research is mostly focused on the thermal stability and bearing capacity of newly
constructed bored pile foundations, while there is less attention given to the treatment of
settlement-related issues [23], particularly differential settlement induced by permafrost
degradation [24]. For pile foundations with significant deformation and settlement issues,
adding new piles around the existing ones is an effective remediation measure, though this
may create complex group pile interaction effects [25]. Using thermosyphons for active cool-
ing is another main measure to reduce thermal disturbances during pile construction [26,27].
However, the thermal effects of pile construction can cause thermal disturbances to the
surrounding environment and eventual failure or deformation of the existing pile foun-
dations, particularly under the influence of concrete hydration heat [18]. To address this
issue, reducing the hydration heat of concrete and pouring temperature can reduce the
range of thermal disturbance and accelerate the refreezing process of permafrost to enhance
the long-term thermal stability of pile foundations, but the hydration heat of concrete is
not completely eliminated in practice. Therefore, optimizing the construction time of new
pile foundations becomes an effective strategy to minimize the thermal disturbance to the
existing pile foundations.

This paper used a defective pile foundation in a permafrost region as an example and
added new piles deeper than the existing one on both sides of the existing pile foundation.
The distribution of ground temperature fields was analyzed after pile pouring at different
times to determine the optimal construction time for the new pile foundation. The study
considered the influence of the environmental temperature, latent heat of phase change,
and concrete hydration heat. The concept of effective freezing temperature, which is the
difference between the current negative temperature of the soil and its freezing temperature,
was introduced. The refreezing rate within 360 days after pouring the new pile foundation
in January, March, May, July, September, and November was plotted. This study has good
practical value for determining the optimal construction time for new pile foundations
while considering the thermal stability of the existing ones.

2. Geometric Model and Method
2.1. Geometric Model

The model, as shown in Figure 1, is based on a practical bridge engineering project
in the permafrost region of the Qinghai–Tibet Plateau, with a depth of H = 20 m and a
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diameter of D = 1.25 m. It is arranged in a rectangular pile group with a spacing of 3.5*D.
The new pile foundation has a depth of h = 40 m, a diameter of d = 1.0 m, and a spacing
between old and new piles of 3.5*D. Considering the symmetry of the object under study,
one-quarter of the object was selected for analysis. The thermal influence range of the pile
group in the horizontal direction is designated as 20 m through a trial calculation, and the
range may vary depending on the temperature environment. For ease of calculation, the
model selects a rectangular frozen soil body of 20 m × 20 m × 50 m to represent the range
of frozen soil affected by thermal disturbance.
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In a Cartesian coordinate system, the heat conduction equation for a space containing
heat sources is:
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where C is the specific heat capacity with units of J/(m3·K); λ is the thermal conductivity
with units of W/(m·K); T is the temperature measured in degrees Celsius (K); t is time
measured in seconds (s); and qv is the source term with units of W/(m3).

During the freezing–thawing process of soil, water in the soil experiences a phase
transition. Assuming a sharp phase transition interval, in the temperature range of(

Tt − ∆T
2 , Tt +

∆T
2

)
, most of the water in the soil undergoes phase transition. Thus, to

prevent abrupt changes in numerical values that may lead to non-convergence of the
numerical calculations, a smoothing segment must be introduced into the function by
incorporating a second-order differentiable step function α as follows:

α =

{
0 T < Tt − ∆T

2
1 T ≥ Tt +

∆T
2

, (2)

where ∆T is the interval of abrupt phase transition, taken as 1 ◦C; and Tt is the temperature
of the abrupt phase transition, taken as −0.5 ◦C.

The first-order derivative of α is:

δ(T) = d(α(T), T), (3)
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∫ +∞

−∞
δ(T)dT = 1. (4)

Disregarding water migration during the soil freezing–thawing process, the equivalent
heat capacity from the water phase transition in the soil is expressed by Equation (5), and
the thermal conductivity is expressed by Equation (6) [28].

C = Cf + (Cu − Cf)α(T) + Lρdθ0δ(T), (5)

λ = λf + (λu − λf)α(T) (6)

In the equation, L is the latent heat of the water phase transition, which is 334.56 kJ/kg;
ρd is the dry density of the soil measured in kg/m3; θ0 is the moisture content; and
subscripts u and f represent the thawed and frozen states of the soil, respectively. Table 1
lists the thermal parameters of soil.

Table 1. Thermal parameters of soil.

Lithology Depth
(m)

θ0
(%)

Cu
(kJ/(m3·K))

Cf
(kJ/(m3·K))

λu
(W/(m·K))

λf
(W/(m·K))

Fine angular gravel −1.0–0 18.0 1911 1577 1.11 1.26
Fine sand −5.0–−1.0 15.0 1834 1525 1.29 1.43

Weathered bedrock
−20.0–−5.0 12.0 2549 2140 1.49 1.61
−50.0–−20.0 10.0 2390 2021 1.52 1.63

2.3. Boundary Conditions

Based on measured data from a natural borehole in the Tanggula region of the Qinghai–
Tibet Plateau, the surface temperature considerably fluctuates due to ambient temperature
variations, and the ground temperature at a depth of 0.5 m exhibits a sinusoidal variation
pattern. Therefore, this depth was disregarded and instead applied as a boundary condition
after fitting, and data in 2024 were fitted as follows [29]:

Ts = −1.91 + 7.35 sin
(

2π

8640
t +

3
2

π

)
. (7)

The surface of the soil adopts a first-type boundary condition based on the aforemen-
tioned equation. For the surface of the pile foundation, a first-type boundary condition Tp

is imposed, which has a higher average temperature than the natural ground surface (as
referenced in the literature). ∆Tc is 0.3 ◦C [30].

Tp = −1.91 + 7.35 sin
(

2π

8640
t + φ

)
+ ∆Tc (8)

In the equation, φ is the initial phase angle.
A flux boundary condition is applied at the lower boundary z = −50 m.

∂T
∂z

= −0.015 K/m (9)

Insulating boundaries are applied around the perimeter of the three-dimensional
geometric model.

2.4. Initial Condition

Using the above boundary conditions, a one-dimensional soil column temperature
field calculation was conducted to obtain a stable temperature field distribution. Then, the
temperature fields of each odd-numbered month were extracted as the initial values for the
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three-dimensional soil calculation, with adjustments for the initial phase angles. Table 2
shows the initial phase angle of each month.

Table 2. Initial phase angles.

Month 1 3 5 7 9 11

θ −π/2 −π/6 π/6 π/2 5π/6 7π/6

2.5. Concrete Hydration Heat

The generation rate of hydration heat in concrete is [31]:

qv = WQ0me−mt. (10)

In the equation, the cement content W is taken as 275 kg/m3; the final hydration
heat release of cement Q0 is taken as 335 kJ/kg; t is time, i.e., the age of the concrete in
days; and m is a parameter related to the initial temperature and cement content with
units of 1/d. The initial temperature is 5.0 ◦C, and m is taken as 0.295. The specific heat
capacity of concrete Cc is taken as 2300 kJ/(m3·K), and the thermal conductivity is taken as
1.74 W/(m·K).

3. Results and Analysis
3.1. Temperature Field Distribution of Pile Foundations

The interaction between pile and soil, including heat and stress, is the basis for the
study of pile bearing characteristics [32–34]. After solving for the spatial temperature
field, we extracted the temperatures at the cross-section through the center of the new and
old pile foundations and generated the contour plots. Then, ground temperatures were
extracted at intervals of 10, 30, 60, 120, 240, and 360 days after the new pile foundation
had been constructed. The changes in temperature field after the pile construction were
analyzed. Additionally, taking the initial months of November and May as examples for
pile construction in the cold and warm seasons, respectively, we analyzed the changing
patterns of the ground temperature field.

Figure 2 shows the temperature field distribution at different times after the pile con-
struction in May. Overall, the thermal disturbance caused by the hydration heat of the pile
concrete weakened over time, but its thermal impact was not completely eliminated within
360 days. Figure 2a shows the temperature field at 10 days after construction, where the
new pile circumference was surrounded by the 0 ◦C isotherm, which indicates that the pile
was completely in a thawed state. Additionally, the lower part of the new pile foundation
exhibited a larger thermal disturbance range in the surrounding frozen soil without causing
a significant thermal disturbance to the existing pile foundation. Figure 2b shows the tem-
perature field at 30 days, where the temperature around the new pile foundation was below
0 ◦C but above −0.5 ◦C. The area below −30.0 m in depth was surrounded by the 0 ◦C
isotherm, which shows a gradually expanding drop-shaped distribution of temperature
disturbance from top to bottom. Figure 2c illustrates the temperature field at 60 days, where
the area surrounded by the 0 ◦C isotherm continued to decrease, but the temperature in
the negative-temperature section of the pile remained relatively high. Within the depth
of −35 m, the temperature around the pile foundation was below 0 ◦C; the area between
−35.0 m and −40 m remained enclosed by the 0 ◦C isotherm. At this stage, the thermal
impact on the existing pile foundation became more significant. Figure 2d–f show the
temperature field at 120, 240, and 360 days after construction, respectively. The thermal
disturbance generated by the construction of the new pile foundation gradually weakened
over time. However, the ground temperature around the new and old pile foundations
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remained higher than the temperature of undisturbed ground, which indicates that the
thermal disturbance caused by the construction of the new pile foundation continued for
more than a year. Complete elimination of the thermal impact of hydration heat from the
new pile foundation on both existing and new pile foundations may require a longer period.
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Figure 2. Temperature field distribution after the pile construction in May.

As shown in Figure 3, the temperature field after the pile construction in November
had a similar variation trend to that in May. Regardless of whether pile construction
occurred in the warm season starting in May or in the cold season starting in November,
the thermal disturbance caused by hydration heat on the existing pile foundations and
underlying permafrost did not dissipate within one year. The increase in temperature of
the existing pile foundations due to hydration heat may decrease their bearing capacity.
The thermal disturbance caused by pile construction is detrimental, since it may cause
further settlement deformation. Therefore, after the construction of new pile foundations,
it is essential to construct combined pile foundations of new and old ones. This process
involves enlarging the pile caps between new and old pile foundations to provide support
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for the upper loads of both foundations, control the deformation of the superstructure, and
complete the treatment of engineering diseases.
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3.2. Effect of Thermal Disturbance of New Pile Construction on Existing Pile Foundations

In this study, a distance of 20.0 m from the geometric center of the original pile group
was considered unaffected by the pile foundation thermal disturbance. Ground tempera-
tures within a depth of −20.0 m were extracted and compared with the temperatures of
existing pile foundations. Temperature–depth relationship curves were plotted to analyze
the relationship between existing pile foundations and undisturbed permafrost after the
construction of new pile foundations at different times.

Figure 4 shows the temperature comparison curves between existing pile foundations
and natural ground after 30, 60, 120, and 240 days of pile construction in November.
Overall, within 240 days, the temperature difference between existing pile foundations and
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undisturbed ground increased over time, which indicates an overall increase in temperature
of existing pile foundations due to the hydration heat of new pile foundations. Figure 4a
shows the comparison curve at 30 days after construction; except for a slight difference
at a depth of approximately −2.5 m, no significant impact was observed at lower depths.
Figure 4b–d show the comparison curves at 60, 120, and 240 days after construction,
respectively. The temperature difference between existing pile foundations and undisturbed
ground gradually increased over time. For example, at a depth of −8.0 m, the temperature
of existing pile foundations was 0.11 ◦C, 0.21 ◦C, and 0.46 ◦C higher than that of undisturbed
ground at 60, 120, and 240 days, respectively.
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Figure 5a–f show the comparison curves of ground temperatures between existing pile
foundations and undisturbed ground at 180 days after pile construction in January, March,
May, July, September, and November, respectively. Overall, after 180 days of construction
in different months, the ground temperatures of the existing pile foundations increased.
For example, at a depth of −8.0 m, the ground temperature of the existing pile foundations
increased by 0.39 ◦C after 180 days of construction in January (Figure 5a) and by 0.25 ◦C
after 180 days of construction in July (Figure 5d).
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As shown in Figures 4 and 5, after a certain period following construction in different
months, the temperature of the existing pile foundations increased due to the hydration
heat of new pile foundations, although no thawing occurred. The lower part of the existing
pile foundations was most affected by the thermal disturbance of the new pile foundations.
Within a depth of approximately 3.0 m from the ground surface, both existing pile founda-
tions and undisturbed ground were most influenced by ambient temperatures, and their
temperature changes closely corresponded to variations in ambient temperature. Since the
pile material was mainly concrete, which is a good heat conductor, the thermal impact of
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new pile foundations on the temperature in this depth range was negligible. There was
no significant temperature increase within the lower 2.0 m range of the pile base, which
indicates that the thermal impact of hydration heat in this segment was also negligible.
Therefore, construction in different months increased the temperature at a certain depth
of the pile body. The majority of the depth range of the pile body is affected by hydration
heat except for the ends of the pile. The heat-affected length accounted for 75% of the total
pile length.

3.3. Temperature Variation Characteristics at Different Depths of Existing Pile Foundations
over Time

To analyze the temperature variation trend of existing pile foundations after the
construction of new pile foundations, ground temperatures at depths of −5 m, −10 m,
−15 m, and −20 m at 360 days after the pile construction in November were extracted.
A temperature–time variation curve was plotted for each depth, as shown in Figure 6. Over-
all, the temperature of the entire pile body increased when the magnitude of temperature
fluctuations decreased with increasing depth. The ground temperature at the bottom of
the existing pile foundations (−20 m) showed almost no annual variation: the temperature
increased by approximately 0.04 ◦C within 360 days. The ground temperature at a depth
of −15 m also exhibited little fluctuation, with a temperature increase of approximately
0.19 ◦C. At a depth of −10 m, the ground temperature slightly increased by approximately
0.30 ◦C with minor fluctuations. The ground temperature at a depth of −5 m had the
largest fluctuation: the difference between peaks and valleys was 1.0 ◦C, and the temper-
ature increase was approximately 0.15 ◦C. Comparatively, the temperature increase was
maximal in the middle part of the existing pile foundations and minimal at the bottom of
the pile foundations.
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Figure 6. Ground temperature curves at different depths of an existing pile over time.

3.4. Temperature Variation Characteristics of New Pile Foundations over Time

The preceding sections analyzed the thermal impact of hydration heat from new pile
foundations on existing pile foundations. This section examines the refreezing process
of pile foundations under hydration heat conditions. The temperature along the axis of
the new pile foundations was extracted, and contour plots in November construction
were generated, as shown in Figure 7. Overall, under the influence of hydration heat, the
temperature of the entire pile body increased but gradually decreased over time. Within
approximately 20.0 m from the center of the new pile foundations, which is the upper
section of the new pile foundations, basic freezing (≤0 ◦C) was achieved in approximately
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20 days. However, at deeper depths, it took longer to achieve basic freezing, and a deeper
depth required more time to complete freezing. By day 92 of pile construction, the entire
pile body achieved basic freezing.
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4. Discussion
In permafrost regions, the bearing capacity of pile foundations mainly relies on the

development of a freezing force in the pile body. A lower temperature corresponds to
a greater freezing force. Therefore, to avoid significant plastic deformation of the pile
foundation, loading should be applied after the pile body has refrozen in some degree. As
analyzed in the preceding sections, new pile foundations can cause considerable thermal
disturbance to the existing pile foundations, increase the deformation, and exacerbate
diseases. Consequently, the loading construction for new pile foundations cannot wait
until after they have completely refrozen.

Analyzing the temperature field of new and existing pile foundations and selecting
the construction time based on the ground temperature curves of new and existing pile
foundations are complex and inconvenient for comparison. Therefore, this study integrated
the ground temperature curve into a single value and introduced the concept of the re-
freezing rate. The ratio of the integral in the disturbed and undisturbed depth ranges is
considered the refreezing rate. The refreezing rate can also be the ratio of the average
ground temperature in the pile length range.

Negative temperatures significantly impact the bearing capacity of pile foundations.
Therefore, this study focused on the contribution of temperatures below the freezing
temperature to the pile foundation. In this context, the effective freezing temperature was
introduced, which is the difference between the current negative temperature of the soil
and its freezing temperature. It is defined as follows:

T′ =

{
0 T ≥ Tf

T − Tf T < Tf
. (11)

By introducing a piecewise function β(T), we can rewrite the effective freezing tem-
perature as follows:

β(T) =

{
0 T ≥ Tf

1 T < Tf
, (12)
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T′ = (T − Tf)β(T). (13)

To comprehensively reflect the thermal disturbance situation of the permafrost site
after backfilling construction, using single-point temperatures is insufficient for fully eval-
uating the thermal condition of the disturbed site. Neglecting the positive-temperature
section, the area between the temperature–depth curve of the disturbed site and the freez-
ing temperature curve of the soil from the lower limit of construction disturbance to the
surface is:

S =
∫ z2

z1
T′(z)dz. (14)

By integrating within the depth range of construction disturbance between upper limit
z1 and lower limit z2, we compared the disturbed site and undisturbed site at the same
depth range. The ratio of the area between the temperature–depth curve of the disturbed
site and freezing temperature curve and the area between the temperature–depth curve of
the undisturbed site and freezing temperature curve is defined as the refreezing rate. This
refreezing rate was used to comprehensively assess the thermal condition of the site under
heat disturbance and is expressed as follows:

η =
Sd
Sn

× 100% (15)

In practical applications, the trapezoidal rule can be used for integration based on the
measured single-borehole temperature data.

To analyze the refreezing situation of the piles under the combined effect of the new
and old piles, the temperature–depth curves of the existing 20 m-long piles and newly
constructed 40 m-long piles were separately integrated and summed. The result was
compared with the sum of the integrated values of the undisturbed site temperature–depth
curves at the corresponding depths.

Figure 8 shows the refreezing rate over time after new piles were poured in January,
March, May, July, September, and November. A decreasing trend in the refreezing rate was
observed within approximately 20 days after construction for May, July, and September.
Then, an increasing trend was evident, wherein May, July, and September showed progres-
sively greater rates of increase. The refreezing rate maximized at 73% after 112 days of
construction in September, and slightly higher peaks were achieved in May and July after
220 and 174 days, respectively. There was no significant increase in refreezing rate after
new piles were poured in March, and the maximal refreezing rate was 78% at 290 days.
For construction in January, the maximal refreezing rate of 63% was attained after approxi-
mately 45 days. For construction in November, the maximum of 68% was attained after
60 days, followed by a minor decrease due to environmental temperature.

The above analysis indicates that construction during the winter season is most favor-
able for reducing the temperature of newly constructed piles and minimizing the thermal
disturbance caused by the hydration heat on the existing piles. After the construction
in May and July, the refreezing rate decreased, and it took approximately half a year to
reach the peak refreezing rate. Construction in March led to a relatively slow increase in
refreezing rate, which was not conducive to the construction of disease control engineering
projects. Construction in January resulted in a faster increase in refreezing rate, but the peak
refreezing rate was relatively low, and the low environmental temperature at this time was
not suitable for on-site construction. In September, due to the higher ground temperature
and thermal disturbance caused by hydration heat, the refreezing rate decreased in a certain
time period. However, throughout the entire winter season, the refreezing rate increased
to a relatively high level. Since a decrease in refreezing rate may exacerbate existing pile
diseases, construction at this time is not advisable. November is the beginning of the winter
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season, and after construction, the comprehensive refreezing rate of the new and old piles
increased, so November is the optimal construction time for settlement deformation control.
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It should be noted that the temperature of the pile foundation is the main factor
affecting its deformation and bearing capacity, so it is essential to pay comprehensive
attention to the changes in this key factor and try to simplify the evaluation index. When
settlement damage occurs to pile foundations, the above method can be used to optimize
the construction time selection. Additionally, in practical engineering, thermosyphons are
also a measure for addressing pile foundation diseases. When both thermosyphons and
newly constructed pile foundations are applied simultaneously, further research is needed
to determine the optimal construction time for both measures. The method of this paper
can be generalized and applied to other foundation types, such as tower foundation by
open-cut construction.

5. Conclusions
In conditions where permafrost is subjected to warming or underground water heat

disturbance, the bearing capacity of existing pile foundations may decrease, which ne-
cessitates pile reinforcement measures for disease control. The hydration heat generated
by the construction of new pile foundations can thermally disturb the existing piles and
permafrost. To minimize these disturbances, this study numerically simulated temperature
field changes under different construction conditions for new pile foundations in different
months. A formula was established for the refreezing rate based on the effective freezing
temperature to select the optimal construction time. The conclusions are:

The thermal disturbance generated by the construction of new pile foundations grad-
ually diminishes over time. Under the calculated ground temperature conditions, the
ground temperature around new and existing pile foundations remains higher than that
of undisturbed ground for up to one year. The thermal impact caused by the hydration
heat of new pile foundations on existing and new pile foundations may require more than
one year to completely disappear. Construction in different months results in temperature
increases at certain depths of the pile body. Except for the ends of the pile, 75% of the length
of the existing pile body is affected by the hydration heat.

Under the influence of hydration heat, the new pile body experiences temperature
increases, but the temperature gradually decreases over time. A pile body at a greater
burial depth takes longer to completely freeze. Under construction conditions in November,
the entire pile body achieves basic freezing (≤0 ◦C) in approximately 92 days. The winter
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season plays a crucial role in reducing thermal disturbances from new pile foundations
and increasing the refreezing rate. Compared to other months, construction in the initial
month of winter, i.e., November, increases the refreezing rate, which maximizes at 68% in
approximately 60 days. Thus, November is the optimal construction time for the disease
treatment of such pile foundations.
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