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ABSTRACT

Accurate evaluation of deep oil and gas reservoirs critically depends on key properties such as rock
porosity and permeability, which are significantly affected by high-temperature conditions in deep
formations. In-situ temperature-preserved coring (ITP-Coring) is a prerequisite for reliable assessment
of deep rock properties, with thermal insulation materials serving as its key component. This study
investigates the performance variation law and damage evolution characteristics of thermal insulation
materials under high-temperature and high-pressure conditions. The findings show that at elevated
temperatures, the material compressive strength decreases to one-fourth to one-fifth of its value at
room temperature, while the peak compressive strain increases by two to three times. Furthermore, the
energy evolution and damage characteristics of the hollow glass microsphere/epoxy thermal insulation
materials (HGM/EP materials) during uniaxial compression were analyzed, and an energy-driven sta-
tistical damage constitutive model was established, which effectively predicts the stress—strain
behaviour of HGM/EP materials after temperature-pressure preconditioning. The correlation between
initial damage d and pretreatment temperature and pressure was also examined. It was found that
when the pretreatment pressure is below 100 MPa, the threshold temperature at which initial damage
sharply increases is 100 °C. An initial damage evolution model considering temperature and pressure
effects was established, and the relationship between damage rate, temperature, pressure and initial
damage was analyzed. The research results provide a theoretical basis for the application of thermal
insulation materials under extreme conditions in deep ITP-Coring operations.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

resources, China has initiated two ultra-deep scientific exploration
wells: the Deep Earth TK1 Well and the Deep Earth CK1 Well.

As the Earth's resources continue to be exploited, the gradual
depletion of shallow subsurface deposits has driven resource
exploration and development toward greater depths (Xie et al.,
2015, 2019, 2023). In the context of plentiful oil and gas
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Notably, the TK1 Well surpassed the 10,000 m mark on March 4,
2024, achieving a final drilled depth of 10,910 m. Concurrently, the
CK1 Well is currently being drilled toward its target depth of
10,520 m (Sun et al., 2024). Deep oil and gas resources are in high-
temperature environments, with a geothermal gradient of up
30-50 °C/km (Liu et al., 2016). High temperatures can markedly
affect key properties such as rock permeability and porosity, which
are critical for accurate assessment of deep subsurface oil and gas
reserves (Chandra et al., 2021; Lin et al., 2023; Saif et al., 2017).
Therefore, accurate evaluation of reservoir rock characteristics is a
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core component of deep hydrocarbon resource exploration and
exploitation. However, core samples obtained by conventional
coring methods cannot maintain their in-situ physical and me-
chanical characteristics. As a result, the rock properties derived
from such core samples are often inadequate for accurately
assessing the in-situ conditions of deep resources (Xie et al., 2020).
Therefore, developing in-situ temperature-preserved coring (ITP-
Coring) technology is imperative to acquire cores that retain their
original temperature conditions (Xie et al., 2021, 2023).

An important component of the deep ITP-Coring technology is
thermal insulation materials. However, deep high-temperature
and high-pressure (HTHP) environments make it difficult for
existing thermal insulation materials to be directly applied.
Composite materials made from hollow glass microspheres and
epoxy resin exhibit properties such as high-pressure and high-
temperature resistance and low thermal conductivity, making
them ideal thermal insulation materials for ITP-coring in deep
reservoirs (He et al., 2020, 2022; Yang et al.,, 2022). However,
during the application of hollow glass microsphere/epoxy thermal
insulation materials (HGM/EP materials) in extreme HTHP envi-
ronments, damage inevitably occurs, which can affect their phys-
ical and mechanical properties (He et al., 2024a). Therefore, to
ensure that thermal insulation materials perform effectively dur-
ing the ITP-Coring process, there is an urgent need to conduct
research on the damage evolution and property changes of HGM/
EP materials under HTHP conditions.

Researchers have extensively studied the properties of particle-
reinforced epoxy resin matrix composites under conventional
conditions (Wu et al., 2021; Cao et al., 2023; Bao et al., 2020).
Meanwhile, such high-performance materials have been widely
applied across multiple sectors, including oil and gas (Huang and
Li, 2015; Chen et al., 2021; Yang et al., 2022; Sue et al., 2022),
aerospace (Zhang et al., 2016; Porfiri and Gupta, 2009; Doddamani,
2019; Tong et al., 2021; Abedin et al., 2022), and marine engi-
neering (Garcia et al., 2018; Shahapurkar et al., 2018; Pei et al.,
2025; Li et al, 2024). This growing adoption has driven
increased research efforts to characterize material behaviors un-
der diverse temperature-pressure conditions. For instance,
Schumacher et al. (2024) investigated the correlation between
filler volume fraction and the material compressive strength/en-
ergy absorption efficiency. Phan et al. (2013) analyzed the long-
term mechanical performance of deep-sea oil pipeline insulation
materials through creep experiments. Zhang et al. (2022) sys-
tematically studied the strain rate effects and energy absorption
capacity of aero-engine materials at temperatures from 25 °C to
150 °C. Wang and Cui (2023) developed a multiscale hydro-
mechanical coupling model by analyzing the water absorption
characteristics of buoyancy materials in low-temperature, high-
pressure deep-sea environments. Additionally, Liu (2019) and Zhai
et al. (2020) separately examined the pressure resistance of HGM-
reinforced composites under 60 MPa hydrostatic pressure,
investigating strain patterns and yield strength characteristics for
materials with varying microsphere strengths or volume frac-
tions. He et al. (2022) demonstrated that high pressure predom-
inantly affects compressive strength while having a negligible
effect on tensile strength. Zhai et al. (2022, 2023) further inves-
tigated the compressive mechanical properties of deep-sea
buoyancy materials under diverse temperature-pressure states
and developed a failure criterion accounting for tension-
compression asymmetry. Wei et al. (2025) employed dynamic
thermomechanical analysis to explore the evolution of interfacial
performance between the matrix and fillers in composites with
different filler strengths and volume fractions after HTHP
pretreatment.
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In summary, many valuable findings have been obtained from
studies on the properties of particle-reinforced epoxy resin matrix
composites under different temperature and pressure conditions.
However, relatively few studies have been conducted to charac-
terize the damage evolution of such materials in HTHP environ-
ments. Therefore, based on previous studies (He et al., 2024a,
2024b; Wei et al., 2023, 2024), this paper further investigates
the energy evolution characteristics of HGM/EP materials after
exposure to HTHP environments from a thermodynamic
perspective. Building upon this, a statistical damage constitutive
model for thermal insulation materials is developed. By intro-
ducing a dissipative energy weighting factor and a corresponding
coefficient, this model effectively captures the changes in the
mechanical properties of thermal insulation materials after
different temperature and pressure pretreatments. The model re-
produces the complete stress-strain curve, including the elastic,
yielding, and material failure stages. Additionally, this study
further analyzes the initial damage formed in thermal insulation
materials after treatment under different temperature and pres-
sure conditions. This study establishes a coupled temperature-
pressure evolution model for the initial damage in HGM/EP ma-
terials after temperature-pressure pretreatment. Furthermore, it
explores the relationship between the material damage rate and
the temperature, pressure, and initial damage. The results provide
the theoretical basis for the application of HGM/EP materials in
deep ITP-Coring technology.

2. Preparation of thermal insulation materials and
experimental methods

2.1. Material preparation methods

Based on previous research, this study used K46 HGMs (3 M
science, Saint Paul, United States) as the filler, with volume frac-
tions of 40% and 50%. The matrix formulation incorporated E-51
epoxy resin (Nantong Xingchen Synthetic Materials, China), and
utilized 2-ethyl-4-methylimidazole curing agent (Macklin
Biochemical, China). The prepared cylindrical compression speci-
mens had dimensions of ¢$12 mm x 20 mm. The specific prepa-
ration method for the HGM/EP material specimens can be
referenced from previous studies (Wei et al., 2025).

2.2. HTHP pretreatment method

In this work, the HGM/EP materials were pretreated with
controlled temperature and pressure environments by means of
the Deep In-Situ Environmental Simulator (State Key Laboratory of
Intelligent Construction and Health Maintenance for Deep Un-
derground Engineering, Sichuan University), a specialized appa-
ratus capable of replicating extreme conditions reaching 160 °C
thermal load and 200 MPa confining pressure. The device main-
tains a temperature control accuracy of +3 °C and a pressure
control accuracy of +£2 MPa, with a heating rate of 1.5 to 1.8 °C/
min. Pressure control within the vessel is achieved using a pneu-
matic ultra-high-pressure pump with pure water as the working
medium (Shi et al., 2025). Four gradients were set for each vari-
able: temperature (25, 50, 100, 150 °C) and pressure (0, 50, 100,
140 MPa). This resulted in 16 distinct temperature-pressure
coupled treatment conditions. Specific pretreatment methods
are described in previous studies (Wei et al., 2025).

Based on different temperature and pressure pretreatment
conditions, and considering the volume fraction of K46 HGMs, the
HGM/EP materials were labeled accordingly. For example, K46-
f40-H140-T150 refers to an HGM/EP material sample with 40%
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K46 microsphere volume fraction that was treated at 140 MPa and
150 °C.

2.3. Testing method for physical and mechanical properties

The mass of the HGM/EP materials before and after
temperature-pressure pretreatment is measured as m; and my,
respectively. The mass change is calculated using the following
Eq. (1):

_M2 =M 100% (1)
my

Quantification of heat transfer characteristics in the HGM/EP
materials was performed via the TPS2500S hot disk system. Me-
chanical properties evaluation employed an Instron electrome-
chanical testing platform configured for uniaxial compression
characterization. During both the thermal conductivity and me-
chanical property tests, the materials were maintained at their
corresponding pretreatment temperatures for measurement.
Detailed testing procedures were described in previous studies
(Wei et al., 2025).

3. Analysis of physical and mechanical properties of thermal
insulation materials

3.1. Analysis of physical properties

Fig. 1 delineates the interdependent variations in water ab-
sorption rate and heat transfer coefficients after different
temperature-pressure pretreatment. The trends in the changes in
thermal conductivity are highly consistent with those of the water
absorption rate. When the pressure is up to 50 MPa, the water
absorption rate of the material increases with the rising pre-
treatment temperature, and the rate of increase becomes more
significant. Correspondingly, the thermal conductivity of the ma-
terial also increases. At pressures not exceeding 100 MPa, the
temperature threshold of a remarkable rise in water absorption
rate is approximately 100 °C. However, when the pressure reaches
140 MPa, the temperature threshold of a noticeable rise in water
absorption drops to 50 °C, with the threshold for the K46-f50
material being even lower.

It can be observed that pressure is the dominant factor in
material water absorption. Under high hydrostatic pressure, fluid
penetration is facilitated, damaging the interface between the
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microspheres and the substrate. This damage results in the
cracking of the microsphere. The infiltrated water, an efficient
thermal conductor, significantly increases the thermal conductiv-
ity of the material. Elevated temperature also plays a key role by
increasing the molecular chain mobility, thereby further promot-
ing heat transfer.

3.2. Analysis of mechanical properties

As shown in Fig. 2, the variations in elastic modulus E,
compressive strength o, and the corresponding compressive
strain at the peak point (hereafter referred to as peak point
compressive strain &) are presented as functions of pretreatment
temperature under different hydrostatic pressures. With
increasing temperature, the compressive strength o and elastic
modulus E decrease consistently. Furthermore, the extent of
reduction in compressive strength with temperature exhibits a
clear dependence on the pretreatment pressure.

At a pretreatment pressure is 0 MPa, the rate of decrease in
compressive strength with temperature follows a two-stage
pattern: slow initially, then fast. When the pretreatment pres-
sure is increased but does not exceed 100 MPa, the decrease in
compressive strength with temperature exhibits an approximately
linear trend. The rate of decrease is similar to the average rate of
the two-stage decline observed under atmospheric pressure.
While the hydrostatic pressure rises to 140 MPa, the rate of
decrease again shows a two-stage pattern, but with the sequence
reversed: fast initially, then slow. The transition temperature for
this rate change is consistent with that under atmospheric pres-
sure treatment, occurring at approximately 100 °C. In summary,
compressive strength decreases with increasing temperature at all
pretreatment pressures, and higher pressure accelerates this
reduction.

The peak point compressive strain ¢. exhibits a distinct tem-
perature threshold. Below this threshold, ec remains nearly con-
stant, whereas it increases rapidly once the temperature is
exceeded. At pressures <100 MPa, this threshold is approximately
100 °C. When the pressure reaches 140 MPa, the threshold drops to
50 °C or lower. Furthermore, the higher the pressure, the increase
in compressive strain at the peak point. This behavior is consistent
with the trend observed for water absorption, indicating that
water infiltrated under high pressure facilitates plastic deforma-
tion. Concurrently, elevated temperature enhances the molecular
chain mobility of the HGM/EP composite, promoting a transition
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Fig. 1. Variation curves of physical properties of HGM/EP materials.
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Fig. 2. Change curves of mechanical properties of HGM/EP materials under different pressures.

plastic deformation.

Additionally, the peak point compressive strain e and
compressive strength o. of the K46-f50 material are both
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lower than those of the K46-f40 material. This observation
supports the hypothesis that a higher HGM volume fraction
results in more brittle material behavior. Excessively high HGM
volume fractions reduce the material compressive strength
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because the HGMs are difficult to fully impregnate with the
matrix, leading to poor interfaces. These inferior interfaces
reduce the internal microstructure, resulting in lower overall
compressive strength.

Based on the preceding analysis, HGM/EP materials subjected
to HTHP pretreatment generally exhibit three typical stress—strain
curves, as shown in Fig. 3. For materials treated at low tempera-
tures (below 50 °C), the stress—strain curve exhibits a brittle failure
characteristic with a relatively high compressive strength, as
shown in typical curve I in Fig. 3. The curve is primarily dominated
by elastic deformation, with a very short yield stage, and culmi-
nates in abrupt failure due to the sudden release of stored elastic
energy.

For materials treated at high temperatures (150 °C), the
stress—strain response in typical curve IIl in Fig. 3 is characterized
by distinct plastic failure. The compressive strain at failure is
substantially larger—typically two to three times greater than that
of low-temperature-treated materials. The initial elastic defor-
mation stage is brief, followed by a pronounced yield and plateau
stage dominated by plastic deformation. Correspondingly, the
compressive strength is markedly lower, reduced to approximately
one-quarter to one-fifth of the strength observed in low-
temperature-treated materials.

The stress—strain curve of materials treated at intermediate
temperatures (100 °C) exhibits intermediate characteristics be-
tween the two patterns described above, as represented by
typical curve Il in Fig. 3. Both elastic and plastic deformation
regimes are well-defined. With increasing pretreatment tem-
perature within this range, compressive strength decreases
progressively while the peak compressive strain increases
accordingly.

The continuous progression among these three characteristic
curves reflects the transition in the mechanical behavior of HGM/
EP composites across different temperature conditions. Pretreat-
ment pressure primarily influences the stress—strain response by
promoting a shift from brittle to plastic failure modes. Specifically,
with increasing pretreatment pressure, the temperature required
for the transition from typical curve I to typical curve I behavior is
lowered, and the transition occurs over a narrower temperature
range, accompanied by a concurrent increase in the peak
compressive strain.

120
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3.3. Energy evolution law

To further analyze the evolution of compressive damage in
HGM/EP materials, the energy input, accumulation, dissipation
and release throughout the complete compression failure process
were considered. These can be categorized into three types of
energy: elastic energy, dissipated energy, and total input energy.
The relationship among these three types of energy is expressed in
Eq. (2) (Xie et al., 2005).
Uu=ud+ue (2)
where U represents the input energy density generated by external
work, kJ/m?; U is the elastic energy density stored in the HGM/EP
materials, kj/m’; and U9 is the dissipated energy density during
the deformation and failure process of the HGM/EP materials, K]/
m?>. The calculation methods for these three energy densities are
given in Eqgs. (3)-(5) (Xie et al., 2005).

2
ve =2k 3)
U= ri oide (4)
JO
ud=u-ue (5)

where E denotes the unloading elastic modulus, MPa. In calcu-
lating the elastic strain energy density, the initial elastic modulus
Ep is often used to approximate E.

Based on the above equations, the variation curves of
compressive energy of HGM/EP materials with temperature and
compressive strain under different pretreatment pressures were
plotted, as shown in Fig. 4.

When the hydrostatic pressure is 0 MPa and the temperature
does not exceed 100 °C, the energy evolution of the HGM/EP ma-
terials is dominated by elastic energy, while the dissipated energy
rises slowly. It is because the epoxy resin matrix remains in the
glassy state, exhibiting a high elastic modulus and strong energy
storage capacity. However, at 150 °C, the dissipated energy density
increases sharply at a relatively low compressive strain and
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Fig. 3. Typical stress-strain curves of HGM/EP materials at different temperature and pressure situations.
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Fig. 4. Energy evolution of HGM/EP materials under different temperature and pressure conditions.

surpasses the elastic energy density. Concurrently, the rate of in-

crease in elastic energy density decreases significantly. Notably,
even when the dissipated energy density becomes substantially
higher than the elastic energy density, the HGM/EP materials have
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not yet reached their peak compressive strength. This pre-peak
energy distribution contrasts sharply with behavior at other
temperatures, where the dissipated energy density remains lower
than the elastic energy density prior to failure.
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This phenomenon is attributed to the ambient temperature is
close to the glass transition temperature of the HGM/EP material
(163.7-172 °C) (Wei et al., 2025), which intensifies the motion of
molecular chain segments. This enhanced molecular mobility
promotes viscous flow or localized plastic deformation, resulting
in additional energy dissipation. Macroscopically, this results in a
sharp decline in both compressive strength and elastic modulus,
along with an increase in pre-peak strain. These findings indicate a
transition in the damage mode of HGM/EP materials at 150 °C.

Under atmospheric pressure, while the temperature exceeds
100 °C, the damage mode of HGM/EP materials transitions from
elasticity-dominated energy storage regime to a dissipation-
dominated regime characterized by matrix plastic deformation,
interfacial damage, and microsphere failure.

At hydrostatic pressures of 50 MPa or 100 MPa, the evolution of
energy density in the HGM/EP materials similarly shifts from
elasticity-dominated storage to damage-induced dissipation, with
100 °C acting as a threshold temperature. As the temperature in-
creases, material stiffness decreases continuously, and the peak
compressive strain at 150 °C increases significantly, reaching two
to three times the values observed below 100 °C. High-
temperature pretreatment intensifies the motion of molecular
chain segments, while high-pressure pretreatment promotes wa-
ter absorption in the materials. During uniaxial compression,
HGM/EP materials undergo viscoelastic deformation, which re-
duces the probability of interfacial debonding and localized
collapse of microspheres, thereby delaying the onset of dissipation
mechanisms. This phenomenon can still be observed in the vari-
ation curves under the H140-T150 condition. Macroscopically, this

Temperature, °C

0 25 50
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condition is characterized by a substantial increase in compressive
strain and a pronounced reduction in elastic modulus. The
compressive strain at peak strength reaches 16%-24%, and the
elastic modulus is approximately 0.15 GPa.

Notably, the compressive-shear failure characteristics of HGM/
EP materials transition from a multiple-fracture-surface mode to a
single-fracture-surface mode under varying temperature and
pressure conditions. When the pretreatment pressure is 0 MPa, the
materials pretreated at different temperatures exhibit the
multiple-fracture-surface mode. In contrast, at a pretreatment
pressure of 140 MPa, a single-fracture-surface mode was observed
under all temperature conditions. For intermediate pretreatment
conditions, the failure mode progressively transitions from mul-
tiple surfaces to a single surface with increasing temperature and
pressure (He et al., 2024a), indicating a strong correlation between
the failure mechanism and the pretreatment temperature-
pressure parameters. The initial damage zones formed during
temperature-pressure pretreatment serve as preferential path-
ways for damage propagation during subsequent compression, as
shown in Fig. 5. Consequently, materials pretreated under HTHP
conditions exhibit the single-fracture-surface mode.

In summary, the failure mechanisms of HGM/EP materials
pretreated under HTHP conditions are influenced by multiple
factors, including phase and structural changes of the matrix as
well as damage to microspheres and interfaces. At different tem-
peratures, as the pretreatment pressure increases from 0 MPa to
140 MPa, the peak values and growth rates of mechanical energy
density and elastic energy density gradually decline. Additionally,
the critical strain at which dissipated energy density exceeds

100 150

Specimens with two
types of damage modes
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g © °
Intact HGM Broken HGM

Single fracture surface
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K46-f50-HO-T25

Single fra‘cture surface

Fig. 5. Schematic diagram of failure modes of HGM/EP materials under different temperature and pressure pretreatment conditions.
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elastic energy density also decreases. This is attributed to the
enhanced water absorption of the matrix and the accelerated
accumulation of internal structural damage under higher pre-
treatment pressures. In the low-pressure range (0-50 MPa), the
dominant energy accumulation mechanism transitions from
elastic energy storage governed by the matrix to energy dissipa-
tion dominated by damage to multiple constituent phases. Due to
the phase transition occurring in the epoxy resin matrix at
elevated temperatures near the glass transition temperature,
material deformation is primarily dominated by plastic deforma-
tion of the matrix, characterized by a gradual increase in dissipated
energy.

4. Statistical damage constitutive model of thermal
insulation materials based on the principle of energy
dissipation and release

To further analyze the damage induced in HGM/EP materials by
HTHP pretreatment, the dissipated energy is employed as a dam-
age metric. A statistical damage constitutive model is developed to
investigate the damage evolution behavior of HGM/EP materials
after undergoing HTHP pretreatment.

4.1. Establishment of the statistical damage constitutive model

Based on the Lemaitre strain equivalence principle (Lemaitre,
1984), the constitutive relationship of the damaged material can
be obtained as shown in Eq. (6):
o=0 (1-D)=Ee(1-D) (6)
where ¢ and ¢" are nominal and effective stresses, respectively, and
D is the damage variable.

The HGM/EP thermal insulation materials are composed of an
epoxy resin matrix, hollow glass microspheres as fillers, and the
interface formed between them. These materials can be viewed as
being made up of numerous representative volume elements
(RVEs), each containing the matrix, microspheres, and interface
phase. The RVEs are sufficiently small on the macroscopic scale
and large enough on the microscopic scale so that the mechanical
property changes of the RVEs can be regarded as equivalent to
those of the bulk HGM/EP material. The damage of HGM/EP ma-
terials during loading is treated as a sequential process and it is
assumed that:

(1) The material is macroscopically isotropic.

(2) Each RVE has only two possible states—either intact or
failed—characterized by a binary (0-1) distribution.

(3) RVEs obey Hooke law before failure and lose their load-
bearing capacity after failure.

(4) The RVEs are randomly distributed within the material, and
the resulting damage is also randomly distributed.

Thus, the mechanical behaviour of the RVEs can be depicted
statistically. Assuming the ratio between the dissipated energy
density U% and the dissipated energy density corresponding to the
peak stress Ug represents the RVE strength y (Eq. (7)), it is assumed
to follow the Weibull distribution (Eq. (8)).

L]d
“d
UP

x (7)

a=E(2)"" e[ -(2)'] ®

m
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where P[y] is the function of probability density of the Weibull
distribution, m is the scale parameter, and k is the shape parameter
of the distribution.

During the uniaxial compression process, as the compressive
strain increases, HGM/EP materials continuously accumulate
damage, which is reflected by the progressive increase in dissi-
pated energy. The number of damaged RVEs in the material,
denoted as Np, can be expressed as:

X k
(%) ]du)

@1}

where Np is the number of damaged RVEs, and N is the number of
total RVEs.

The ratio of the number of damaged RVEs to the total number of
RVEs in the HGM/EP material is the damage variable D, which can
be expressed as:

_No
N

Substituting Eq. (9) into Eq. (10) gives the damage factor D that
describes the damage characteristics of the HGM/EP material (Xiao

et al., 2023).
(X )k

Substituting Eq. (11) into Eq. (6) yields the statistical damage
constitutive model for the HGM/EP material:

oc=Ee exp [— (%) k]

Np :NJPMd(;() :NJ’E‘(%)'H exp

:N{]—exp )

D (10)

D=1-exp (11)

(12)

4.2. Determination of distribution parameters for the statistical
damage constitutive model

The statistical damage constitutive model has two parame-
ters, m and k. Current methods for determining these parame-
ters include the linear fitting method (Xiao et al., 2023), inverse
analysis method (Deng and Cu, 2011), and peak point method
(Xu and Karakus, 2018). The peak point method defines RVE
strength through energy density, enabling parameters m and k
to effectively capture the transition from elastic to plastic failure
with clear physical significance. In contrast, the linear fitting
method relies on data fitting of the full stress-strain curve and is
susceptible to experimental noise; the inverse analysis method
requires complex iterations and incurs high computational costs.
In comparison, the peak point method offers clear physical
interpretation and computational simplicity. Therefore, this pa-
per employs the peak point method to resolve for the parame-
ters m and k in the statistical damage constitutive model, as
follows:

O-(S)l.e:sf =0c (13)
do
@, O (14)

oc and e represent the peak compressive stress and the cor-
responding strain of the HGM/EP material during uniaxial
compression, respectively.

By differentiating Eq. (12), we obtain:
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do x\k ek y\k=-1/dy
az—fe”{—(m)}{l—ﬁiﬁﬂ (aﬁ} (15)
Substituting Eq. (12) into Eq. (13) gives:
I
oc =Eec exp[— (%) 1 (16)

Since Eq. (16) is not equal to zero, substituting Eq. (15) into Eq.
(14) simplifies to:

eck k-1 /d
Sl (@) 0 17)
After rearranging terms, Eq. (17) becomes:
eckpeyk-t(dry,
m (m) de le—ec =1 (18)

o-Be _ o—(o/B)*(do/de) 1y Eq. (18) can be simplified as:

where, g—’f =
£

- U
deyk_ 1
(m) -2k (19)
)ﬁ k - Ug
(m) _kgcﬁc (20)
Substituting Eq. (19) into Eq. (16) gives kq and my:
1
K = Tn(Eec/o0) (1)
Xc
my =——2¢ 22
! k‘{/ ln(Eec/O'c) ( )
Substituting Eq. (20) into Eq. (16) gives ky and my:
_ u¢
k2 _ScO'c ln(EEC/()'c) (23)
my — Xc Ac (24)

= k-
'?/Ug/kzecﬁc %/In(Eec/oc)

by comparing Eq. (21) to Eq. (24), it can be observed that ky and k;
have the same expression as m; and my. Let the dissipated energy
weight factor be 5 = 2U4/ecoc, which represents the relative
proportion of the dissipated energy density to the input energy
density of the HGM/EP material. Let the stiffness degradation
factor be y=In(Eec/s.), which can be used to determine the relative
degradation of the material initial elastic modulus at the peak
point. Then, Eq. (21) to Eq. (24) becomes:

1

_ _ Xc
k]_—zy,m1_ 7 (25)
k :l7m zxic 26
255, M =y (26)

where, Eq. (25) directly reflects the degree of material stiffness
degradation due to matrix fracture, microsphere fragmentation,
and other component damage. Eq. (26) further reflects the
contribution of fragmented microspheres or matrix plastic defor-
mation to the material damage during compression, incorporating
the dissipated energy ratio (). The contributions of these two
mechanisms to damage accumulation vary at different tempera-
ture and pressure situations. To accurately represent the me-
chanical properties of HGM/EP materials at varying temperature
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and pressure conditions, dynamic weighting factors « and g are
introduced to adjust the contributions of these two mechanisms,
as follows:

k=aky + pky = 217/(014*[}7]) (27)
m=amm, +[3m2=(z;; %Z(&Jrkf/?)lc (28)

where a + p= 1, by substituting data from partial uniaxial
compression tests under different temperature and pressure
conditions, the distribution parameters and corresponding « and
S can be obtained. Substituting Eqs. (27) and (28) into Eq. (12)
yields the statistical damage constitutive model for HGM/EP
materials:

B

zi},(aﬂfﬂ)
. (’(/ ( ww

4.3. Parameter analysis and validation of the statistical damage
constitutive model

a
kl}/

+ (29)

4.3.1. Parameter analysis of the statistical damage constitutive
model for thermal insulation materials

Based on the established statistical damage constitutive model
for HGM/EP materials, the analysis focuses on analyzing the in-
fluence of the dissipated energy weight factor #, the stiffness
degradation factor y, and the weighting coefficients (a, ) on the
damage variable D of the material. Analysis of the composite
properties reveals a significant positive correlation between » and
y (nxy). Therefore, » is used to represent their coupled variation
during parameter analysis, while a represents the variation in the
weighting coefficients. As shown in Fig. 6, the damage variable D of
HGM/EP materials exhibits an inverted L-shaped growth trend
with increasing cell strength y, where the damage variation rate
(dD/dy) initially increases and then decreases. When D rapidly
increases to approximately 0.9, it enters an inflection point, after
which it slowly approaches 1.

Further analysis of the steep growth phase of the damage var-
iable D reveals that, as the dissipated energy weight factor # in-
creases from 0.6 to 1.4, the damage variation rate of the HGM/EP
material consistently increases. Moreover, the variation of this rate
with the weighting coefficient « exhibits two distinct regimes
depending on the value of 5. Taking »= 1 as a threshold, the
damage variation rate becomes insensitive to «. In other cases,
there exists a cell strength threshold y, which increases with
increasing 7, as indicated by the points connected by arrow ® in
Fig. 6. When 7 < 1, the damage variation rate exhibits a clock-
wise pattern: it first rises and then declines with increasing «
around the corresponding y. Conversely, when » > 1, a counter-
clockwise pattern is observed: the rate first declines and then rises
with increasing « around the corresponding damage variation rate
transition point y.

According to the above parameter analysis results, the dissi-
pated energy weight factor 5, stiffness degradation factor y, and
weighting coefficients (a, ) all have significant impacts on the
evolution of the damage variable D, thereby influencing the
stress—strain characteristics of HGM/EP materials. Specifically,
the uniaxial compressive mechanical behavior of HGM/EP ma-
terials at different temperature and pressure pretreatments de-
termines the values of 4 and y. When 5= 1, the damage variable D
is unaffected by the weighting coefficients. For cases where
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Fig. 6. Curves of the damage variable D versus cell strength y for HGM/EP materials
under different dissipated energy weight factors » and weighting coefficients a.

n= 0.8 or = 1.2, the stress-strain responses under different
weighting coefficients were further analyzed, as shown in Fig. 7.

Changes in weighting coefficients a do not influence the nearly
linear-elastic stage prior to the peak, but significantly affect the
peak strength and post-peak stress drop characteristics. When
n= 0.8, the peak strength decreases and the post-peak stress drop
rate increases with increasing «; conversely, when = 1.2, the peak
strength rises and the post-peak stress decline rate decreases with
increasing o. Therefore, accurately predicting the mechanical
response of insulation materials after various temperature and
pressure pretreatments relies on selecting appropriate weighting
coefficients.

4.3.2. Verification of the statistical damage constitutive model for
thermal insulation materials

To validate the statistical damage constitutive model for
HGM/EP materials, it is first needed to determine the weighting

a=0

Compressive stress, MPa

0 T T T T
0 3 6 9 12 15

Compressive strain, %

(a)n=0.8
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Table 1
Weighting coefficients of the statistical damage constitutive model for HGM/EP
materials under various temperature-pressure conditions.

Pretreatment K46-f40 K46-f50
environment
a p a p
HO T25 04 0.6 0.2 0.8
T50 0.3 0.7 0.2 0.8
T100 04 0.6 0.35 0.65
T150 0.5 0.5 0.5 0.5
H50 T25 04 0.6 0.35 0.65
T50 0.5 0.5 0.25 0.75
T100 0.5 0.5 0.6 0.4
T150 0.5 0.5 0.5 0.5
H100 T25 045 0.55 03 0.7
T50 0.45 0.55 0.25 0.75
T100 0.5 0.5 0.5 0.5
T150 04 0.6 0.45 0.55
H140 T25 0.55 0.45 0.25 0.75
T50 0.55 0.45 0.8 0.2
T100 0.5 0.5 0.5 0.5
T150 0.5 0.5 0.5 0.5

coefficients « and g under different temperature—pressure pre-
treatment conditions. These coefficients can be obtained
through fitting based on partial experimental data, as shown in
Table 1.

Based on the obtained weighting coefficients, theoretical
stress—strain responses for the HGM/EP composite were calculated
by substituting them into the statistical damage constitutive
model in Eq. (29). A comparison between the theoretical pre-
dictions and experimental results is shown in Fig. 8.

Comparison of the theoretical prediction results with the
experimental results shows that the statistical damage constitu-
tive model developed by introducing the dissipated energy
scaling factor 5 the stiffness degradation factor y, and the
weighting coefficients («, ) exhibits improved predictive accu-
racy. This confirms that the influence of temperature and pressure
pretreatment of HGM/EP materials can be effectively evaluated
using » and y, while the compressive strength and failure char-
acteristics are accurately captured by the weighting coefficients «
and g. Furthermore, based on the parameter analysis results, in

a=0
— — a=02

. =04
/= - — - —a=06
L —---a=08

Compressive stress, MPa

Compressive strain, %

(b)n=12

Fig. 7. Theoretical stress-strain curves of HGM/EP materials under different weighting coefficients a.
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Fig. 8. Predicted values from the statistical damage constitutive model and experimental stress-strain curves of HGM/EP materials at different temperature and pressure
situations.

order to reduce the damage accumulation rate of insulation ma- optimization by enhancing microsphere strength, improving
terials under HTHP conditions, it is recommended to minimize 5 interfacial bonding, and increasing the thermal resistance of the
and y. This can be achieved in future insulation material matrix.
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5. Correlation between cell strength of thermal insulation
materials and temperature—pressure conditions

To further analyze the initial damage induced by
temperature-pressure pretreatment and the damage evolution
behavior of HGM/EP materials during uniaxial compression, the
variation of the cell strength y in the statistical damage consti-
tutive model with respect to compressive strain ¢ was examined.
The variation patterns under different pretreatment conditions
were similar; therefore, the condition of 140 MPa and 150 °C is
taken as a representative example. As illustrated in Fig. 9, the
cell strength y increases nonlinearly with compressive strain,
which can be approximated by a cubic function. Thus, the rela-
tionship between cell strength y and compressive strain e is
expressed as Eq. (29):
7=A +d (30)
In this equation, d represents the initial damage induced in the
HGM/EP material by the temperature-pressure pretreatment,
while A reflects the damage rate during the pre-peak stage of
uniaxial compression.

The fitting effect of the constructed functional relationship is
satisfactory, with R? values greater than 0.95. Further analysis of
the temperature and pressure dependence of the initial damage
(d) and damage rate (A) provides a basis for the effective use of
HGM/EP materials in HTHP extreme environments.

5.1. Initial damage evolution model considering temperature and
pressure effects

During the HTHP pretreatment stage, the penetration of HTHP
fluids causes the rupture of HGMs, interface damage, and water
absorption at weak points in the HGM/EP materials, resulting in
initial damage. To quantitatively analyze the initial damage, the
initial damage parameter (d) is obtained from the relationship
between the cellular strength (y) and compressive strain e. The
value of d under standard temperature and pressure is defined as
the reference value d”. The initial damage values (d) under other
conditions are then compared with the reference value d” to obtain
the relative initial damage d'.

Damage internal variable/y,

K46-H140
T25-f40
T50-f40
T50-f40
T150-f40

T25-f50
T50-f50
T100-f50
T150-f50

10 15 20 25

Compressive strain, %

Fig. 9. Variation curve of the cellular strength y of HGM/EP materials with
compressive strain ¢ under 140 MPa conditions.
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d=d-d (31)

Fig. 10 presents the relative initial damage d' of HGM/EP
materials under different coupled temperature-pressure envi-
ronments d. When the pressure does not exceed 100 MPa, the
relative initial damage shows a two-stage variation with tem-
perature: it increases slowly below 100 °C but rises sharply at
150 °C. However, at a pressure of 140 MPa, the relative initial
damage increases linearly with temperature. This is due to the
weak interface formed between the HGMs and the matrix in the
HGM/EP material, which is infiltrated by HTHP water, causing
the HGMs to fracture (Wei et al., 2025). The cavities formed are
then filled with HTHP water, which is the primary reason of the
initial damage. This is consistent with the test results showing
that the water absorption rate of HGM/EP materials increases
with the rise in temperature and pressure (as discussed in Sec-
tion 3.1).

Furthermore, to analyze the contribution of temperature and
pressure to the formation of initial damage in HGM/EP materials,
an evolution model for initial damage incorporating these effects
is proposed, as expressed in the following equation:

d =¢Tom + wpgorm + (TnormPnorm)” (32)
T-25 P
Tnorm :m» Pnorm = m (33)

In this equation, the terms &Thom, @Plorm and x(TnormPnorm)”
represent the initial damage caused to the HGM/EP materials by
pure temperature, pure pressure, Or temperature-pressure
coupling pretreatment, respectively.

Because the relative initial damage d' increases exponentially
with temperature at pretreatment pressures <100 MPa but line-
arly at 140 MPa, the analysis is conducted in two stages. First, the
effects of temperature and pressure on initial damage are analyzed
for pressures below 100 MPa. Subsequently, further analysis is
performed based on the distinct linear damage characteristics
observed at 140 MPa.

For pretreatment pressures below 100 MPa, the parameters
describing the variation of relative initial damage d’ with tem-
perature and pressure variation are shown in Table 2. The coeffi-
cient of the temperature term (£) is notably larger than those of the
pressure term (w) and the temperature-pressure coupling term (y
and «), This indicates that the initial damage of HGM/EP materials
is dominated by the thermal effect, followed by the coupled
temperature-pressure effect, with the influence of pure pressure
being relatively minor.

However, extending Eq. (32) to fit the initial damage of HGM/EP
materials under 140 MPa using the parameters in Table 2 results in
slight deviations, as shown in Fig. 11. This is because, at 140 MPa,
the relative initial damage increases linearly rather than expo-
nentially with temperature. Therefore, the temperature-pressure
coupling evolution model of initial damage based on Eq. (32) is
modified as follows:

d =¢Thorm + @ (34)

Therefore, while the pretreatment pressure is 140 MPa, the
parameters in Eq. (34) are listed in the table below. Compared with
Table 3, it can be noted that the value of ® remains constant, while
the value of ¢ increases This indicates that the contribution of
pressure to the initial damage remains constant, while the thermal
influence becomes more pronounced. Consequently, the evolution
of initial damage in the HGM/EP materials under 140 MPa transi-
tions to a linear increase.
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Fig. 10. Variation curve of relative initial damage d' of HGM/EP materials with temperature and pressure.
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Table 2

Model parameters of the initial damage evolution model considering temperature
and pressure effects under pressures below 100 MPa.

Material £ 14 w 5 Kk v R?
K46-f40 0.14 6.35 0.026 0.49 0.087 3.26 0.99
K46-f50 0.079 4.36 0.0098 0.62 0.042 3.98 0.97

5.2. Correlation of damage rate (A) with temperature, pressure,
and initial damage

Furthermore, the damage rate A is obtained from the rela-
tionship between the cellular strength y and compressive strain of
HGM/EP materials. This parameter is used to analyze the damage
evolution during uniaxial compression following various

temperature-pressure pretreatments. A smaller A value indicates a
slower damage progression.

Relative initial damage

(a) K46-f40

Fig. 12 illustrates that the damage rate parameter A under
different pressure treatments decreases continuously with
increasing temperature, exhibiting a two-stage pattern. Below
100 °C, A decreases gradually, whereas at 150 °C, it declines
rapidly. For the K46-f40 material, the damage rate A begins to
decrease significantly from 50 °C under 140 MPa pressure,
whereas for the K46-f50 material, A continues to decrease with
increasing temperature. This observation contrasts with the con-
ventional expectation that elevated temperature accelerates
damage by enhancing molecular mobility or reducing the visco-
elastic modulus. Instead, it is closely related to the variation
characteristics of the relative initial damage d' and water absorp-
tion rate. Following HTHP pretreatment, the relatively weak re-
gions within the HGM/EP materials have already been damaged,
leaving behind regions with higher material strength.

The relationship between the damage rate A, the ambient test
temperature T, and the relative initial damage d' is further analyzed

Relative initial damage

o Cratyrg w0 0

(b) K46-f50

Fig. 11. Predictive performance of the temperature-pressure coupling evolution model for initial damage in HGM/EP materials.
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Table 3

Model parameters of the initial damage evolution model considering temperature

and pressure effects under 140 MPa pressure.

Material £ ® R?
K46 0.17 0.026 0.99
K46 0.11 0.0098 0.99

in Fig. 13. Although rising test temperature increases the mobility
of molecular chain segments during loading, the damage-
promoting effect of this thermal activation competes with the
damage-inhibiting effect arising from the initial damage state. As

Damage rate/A, E-3

50
25

\'\\ldro‘i“a{\c

mP2
ure,
150 presS

(a) K46-f40
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the pretreatment temperature and pressure increase, the damage-
enhancing effect of matrix thermal activation becomes progres-
sively weaker than the damage-suppressing effect caused by
initial damage. Consequently, the damage rate of the material
decreases continuously and gradually approaches zero.

In summary, after HTHP coupling pretreatment, the initial
damage of HGM/EP materials continuously rises with both pre-
treatment temperature and pressure. However, the damage rate
under uniaxial compression decreases continuously. The opposite
trends of these two factors are due to the damage and failure of the
material weak part, such as the microspheres and interfaces,
during the pretreatment stage, which results in a defect shielding
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Fig. 12. Variation curves of damage rate of HGM/EP materials with temperature and pressure.
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effect. This shielding effect ultimately reduces the damage rate of
the HGM/EP materials under uniaxial compression.

6. Conclusions

Regarding the performance changes of HGM/EP materials after
temperature-pressure pretreatment, the variation laws of their
physical and mechanical properties were analyzed. The energy
evolution behavior during the uniaxial compression was explored,
and a statistical damage constitutive model was established. The
correlation between initial damage and damage rate with tem-
perature and pressure were discussed. The main conclusions are as
follows:

1. The variation rules of the properties of K46-f40 and K46-f50
HGM/EP materials after HTHP pretreatment were analyzed.
High pressure is the primary factor leading to increased water
absorption in the material. The infiltration of high-pressure
water causes microsphere fracture, and the subsequent filling
of the cavities establishes interconnected pathways for heat
transfer, thereby enhancing thermal conductivity. Simulta-
neously, elevated temperature accelerates water infiltration
and increases molecular chain mobility, further contributing to
the rise in thermal conductivity. Furthermore, increasing pre-
treatment temperature softens the epoxy matrix, causing a
transition from brittle to plastic failure and resulting in three
characteristic types of stress-strain curves. High pressure fa-
cilitates this brittle-to-ductile transition.

. Based on energy analysis, the damage evolution of HGM/EP
materials during uniaxial compression after different
temperature-pressure pretreatments was elucidated. When the
pretreatment pressure does not exceed 50 MPa, the energy
evolution is characterized by a transition at 100 °C from a
regime dominated by elastic strain energy storage in the matrix
to one governed by energy dissipation through matrix plastic
deformation and microsphere damage. At elevated tempera-
tures approaching the glass transition temperature, the epoxy
matrix undergoes a progressive transition, leading to a defor-
mation mechanism dominated by plastic flow. This is charac-
terized by a continuous increase in energy dissipation.

3. A statistical damage constitutive model was developed for the
HGM/EP composite. The model employs the dissipated energy
weight factor () and the stiffness degradation factor (y) to
assess the effects of temperature-pressure pretreatment on
mechanical properties. The introduced weighting coefficients
(a, p) reveal that, as « increases, the variation in the damage
evolution rate (dD/dy) with respect to a characteristic element
strength follows one of two patterns: an initial increase fol-
lowed by a decrease, or an initial decrease followed by an in-
crease. The constructed model provides accurate predictions of
the stress-strain response. The constructed initial damage
evolution model indicates that the pre-treatment temperature
is the key factor governing the accumulation of initial damage
d, while the temperature-pressure coupling further exacer-
bates damage. Based on the integrated analysis of the physical-
mechanical properties and damage evolution of both K46-f40
and K46-f50 thermal insulation materials, they are considered
suitable for in-situ deep rock coring applications at tempera-
tures up to 100 °C and pressures up to 100 MPa.
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