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Abstract

The cemented backfill mining method has progressively become the preferred mining
technique for underground metal extraction due to its advantages such as environmental
friendliness, high efficiency, and economic viability. The mechanical properties of the
backfill are fundamental to ensuring effective strata control and structural stability within
backfilled stopes. Hydration reaction serves as the critical factor in the formation of backfill
mechanical properties, while temperature influences these properties by governing the
progression of the hydration process. This paper systematically reviews five fundamental
hydration models (NG, CEMHYD 3D, Krstulovic-Dabic, Heat of Hydration and Thermody-
namic Phase Equilibrium), critically analyzing their limitations in predicting performance
under extreme geothermal and cryogenic conditions. Distinct from previous reviews, this
study reveals the nonlinear mapping between dynamic temperature fields and microstruc-
tural evolution. Furthermore, it incorporates recent advancements in multi-field coupling
mechanisms and AI-driven strength prediction. Ultimately, this study establishes that with
the emergence of advanced modeling software and machine learning algorithms, the inves-
tigation of temperature effects on backfill is poised to move toward a more comprehensive,
intelligent, and refined direction.

Keywords: cemented backfill; hydration kinetics; diverse thermal environments;
microstructural evolution; mechanical performance

1. Introduction
The mining industry provides the essential material foundation for human survival

and is of significant importance for the sustained and healthy development of the national
economy. General Secretary Xi Jinping has repeatedly emphasized the concept that “lucid
waters and lush mountains are invaluable assets,” setting higher standards for traditional
mining practices. Cemented backfill mining has emerged as the preferred strategy for
underground metal extraction, attributed to its inherent safety, operational efficiency, and
environmental sustainability [1].

As a critical or even permanent component of underground stopes, the mechanical
properties and overall stability of the backfill are vital for controlling ground pressure and
maintaining the long-term stability of the underground structure during extraction [2]. To
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mitigate disasters induced by high-stress mining at depth (such as rockbursts, roof falls, and
water inrushes) and ensure production safety, mines are often designed with high cement-
to-tailings ratio and high strength requirements. The persistent high costs associated with
these requirements have become a major bottleneck for the application of backfill methods
in deep mines with low-grade ore or low resource value [3]. The mechanical behavior of
the backfill is governed not only by its material composition (e.g., binder-to-sand ratio and
solids concentration) but is also highly sensitive to thermal fluctuations, such as internal
hydration heat and heat exchange with the host rock [4]. Temperature has become a key
external factor in regulating the performance of backfill and overcoming cost constraints.

With the depletion of surface and shallow mineral resources, deep mining has be-
come the future trend. Currently, over 80 mines worldwide operate at depths exceeding
1000 m, with many deep-well mines now reaching depths below 3000 m. Increased mining
depth, driven by the geothermal gradient and supplemented by heat from machinery,
personnel, and blasting, can significantly elevate ambient temperatures within stopes. In
some deep mines, ambient and rock temperatures have already exceeded 80 ◦C [5,6]. The
ambient temperature significantly impacts the hydration reaction rate, reaction products,
and internal pore structure of the backfill material. This alters the overall structure and
physical-mechanical properties of the backfill, thereby affecting the development of both
early-stage and long-term strength. Consequently, it exerts a critical influence on the stabil-
ity of underground mining areas. The impact of high-temperature environments on backfill
performance is becoming increasingly pronounced.

Copper, molybdenum, gold, lithium, and chromite are critical and strategic mineral re-
sources in China, and their stable supply is directly related to national economic security [7].
As a primary arena for the development of these resources, Tibet has attracted the estab-
lishment of multiple world-class mines [8]. However, Tibet is situated within the world’s
most complex composite orogenic belt, characterized by high altitude, low atmospheric
pressure, and extremely cold climates. These conditions pose severe challenges to tradi-
tional mineral development models. In these frigid environments, stopes endure prolonged
periods of sub-zero or near-zero temperatures, which not only significantly inhibits backfill
hydration but also alters its microstructural pore characteristics. Particularly under the
freeze–thaw effect, the phase change pressure of pore water within the interfacial transition
zone (ITZ) induces the initiation and propagation of micro-cracks, leading to the weakening
of bonding performance at the contact surface between the backfill and the surrounding
rock [9,10]. Investigating the evolution laws of internal damage in backfill under low and
extreme cold temperatures from a micro scale, and elucidating the intrinsic mechanisms
of its macroscopic mechanical degradation, holds significant scientific importance and
engineering value for optimizing stope structural parameters in high-altitude cold mining
areas and ensuring the overall stability of backfill mining.

In summary, the synergistic mechanism between temperature and the hydration of
cementitious materials has emerged as a research hotspot in the field of backfilling. Particu-
larly in deep mining and extreme cold environment engineering, the regulatory effect of
temperature on backfill properties has garnered significant attention. Scholars domestically
and internationally have conducted multi-scale research revolving around temperature-
driven hydration mechanisms and the evolution of macroscopic mechanical properties
of backfill. These studies provide theoretical support for the regulation, optimization,
and long-term stability assessment of backfill mechanical properties under various tem-
perature environments. However, current research predominantly focuses on isothermal
conditions, creating a disconnection between laboratory constant-temperature studies and
actual engineering dynamic thermal processes. This paper provides a systematic review
of the research progress on the evolution mechanisms of hydration reactions and backfill
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mechanical properties under the influence of temperature, and proposes breakthrough
directions for future research.

2. Information Gathering
To systematically and comprehensively review research progress on the hydra-

tion mechanisms and mechanical performance evolution of cemented backfill under di-
verse thermal environments, this study adhered to a rigorous literature retrieval and
screening process.

2.1. Search Strategy and Data Sources

The literature collection of this study aims to construct a comprehensive knowledge
map ranging from fundamental theories to engineering practices. To ensure both the depth
and frontier of the research, the Web of Science Core Collection, Scopus, and China National
Knowledge Infrastructure (CNKI) were utilized as the primary information sources. The
retrieval timeframe was primarily restricted to 2010–2026. This span not only covers the
digital evolution of classic theories in the field of cemented backfill but also captures the
cutting-edge achievements in solving deep mining challenges through artificial intelli-
gence and multi-field coupling technologies. Regarding keyword selection, “Cemented
Backfill” and “Hydration Kinetics” served as the core terms, supplemented by advanced
search terms such as “Geothermal Gradient,” “Microstructural Evolution,” and “Damage
Constitutive Model.” Through Boolean logic operations, core studies directly related to
thermal environment regulation performance were successfully isolated from thousands of
preliminary candidates.

2.2. Literature Screening Criteria

During the literature screening phase, articles were not indiscriminately compiled;
instead, a quality control system based on “multi-scale correlation” was implemented.
Priority was given to publications in premier civil engineering and mining journals such as
Cement and Concrete Research and Construction and Building Materials to ensure data
authority. The screening process focused on verifying whether the literature demonstrated
a logical closed-loop from micro-mechanisms (e.g., SEM observation of hydration product
morphology, NMR analysis of pore distribution) to macro-performance (e.g., strength
characteristics under uniaxial or triaxial compression testing). For studies citing the five core
models (the NG model, CEMHYD 3D model, Krstulovic-Dabic model, Heat of Hydration
Model and Thermodynamic Phase Equilibrium model), meticulous traceability analysis
was conducted to identify their advantages and application limitations under different
temperature boundary conditions. This tiered screening methodology ensures the review
content maintains theoretical rigor while addressing practical engineering challenges.

2.3. Data Analysis and Literature Distribution Statistics

For the representative literature obtained, we conducted a systematic classification and
synthesis. We found that the research focus has gradually shifted from the early emphasis
on optimising single material ratios towards investigating synergistic effects under complex
environmental conditions.

The literature also exhibits a progressive relationship: foundational studies empha-
sise deep mining contexts and resource development challenges in extreme high-altitude
cold regions. The intermediate literature focuses on the theoretical evolution of classical
hydration kinetics models and interventions in the hydration process using novel addi-
tives such as steel slag, rice husk ash, and biochar, providing a theoretical foundation for
understanding the chemical origins of grout strength. The top-tier literature addresses
complex responses under multi-field coupling, encompassing shear mechanical properties
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at the grout-rock interface, durability degradation mechanisms under salt corrosion, and
intelligent strength prediction employing response surface methodology (RSM) and neural
networks. For each experimental study, we verified the testing methodologies employed
(e.g., uniaxial/triaxial compression, SEM, NMR, TG/DTG), ensuring a rigorous logical
closure between microstructural alterations and macroscopic mechanical performance.

The distribution of references in this paper, categorised by year (See Table 1) and core
research theme (See Table 2), is as follows:

Table 1. Statistical Table of Reference Content Classification Distribution (by Publication Year).

Year Range Percentage by Number Key Research Areas

1950–1999 9.6%
Proposals of grain boundary nucleation theory, early

hydration kinetics equations, and initial digital
simulation prototypes.

2000–2015 32.8%

Establishment of the K-D Model System,
conceptualization of deep mining heat hazards, early

multi-scale experiments, and maturation of CEMHYD3D
and thermodynamic phase equilibrium models.

2016–2026 57.6%

Investigations into extreme thermal environments
(freeze–thaw to ultra-high temperatures), kinetics of

novel modified materials, multi-field coupling
mechanisms, and AI/machine learning

strength predictions.

Table 2. Statistical Table of Reference Content Classification Distribution (by Core Theme).

Theme Categories Percentage by Number Document Content Verification

Background and Strategic
Environment 8%

Deep mining context, high-altitude extreme
cold challenges, and strategic mineral

security implications

Classical Hydration Models and
Thermodynamic Simulations 28.8%

Evolution of the NG, CEMHYD3D, K-D, Heat
of Hydration and Thermodynamic Phase
Equilibrium models, alongside Gibbs free

energy thermodynamic calculations

Temperature Effects on
Microstructure and Kinetics of

Modified Materials
25.6%

Hydration rate regulation, SCM/nanomaterial
activation, pore structure evolution, and

micro-scale characterizations (NMR, SEM)
under varying temperatures

Macroscopic Mechanics and
Intelligent Prediction Models 28.8%

Uniaxial/triaxial strength responses, thermal
crack evolution, damage constitutive laws, and

AI/RSM strength predictions

Durability and Multi-field
Degradation 8.8%

Salt erosion modelling, sulfate/chloride
leaching, carbonation, and long-term structural

deterioration under complex environments

3. Fundamental Models for the Hydration Kinetics of Backfill Materials
The mechanical performance and long-term structural integrity of backfill are fun-

damentally governed by the hydration kinetics of the constituent cementitious binders.
The hydration process is influenced by multiple factors, such as the type of admixtures,
cement-to-tailings ratio, and temperature, making it more complex than that of single
cementitious materials. For instance, the addition of chemical admixtures directly alters
the induction period to meet the requirements of long-distance pipeline transport. The
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cement-to-tailings ratio determines the spatial distribution of the binder and the availability
of nucleation sites on tailings surfaces, which in turn affects the microstructural develop-
ment. Furthermore, in deep mining operations, high ambient temperatures act as a thermal
catalyst that accelerates the hydration rate, potentially leading to different strength-gain
characteristics compared to surface conditions.

Accurately quantifying the laws of hydration reaction facilitates further optimization
of the backfill mix proportion and the maintenance of engineering stability. Literature
review reveals dozens of macro- and micro-scale fundamental models based on hydration
reactions. The most representative hydration reaction models currently include the nucle-
ation and growth model, the CEMHYD 3D model, the Krstulovic-Dabic kinetic model, the
hydration heat model and the Thermodynamic Phase Equilibrium Model. These will be
introduced sequentially below.

3.1. Nucleation and Growth (NG) Model

The Nucleation and Growth (NG) model is a classic kinetic model established based
on the microscopic mechanisms of cement clinker mineral hydration. It characterizes
the hydration process as the kinetic evolution of calcium silicate hydrate (C-S-H) phases
through nucleation and subsequent crystal growth. Its core premise is that the hydration
reaction rate is jointly controlled by the rate of crystal nucleus formation and the rate of
crystal growth, and is influenced by product layer diffusion in the later stages. Experimental
observations indicate that the formation rate of C-S-H products in the early hydration stage
is the controlling factor of the hydration process, a discovery that laid the foundation for
the development of this model [11,12].

In 1969, Kondo and Daimon [13] delineated the hydration of tricalcium silicate C3S
into three distinct stages: nucleation, accelerated growth, and diffusion-controlled reac-
tion. In 1970, Tenoutasse [14] first applied the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation to the analysis of C3S hydration data, establishing a formula that integrated
the acceleration and deceleration periods into a continuous mechanism. In 1985, Brown
et al. [15] further refined this by constructing a detailed mathematical model to explore
cement hydration parameters, enabling accurate predictions of early-stage characteristics.
In 2007, Thomas [16] proposed the Boundary Nucleation and Growth (BNG) model, which
constrains nucleation sites to particle boundaries. This approach established calculus-based
kinetic equations. The volume fraction X(t) during cement hydration is expressed in the
BNG model as follows [17]:

X(t) = 1 − exp
(
−2Ob

∫ Gt
0 (1 − exp(−Ye))

)
dy

Ye = π IB
3 G2t3

(
1 − 3y2

G2t2 +
2y3

G3t3

)
(for t > y/G)

Ye = 0|( for| t < y/G)

Ob = S
Rwc/ρw+1/ρc

where S is the specific surface area of cement, Rwc is the water-to-cement ratio, ρw and ρc

are the densities of water and cement, respectively, and G represents the linear growth
rate. IB corresponds to the nucleation rate per unit area of untransformed boundary, and,
Ob represents the total boundary area per unit volume. Here, t denotes the time elapsed
since the onset of cement hydration, serving as the independent variable that governs
the temporal evolution of the hydration degree. The variable y is an integration variable
representing the spatial position along the growth direction, with the integration limits
ranging from 0 to Gt, which corresponds to the maximum distance that hydration products
have grown from the boundary by time t.
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This model enables a precise fitting of the entire C3S hydration heat evolution curve,
exhibiting superior applicability compared to the traditional JMAK equation. Subsequent
studies have also demonstrated that certain hydration accelerators shorten the induction
period by enhancing nucleation rates on particle surfaces, thereby increasing the hydration
reaction rate [18]. This conclusion is consistent with the core tenets of the nucleation and
growth model.

The kinetic process of cement hydration is typically regarded as a competitive process
between nucleation and growth. Scrivener et al. [19] noted that the NG model exhibits
significant advantages in describing the acceleration phase following the conclusion of the
induction period, primarily due to the non-uniform distribution of C-S-H gel on the cement
particle surface. Research indicates that the evolution of hydration kinetics is governed not
only by chemical reaction rates but also by the spatial positioning of hydration products.
This perspective provides crucial microkinetic foundations for understanding variations in
hydration rates among fillers at different temperatures.

The Nucleation and Growth model effectively characterizes the hydration process
from the perspective of microscopic mechanisms, and its conclusions have been extensively
validated. However, the model assumes static reaction boundaries without considering
boundary movement [20], resulting in insufficient adaptability for characterizing the hy-
dration reaction of multi-particle materials.

3.2. CEMHYD 3D Model

CEMHYD 3D Model is a three-dimensional microstructure hydration simulation
model developed by Bentz and Garboczi. Its core principle involves digitizing the three-
dimensional microstructure of cement paste onto a uniform cubic lattice. By simulating
processes such as cement particle dissolution, ion diffusion, and the nucleation and growth
of hydration products, the model enables the visual analysis of hydration kinetics and
microstructural evolution [21–24].

CEMHYD 3D Model initially employed the discrete element method to simulate the
dissolution of cement particles and the accumulation of hydration products, enabling
prediction of key parameters such as hydration heat and phase volume fraction. However,
its description of the hydration induction period remained relatively simplified. In 1997,
Bentz published research findings on the model, achieving the first-ever three-dimensional
dynamic simulation of the microstructure during the hydration process of ordinary Portland
cement [25]. Since 2000, the model has undergone multiple iterations and upgrades,
with its functionality continuously enhanced. A specialized simulation module for the
hydration induction period has been added, supporting curing conditions with isothermal,
adiabatic, or user-defined temperature histories. By coupling the rate of calcium hydroxide
consumption with the formation patterns of secondary hydration products, the simulation
accuracy for composite cementitious systems has been improved [24]. In recent years,
models have further incorporated randomly shaped cement particles reconstructed from
X-ray Computed Tomography (XCT), enabling microstructural characterization that more
closely approximates the actual morphology of cement. (Figure 1). Through comparison
with experimental data, this model can accurately predict macro properties such as the
compressive strength and elastic modulus of mortar cubes, with errors controlled within a
reasonable range [26–30].

However, this model presents certain limitations. Its core reaction rules are predomi-
nantly based on empirical fitting, lacking rigorous theoretical underpinning. Furthermore,
with a fixed lattice resolution of 1 µm, it is incapable of capturing the structural evolution
of C-S-H gel at the nanoscale [31].
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Figure 1. 3D Simulated microstructures (left) and 3D stress distributions (right) of cement pastes
with various C2S and LP (limestone powder) contents after 90 days of hydration. Ref. [30] with
permission from Construction and Building Materials.

3.3. Krstulovic-Dabic Kinetic Model

The Krstulovic-Dabic model is the most widely adopted kinetic framework for sim-
ulating the hydration of cementitious backfill across all curing ages. Its core advantage
lies in transcending the traditional single-reaction assumption by delineating the hydra-
tion process into three successive stages: Nucleation and Growth (NG), Phase Boundary
reaction (I), and Diffusion Control (D) [32].

This model is the classic multistep reaction model proposed by Croatian scholars
Krstulovic and Dabic in 1967. By establishing differential equations between hydration
degree and reaction time, it enables verification of the evolution mechanism of hydration
rate in cementitious materials [33]. Subsequently, numerous scholars employed this model
to investigate the effects of supplementary cementitious materials such as slag and fly
ash on hydration reactions within the filling system [34–37]. Research has found that the
addition of auxiliary admixtures often significantly prolongs the duration of the diffusion-
controlled stage (D) of the hydration reaction (Figure 2). In 2017, Zhang et al. [38] applied
this model to quantitatively analyze the influence mechanism of phosphoric slag on the
hydration process at different temperatures, demonstrating its applicability in complex
multi-component cementitious systems. In recent years, several scholars have utilized this
model to investigate the effects of particle size and dosage of various nanomaterials on the
hydration products and properties of cementitious materials, revealing their regulatory
mechanisms and providing support for the development of high-performance cementitious
materials [39–42].

Although this model is widely applied in engineering, the Krstulovic-Dabic model
can effectively simulate the hydration process of certain composite cementitious materials,
analyze hydration kinetic characteristics, and draw corresponding conclusions. However,
this model is suitable for constant temperature conditions and has limitations in simulating
dynamic temperature fields.
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Figure 2. Hydration reaction rate curves of Q-blended cement paste within 72 h. Where Q5, Q10, Q15,
Q20, and Q25 represent the replacement percentages (5%, 10%, 15%, 20%, and 25%) of supplementary
cementitious materials (SCMs), such as slag or fly ash, in the binder system. And α represents the
degree of hydration. Ref. [36] with permission from Construction and Building Materials.

3.4. Heat of Hydration Model

The Heat of Hydration model is a modeling approach based on macroscopic thermo-
dynamic characterization and empirical formula fitting. By monitoring the cumulative
heat release and heat release rate of cementitious materials during hydration, it constructs
mathematical equations that map the relationships between time, temperature, and various
hydration parameters. This model serves as a vital tool for predicting early-age temperature
field risks and the strength evolution laws of the backfill.

In 1984, Knudsen [43] introduced the seminal Dispersion Model, which describes the
evolutionary trend of cumulative heat release through a hyperbolic equation:

Q =
Qmax·k(t −t0)

1 + k(t −t0)

where Q is the cumulative heat release at time t, Qmax is the ultimate or maximum theoretical
heat of hydration, k is the hydration rate constant, t represents the hydration age or time,
and t0 is the duration of the induction period or the time at which hydration begins.

After the 21st century, to address deviations in predicting hydration reactions under
complex curing conditions, Schindler et al. [44] proposed the Modified Exponential Model
in 2005. This model incorporates an activation energy parameter to comprehensively
account for the synergistic effects of cementitious material chemistry, fineness, and ambient
temperature on hydration heat release (see equation below). It has become one of the
standard methods in engineering practice for predicting hydration heat curves of mass
concrete and backfill.

Q(t) = Qmax· exp

[
−
(

τ

te

)β
]

te= ∑ exp

[
Ea

R

(
1

Tref
− 1

Tcurr

)]
·∆t
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where Q(t) is the cumulative heat release at equivalent age te, Qmax is the ultimate heat
of hydration, τ is the hydration time parameter, and β is the hydration shape parameter.
te corresponds to the equivalent age of the concrete, Ea is the activation energy, R is the
universal gas constant (8.314 J/mol·K), Tref is the reference temperature (typically 293.15 K),
Tcurr represents the current temperature of the material, and ∆t is the actual time interval.

Given the characteristics of high water-cement ratio and high fine tailings content in
the backfill material, researchers further refined the heat release parameters (see equation
below). Through thermochemical testing data, they achieved precise characterization of the
temperature rise profile of the backfill mass within confined underground spaces [45,46].

ρc
∂T
∂t

= ∇·(λ∇T) +
.
q

.
q =

dQ
dt

= Qmax·
(τ

t

)β
·
(

β

t

)
· exp

[
−
(τ

t

)β
]

where ρ is the density of the backfill material, c is the specific heat capacity, T is the
temperature, and t represents time. λ corresponds to the thermal conductivity, ∇ is the Del
(nabla) operator representing the spatial gradient,

.
q (or dQ

dt ) is the heat release rate per unit
volume, Qmax is the ultimate heat of hydration, τ is the hydration time parameter, and β is
the hydration shape parameter.

However, this class of models predominantly relies on the fitting of thermodynamic
parameters at the macroscopic level, failing to explain the intrinsic nature from a micro-
scopic scale. Furthermore, distinguishing physical adsorption heat from chemical reaction
heat in systems with ultra-high tailings content remains a significant challenge [47].

3.5. Thermodynamic Phase Equilibrium Models

The thermodynamic phase equilibrium model is a computational method based on
the principle of Gibbs free energy minimization. It is primarily employed to predict the
stable phase composition, pore solution chemistry, and volume changes in cementitious
materials during the hydration process [48].

The theoretical framework for applying thermodynamics to cement systems was
first established in the mid-twentieth century. Babushkin et al. initially compiled and
published a thermodynamic dataset on hydrated cement in 1965, subsequently expanding
it systematically in their seminal work Thermodynamics of Silicates. During its initial
application phase, constrained by cumbersome manual calculations, this model remained
largely confined to purely theoretical analysis. It primarily focused on predicting the
final products of isolated chemical reactions under ideal equilibrium conditions, proving
inadequate for describing the dynamic evolution processes within complex cementitious
systems [49].

Since the turn of the 21st century, to address the research demands of complex com-
posite cementitious systems, this model has undergone a revolutionary evolution from
static to dynamic formulations. Researchers such as Lothenbach, Winnefeld, and Matschei
developed thermodynamic databases specifically tailored for cement hydration products
and logically consistent, such as the widely adopted Cemdata series [50,51]. As purely
thermodynamic calculations inherently fail to capture the time-dependent kinetic character-
istics of reactions, researchers have integrated these databases with geochemical modelling
software such as GEM-Selektor v3.6.0 and PHREEQC v3.7.0 [52]. This coupled modelling
approach successfully achieves dynamic input of dissolution rates for clinker minerals and
supplementary cementitious materials (SCMs), thereby enabling continuous simulation
of the evolution of products such as C-S-H gel, calcium hydroxide and calcium aluminate
hydrate across different ageing stages [53].
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Under variable temperature conditions, this modelling framework demonstrates excep-
tional predictive capability, clearly revealing how temperature fluctuations alter hydration
pathways. Lothenbach et al.’s research confirms that when temperatures exceed 50 ◦C,
the stability of cement system hydration products undergoes significant changes [54]. The
simulation results accurately foresee and explain the thermodynamic driving forces behind
the transformation of calcium aluminate hydroxide and calcium aluminate monocarbonate
into monosulphate-type products (Figure 3).

Figure 3. Modelled evolution of the liquid and solid phases during the hydration of sulphate-
resisting Portland cement (SRPC) at w/c = 0.4 (left panel: 5 ◦C; right panel: 50 ◦C), where calculated
hydrate assemblages and species concentrations in the pore solution are depicted as lines, and
experimental data for pore solution concentrations, as well as measured amounts of pore solution,
portlandite, ettringite (5 ◦C panel) and calcite, are shown as data points. All values refer to 100 g of
solid to facilitate comparison with X-ray diffraction (XRD) and thermogravimetric analysis (TGA)
data, meaning the mass of the solid phase increases over time due to the precipitation of hydration
products, accompanied by a corresponding reduction in the amount of pore solution (ss = solid
solution). Ref. [54] with permission from Cement and Concrete Research.

In the contemporary field of cemented backfilling for mining operations, this model
has been extensively employed to evaluate the synergistic effects of complex environmental
factors such as high geothermal temperatures and sulphate corrosion in deep mine shafts.
By directly correlating the calculated volumetric changes in solid hydration phases with
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reductions in macroscopic porosity, it provides theoretical underpinnings for predicting
strength development in backfill materials under extreme operational conditions.

Despite the maturity of thermodynamic methods, certain technical limitations persist
in the field of deep mining. The model’s core assumption of “local equilibrium” sometimes
struggles to capture metastable states occurring in actual reactions, and its predictive
accuracy is highly dependent on the completeness of underlying thermodynamic data.
Currently, data on complex ion interactions in deep or ultra-deep environments remains
relatively scarce, which to some extent limits the model’s reliability under extreme coupled
operating conditions.

3.6. Comparative Analysis of Hydration Models

The aforementioned five models characterize the hydration evolution process from
different dimensions. However, their modeling process heavily relies on idealized as-
sumptions such as constant curing environment humidity, discrete temperature, and slow
evolution rates, failing to adequately account for the dynamic nonlinear effects of multi-
field coupling factors under real complex operating conditions. Furthermore, these models
retain inherent limitations when addressing complex multiphase systems and phenomena
at the nanoscale.

The Nucleation and Growth (NG) model effectively characterizes the hydration pro-
cess from the perspective of microscopic mechanisms, and its conclusions regarding the
joint control of crystal nucleus formation and crystal growth rates have been extensively
validated. However, the model assumes static reaction boundaries without considering
boundary movement, resulting in insufficient adaptability for characterizing the hydra-
tion reaction of multi-particle materials common in backfill systems. In contrast, the
CEMHYD3D model enables the visual analysis of hydration kinetics and microstructural
evolution through a three-dimensional uniform cubic lattice. Despite its predictive accuracy
for macro properties like compressive strength, its core reaction rules are predominantly
based on empirical fitting rather than rigorous theoretical underpinning. Furthermore, its
fixed lattice resolution of 1 µm is incapable of capturing the structural evolution of calcium
silicate hydrate (C-S-H) gel at the nanoscale.

For broader engineering applications, the Krstulovic-Dabic kinetic model is widely
adopted due to its ability to delineate the hydration process into three successive stages:
Nucleation and Growth (NG), Phase Boundary reaction (I), and Diffusion Control (D).
This model is particularly effective in analyzing the effects of supplementary cementitious
materials such as slag and fly ash, which often prolong the duration of the diffusion-
controlled stage. Nevertheless, its primary limitation lies in its suitability for constant
temperature conditions, which hinders its performance in simulating dynamic temperature
fields. Complementary to these kinetic frameworks, the Heat of Hydration model utilizes
macroscopic thermodynamic characterization and empirical formula fitting to predict
early-age temperature field risks. While it achieves precise characterization of temperature
rise profiles in confined underground spaces, it predominantly relies on macroscopic
thermodynamic parameters and fails to explain the intrinsic nature of hydration from a
microscopic scale.

For the complex equilibrium problems in multiphase systems, thermodynamic phase
equilibrium models provide a rigorous theoretical framework for predicting the stable
phase composition and pore solution chemistry through the principle of Gibbs free energy
minimisation. Unlike kinetic models focused on reaction rates, this approach defines the
boundaries of hydration product evolution from a thermodynamic stability perspective.
However, its limitations lie in being inherently “time-independent”, assuming the system
is perpetually at or approaching chemical equilibrium. This deviates from the presence of
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metastable phases and kinetic hysteresis observed in actual hydration processes. Conse-
quently, without incorporating kinetic variables such as reaction extent for coupling, the
model struggles to independently describe the dynamic evolution of hydration behaviour
over time.

To provide a systematic overview of these methodologies, Table 3 compares the core
principles, application scales, and critical limitations of these fundamental hydration models.

Table 3. Comparative analysis of fundamental hydration kinetic models.

Model Core Principle Application Scale Critical Limitations

Nucleation and Growth
(NG) Model

Joint control of crystal nucleus
formation and growth rates. Microscopic

Assumes static boundaries;
low adaptability for

multi-particle backfill systems.

CEMHYD 3D Model 3D uniform cubic lattice for
visual hydration kinetics. Micro-to-Meso

Empirical-based rules; fixed
1 µm resolution cannot

capture nanoscale
C-S-H evolution.

Krstulovic-Dabic Kinetic
Model

Three stages: NG → Phase
Boundary (I) → Diffusion (D) *. Process

Restricted to constant
temperatures; poor simulation
of dynamic temperature fields.

Heat of Hydration Model
Macroscopic thermodynamic

characterization and
empirical fitting.

Macroscopic
Relies on macro-parameters;
fails to explain microscopic

intrinsic mechanisms.

Thermodynamic Phase
Equilibrium

Gibbs free energy minimization
predicting stable phase

compositions
Micro-to-Meso

Assumes local equilibrium;
highly dependent on

completeness of complex
thermodynamic data.

* The symbol → indicates the sequential progression of hydration stages in the model, from the initial nucleation
and growth (NG) phase, through the phase boundary reaction (I), to the final diffusion-controlled (D) phase.

Beyond temperature as an external factor, chemical admixtures play an equally crucial
role in regulating the hydration induction period. Marchon and Flatt [55] elaborated on
the physicochemical mechanisms whereby water-reducing agents and setting accelerators
redefine hydration kinetics curves by adsorbing onto cement particle surfaces or altering
pore water saturation. Comparisons of hydration models revealed that existing heat
evolution models frequently overlook the synergistic interaction between admixtures and
dynamic temperature fields—a boundary condition requiring correction in deep high-
temperature mine backfill design.

In summary, the construction of hydration reaction models for backfill must not only
draw upon classical theories of cement-based materials but also require in-depth modi-
fication specifically targeted at unique thermodynamic boundary conditions. Although
progress has been made in both macroscopic and microscopic studies, a quantitative corre-
lation model with clear physical significance between the two has not yet been constructed,
making precise regulation of backfill performance difficult.

4. Current Status of Research on the Influence of Temperature on the
Hydration Reaction of Backfill

Temperature, as a key regulatory factor in hydration reactions, influences not only
the reaction pathway through thermodynamic conditions but also exerts multiscale effects
on the evolution of the microstructure of the cementitious matrix via kinetic interactions.
Current research indicates that the interaction between temperature and hydration exhibits
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a certain non-linear pattern, manifesting at both the molecular level and the microstructural
scale [56].

4.1. Accelerating Effect of Suitable Temperature on the Hydration Reaction

The temperature sensitivity of the hydration reaction rate is fundamentally governed
by the Arrhenius law, where the reaction rate constant k is exponentially related to the
apparent activation energy Ea. Although the Arrhenius equation is widely applicable, the
value of Ea is not a universal constant but varies significantly across different backfill binder
systems reported in the literature [57,58].

Pure cement systems typically exhibit Ea values in the range of 30–45 kJ/mol. How-
ever, the incorporation of supplementary cementitious materials (SCMs) such as slag and
fly ash significantly alters this parameter. Research indicates that slag-blended backfills
generally possess higher apparent activation energy (often >50 kJ/mol) compared to pure
cement systems, implying that their hydration rates are more sensitive to temperature
fluctuations [59,60].

In the field of backfill research, the classification of curing temperature gradients is
not based on subjective conjecture but on scientific definitions grounded in the thermo-
dynamic characteristics of cementitious materials and the actual operating conditions of
different mines. Regarding backfill curing temperatures, temperatures below 15 ◦C are
typically regarded as low-temperature environments, commonly found in shallow mines
or permafrost regions in cold zones; Temperatures between 20 ◦C and 40 ◦C are defined as
moderate/optimal environments, with 20 ◦C being the internationally recognized standard
curing temperature for fill materials. Temperatures above 35 ◦C effectively stimulate the
reactivity of cementitious materials like slag and fly ash. Environments exceeding 45 ◦C are
classified as high-temperature conditions, typically corresponding to deep mines with ele-
vated ground temperatures. At these temperatures, the hydration pathway often deviates
from normal conditions, potentially leading to microstructural degradation [61,62].

Currently, extensive experimental verification and theoretical derivations have been
conducted both domestically and internationally regarding the acceleration effect of temper-
ature on hydration reactions. Using isothermal microcalorimetry and thermogravimetric
analysis, some researchers have discovered that within the 20–40 ◦C temperature range,
elevated temperatures significantly shorten the hydration induction period, advance the
exothermic peak, and increase cumulative heat release (Figure 4).

This accelerates the formation of hydration products such as C-S-H gel and calcium
aluminate hydrate (AFt) [63–65]. Driven by this positive temperature effect, the network of
acicular crystals formed between particles becomes denser (Figure 5), effectively refining
the pore structure within the filler. This leads to a rapid increase in the filler’s early strength.

Regarding supplementary cementitious materials (SCMs) commonly employed in
grouting compounds, Lothenbach et al. [66] emphasised the significant catalytic effect of
temperature on the reactivity of slag and fly ash. Specifically, elevated temperatures acceler-
ate ion dissolution and disrupt the chemical bonds within the vitreous structure. However,
temperatures exceeding 45 ◦C trigger a “shell effect” (or crossover effect), where the acceler-
ated precipitation of hydration products forms a dense, passivating layer on binder surfaces.
This encapsulated shell impedes subsequent water ingress and ionic transport, ultimately
decelerating late-stage hydration and potentially inducing strength retrogression [67–70].
Gallucci et al. [71] experimentally demonstrated that high-temperature environments in-
duce the formation of dense yet non-uniform encapsulating layers of hydration products
(such as C-S-H) around cement particles. This distribution heterogeneity impedes subse-
quent ion diffusion, providing a microscopic explanation for why high-temperature-cured
grouts exhibit high early strength but sluggish later strength development.
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Figure 4. Comparative analysis of hydration heat release curves between experimental results and
simulated results for each curing temperature: (a) 20 ◦C; (b) 30 ◦C; (c) 40 ◦C; (d) 50 ◦C; (e) 60 ◦C.
Ref. [64] with permission from Construction and Building Materials.

Figure 5. Microstructure of CTB (cemented tailings backfill) at different curing temperatures:
(a) 20 ◦C; (b) 40 ◦C; (c) 60 ◦C. Colors in the micrographs represent different microstructural phases:
blue for pores, green for CH, and red/orange for C-S-H. Ref. [64] with permission from Construction
and Building Materials.
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4.2. Deterioration Effect of Low/Extreme Low Temperatures on Hydration Reaction

In recent years, with the development and advancement of microstructural research
techniques, some scholars have experimentally explored the effects of low-temperature
and extreme low-temperature environments on the hydration reaction of backfill from a
microstructural perspective. Research indicates that under low-temperature conditions
ranging from 5 ◦C to 15 ◦C, the hydration reaction rate significantly slows down, and
hydration products predominantly distribute in isolated states (Figure 6). The rate of
strength gain in the backfill also noticeably decreases [72–74].

Figure 6. Diagram of pore structure evolution of UHPCC (ultra-high performance cementitious
composites) at different curing temperatures. The blue arrow indicates the low-temperature inducing
condition, and black arrows represent the sequential evolution process from particle packing, cement
hydration to pore structure formation. The yellow boxed micro-region magnifies the local distribution
of cement particles (dark blue), mineral additives (purple) and the water film on their surfaces—this
core micro-interface state directly triggers the hydration inhibition effect (manifested as reduced
Ca(OH)2 content in T5/T10 samples) discussed in the text. Symbol definitions: Sand (brown circles),
cement particle (dark blue circles), mineral additives (purple circles), pores (red hollow circles), C-S-H
gel (pink wavy lines), original C-S-H sheet (black solid lines), newly formed C-S-H sheet (red solid
lines). Ref. [74] with permission from Construction and Building Materials.

When environmental conditions extend to extreme sub-zero temperatures below
0 ◦C or even permafrost, the regulatory mechanism of temperature on hydration reactions
evolves into complex coupled interactions. Experimental observations by some scholars
reveal that hydration degree significantly decreases during curing below −5 ◦C (Figure 7),
accompanied by increased microstructural defects and higher porosity [75–78]. In studies
focusing on permafrost regions, Wang et al. [79] further confirmed through the establish-
ment of a thermo-chemical coupling model that extreme low temperatures forcibly prolong
the hydration process, resulting in the backfill remaining in a low strength cemented state
for a long duration. Moreover, this damage to the microstructure is irreversible.

Numerical simulation methods, as an economical and convenient research tool, have
become the most frequently and widely used approach in backfill studies in recent years.
Based on maturity theory and chemical kinetics models, researchers have employed soft-
ware such as CEMHYD3D v3.0 and FLAC3D v9.5 to quantitatively analyze the dynamic
evolution of product volume fraction and porosity under varying temperature fields. Nasir
et al. [62] found that moderate heating optimizes the stress field distribution within ce-
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mentitious materials, compensating for initial structural defects by enhancing the degree
of hydration [80,81]. Recent studies have demonstrated that the dynamic superposition
effect between ambient temperature and hydration heat release is the primary driver of
performance evolution in large-volume backfill bodies. Static temperature experiments
alone struggle to fully replicate the true pathways of hydration reactions occurring in
complex underground environments [82,83].

Figure 7. Relationship between (a) pore volume/(b) compressive strength and the value of 1 − (C2S +
C3S) and CH content under different curing conditions. Blue spheres represent the test data points. The
purple dashed ellipse highlights the data cluster corresponding to the standard curing condition. Ref. [76]
with permission from Elsevier.

In summary, extensive research on temperature-controlled hydration of cementitious
materials has yielded significant results both domestically and internationally, clarifying the
mechanisms by which temperature variations influence hydration reaction rates, products,
and macroscopic strength. However, existing studies predominantly focus on qualitative
comparisons under constant temperature gradients, failing to fully elucidate the mapping
relationship between the non-steady-state temperature field within the backfill and the
hydration reaction. Therefore, achieving a synergistic simulation of the non-steady-state
temperature field and the hydration reaction to fundamentally explain the performance
evolution mechanism of backfill within complex confined spaces remains an urgent research
direction requiring in-depth breakthroughs in this field.

5. Current Status of Research on the Influence of Temperature on the
Evolution Laws of Mechanical Properties of Backfill
5.1. Influence of Temperature on the Strength Performance of Backfill

Temperature, as a significant factor influencing the rate of hydration reactions within
backfill, plays a decisive role in determining the content of hydration products, the bonding
strength between aggregate particles, and the porosity of the backfill during curing. The
mechanical properties of backfill exhibit marked differences under varying curing temper-
atures. Research on temperature’s influence on backfill strength characteristics has now
established a mature framework spanning from macro to micro scales and from experi-
mental to theoretical approaches. The following sections will elaborate on this framework
through three dimensions: macro-scale mechanical testing (uniaxial/triaxial compression
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tests), micro-scale characterization analysis (SEM, XRD, NMR, etc.), and numerical fitting
with constitutive model development.

5.1.1. Macroscopic Mechanical Experimental Research

Experimental studies in macro-mechanics represent the most direct experimental
method for evaluating the strength properties of backfill. Extensive literature research
indicates that temperature regulation of filling strength exhibits distinct “interval effects”
and “nonlinear aging” characteristics. The “peak strength temperature” is highly dependent
on the specific chemical composition of the binder.

Hao et al. [84] conducted uniaxial compression tests on steel slag-cement bonded
backfill (SS-CPB) after multi-temperature gradient curing at 20 ◦C, 40 ◦C, 60 ◦C, and
80 ◦C. Results showed that peak strength and elastic modulus exhibited a pattern of initial
increase followed by decrease with rising temperature, reaching maximum values at 60 ◦C
(Figure 8). Beyond this temperature, strength declined significantly.

Figure 8. Mechanical performance of SS-CPB under static loading. (a) Stress–strain curve at different
curing temperatures.(b) Ratios of σc/σp (blue bars) and εc/εp (orange bars). (c) Elastic modulus
(blue bars, left y-axis) and brittleness index (pink bars, right y-axis). (d) Peak strength [84].

Zhang et al. [85] further quantified the relationship between temperature and the
mechanical properties of backfill through uniaxial compression tests. They proposed that
the uniaxial compressive strength (UCS) and elastic modulus of backfill can be accurately
characterized by a polynomial function in relation to curing temperature. The mechanical
parameters peak at 40 ◦C (Figure 9), and beyond this temperature, strength exhibits a
decreasing trend due to reduced hydration. Gao et al. [86] conducted uniaxial compression
tests on waste rock-tailings cemented backfill after curing at different temperatures. They
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found that the compressive strength and flexural strength of the backfill were optimal at
30 ◦C, while both strength and durability decreased at higher temperatures.

 

Figure 9. Stress–strain curves at different curing temperatures: (a) 3 d; (b) 7 d. Ref. [85] with
permission from Elsevier.

Regarding backfills with special components, Xu et al. [87] conducted uniaxial com-
pression tests on CPB containing flocculants and found that the compressive strength of the
fillers increased linearly as the curing temperature rose from 2 ◦C to 50 ◦C. Gu et al. [88]
observed in their study of alkali-activated slag backfill that early strength development
was slow at 5 ◦C. However, when the temperature rose to 20 ◦C, the activation effect of
calcium salts significantly increased, improving early strength performance.

Beyond uniaxial compression conditions, Liu et al. [89] experimentally demonstrated
that elevated temperatures accelerate cement hydration. Under the synergistic effects
of multiaxial stress and temperature, the unconfined compressive strength (UCS) of the
backfill significantly increased. Xu et al. [90] found that the shear strength at the fiber-
reinforced rock-CPB interface exhibits temperature sensitivity. At 25 ◦C, the peak shear
strength at the interface increased by 45% compared to that at 10 ◦C. Elevated temperatures
promote the bonding between fibers and the matrix/rock interface, thereby enhancing the
shear resistance of the interface. Triaxial compression tests conducted by Liu et al. [91]
demonstrated that the peak strength of coal gangue-fly ash cemented backfill cured at
35 ◦C increased by 36% compared to that at 20 ◦C under identical conditions. Elevated
temperatures effectively enhanced the strength properties of the backfill under complex
stress environments.

5.1.2. Micro-Scale Characterization and Mechanistic Analysis

Macroscopic mechanical experiments merely describe the external influence of temper-
ature on the strength of the backfill from a macroscopic perspective, whereas microstruc-
tural characterization analysis can fundamentally explain the changes in macroscopic
strength. Microstructural characterization encompasses techniques such as SEM, XRD, and
NMR. In recent years, numerous scholars have analyzed temperature’s effect on backfill
strength from a microstructural perspective. Research consistently indicates that temper-
ature influences macroscopic backfill strength by regulating the formation of hydration
products and pore structure.

Zhang et al. [92] utilized SEM-EDS testing to analyze the microstructure at the rock-
CPB interface, discovering that high-temperature curing promotes cement hydration, gen-
erates more hydration products, reduces porosity in the interfacial transition zone, and
significantly enhances interfacial bond strength. Zhang et al. [85] analyzed pore structure
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via low-field NMR experiments, finding that the 40 ◦C curing condition yielded the low-
est porosity and most optimal pore size distribution in the backfill. Furthermore, their
team’s real-time monitoring of hydration heat revealed that the backfill’s hydration pro-
cess could be divided into five distinct stages (Figure 10). Increased temperature caused
the completion time for each stage to decrease exponentially, while the peak hydration
heat release increased. These parameters showed significant correlation with uniaxial
compressive strength.

 

Figure 10. Analysis of different periods in the hydration process of CPB: (a) hydration time at different
periods; (b) cumulative heat release at different periods. Ref. [85] with permission from Elsevier.

Fall et al. [93] further confirmed through monitoring the pattern of hydration heat re-
lease that elevated temperatures accelerate cement dissolution and ion diffusion, promoting
hydration reactions. This results in faster early-stage hydration heat release in the backfill,
enabling rapid strength development. However, excessively high temperatures may lead
to incomplete hydration reactions, thereby affecting long-term strength. Xu et al. [94] ob-
served via SEM that at 60 ◦C curing, fibers dispersed more uniformly, effectively bridging
microcracks and inhibiting crack propagation. Ding et al. [95] used NMR testing to reveal
that cemented tailings fillers cured at 30 ◦C exhibited a higher proportion of small pores,
superior pore structure, and stronger energy absorption capacity. Conversely, curing at
15 ◦C increased the proportion of large pores, leading to reduced strength and stability.

For backfill materials subjected to ultra-high-temperature treatment, Zhan et al. [96] ob-
served via TG/DTG and MIP testing that hydration products began decomposing beyond
100 ◦C. At 200 ◦C, severe dehydration of C-S-H gel occurred, significantly exacerbating
damage (Figure 11) and causing a substantial decline in macroscopic strength.

5.1.3. Numerical Modeling and Constitutive Law Development

Transforming temperature-induced macroscopic mechanical responses into quantita-
tive mathematical representations is pivotal for advancing the study of backfill strength
from descriptive analysis to engineering applications. Current digital research on the
strength properties of backfills under thermal influence primarily relies on empirical for-
mula statistics and the derivation of constitutive models through fitting.

Some scholars have established regression equations linking various factors to backfill
strength through multiple regression analysis, or employed response surface methodology
to develop response surface regression models quantifying the effects of curing temperature
and mix proportions on backfill strength [97–101].
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Figure 11. SEM image analysis of backfill bodies after high temperature action. Ref. [96] with
permission from Engineering Fracture Mechanics.

Li et al. [102] established a regression model linking slurry slump to strength based
on response surface methodology, clarifying the significant influence of interactions be-
tween mass concentration, cement-sand ratio, and coarse aggregate content on strength.
Song et al. [103] utilized the RSM-BBD module to reveal the strength influence patterns
of the interaction between slag powder content, concentration, and paste-to-aggregate
ratio at different ages. Wang et al. [104] constructed a high-precision nonlinear multiple
model, discovering that strength at all ages was most sensitive to the interaction between
desulfurization gypsum and fly ash mass fractions. Li et al. [105] clarified the significant
influence of sand-to-cement ratio and slag powder proportion based on strength models,
and enhanced prediction accuracy by incorporating residual connection LSTM.

Some scholars have conducted experimental studies on the influence of temperature
on the damage and failure characteristics of backfill, yielding meaningful research outcomes.
These include investigations into the variation patterns and mechanisms of shear strength
at the bond interface under different temperatures, studies on the propagation patterns and
forms of cracks in backfill at varying temperatures, and the development of temperature-
based strength prediction models and damage constitutive models [106–108]. Regarding
strength prediction, Chao et al. [109] found that native rice husk ash exhibits optimal
mechanical properties at a 20% dosage, with strength increasing in three stages over time.
Deqing G et al. [110] optimized the mix design of soda ash residue-modified fill using
response surface methodology and established a high-precision strength prediction model
based on dimensional analysis.

In numerical simulation, Xijun Z et al. [111] used a damage constitutive model
(Figure 12) to reveal the influence of contact surface moisture content and roughness
on shear strength. Wang et al. [112] employed PFC 3D to quantify the relationship be-
tween micro-parameters and macro-mechanical properties, establishing an efficient chemo-
mechanical coupling prediction framework.
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Figure 12. The morphology characteristics of the failed PFCM&C contact surfaces with different
roughness. (a) The physical photos and (b) reconstructed images. [111].

Regarding damage evolution, Yin et al. [113] proposed a three-stage damage model
that accurately captured the progressive degradation of tailings-waste rock backfill un-
der impact loading, with model predictions closely matching field experimental data
(Figure 13). Jie W et al. [114] investigated rock encapsulation effects, clarifying the contri-
bution mechanism of confinement layer thickness to strength enhancement and synergistic
damage in backfill.

 
(a)  (b) 

Figure 13. Applicability verification of damage constitutive model. (a) c/s =1:6; strain rate = 30.25−1;
(b) c/s =1:8; strain rate = 32.27−1. Region I represents the linear elastic stage, Region II represents the
plastic yield stage, and Region III represents the post-peak failure stage. Ref. [113] with permission
from Construction and Building Materials.

In summary, the temperature-driven evolution of backfill strength is a nonlinear pro-
cess involving material proportions, hydration levels, and changes in micro-pore structure.
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Temperature exhibits a “first-increase-then-decrease” interval effect on backfill strength
performance, which is also material-dependent. The peak strength temperatures differ
across various cementitious systems. Beyond critical temperatures, thermal cracking and
incomplete hydration reactions lead to significant strength degradation. Although partial
strength prediction models and damage constitutive models have been established using
multiple regression and response surface methods, and some researchers have verified
the physical triggers of microstructural cracking in backfill through micro-macro experi-
ments, the variability of strength indicators remains constrained by complex temperature
variations under different operating conditions and the “shell effect.” Developing accurate
constitutive models for dynamic strength evolution tailored to the actual ground tem-
perature characteristics of different mines is essential for ensuring the stability of deep
mining areas.

5.2. Influence of Temperature on Durability Performance of Backfill

The long-term stability of backfill under complex mining conditions is influenced by
multiple factors, including curing temperature, age, and material composition. Its dura-
bility exhibits distinct zone dependency and time-dependent characteristics. Long-term
monitoring by some researchers indicates that early-stage curing at appropriate temper-
atures helps optimize pore structure, laying a solid foundation for durability. However,
prolonged exposure to temperatures exceeding 50 ◦C accelerates microcrack propagation
due to accumulated internal stresses and thermal instability of hydration products, ul-
timately inducing systematic deterioration of durability [115,116]. Conversely, in cold
regions or extreme low-temperature environments, the severe lag in hydration reactions
causes periodic expansion damage to the microstructure of the fill material, leading to
irreversible deterioration in its durability [117–119].

In addition to regulating durability by influencing hydration reactions, temperature
also affects the erosion resistance of backfill by accelerating the migration and reaction rates
of corrosive ions. Studies involving chloride, sulfate, or heavy metal ion leaching have
revealed that elevated temperatures accelerate the migration and reaction of corrosive ions,
significantly shortening the corrosion resistance lifespan of the backfill. Long-term volume
expansion of ionic products generates internal stresses that cause pore wall cracking and
backfill spalling (Figure 14), ultimately leading to a substantial reduction in durability [120].

To counteract this degradation mechanism, researchers employed material-based con-
trol methods—such as introducing nano-SiO2, silica fume, or calcium salt activators—to
reconfigure diffusion pathways. This effectively slowed the permeation rate of harmful
ions, achieving compensatory enhancement of durability [121,122]. Baddredine, H E [123]
demonstrated through X-ray micromicroscopic tomography that the penetration depth
of water and ions within cementitious materials is highly dependent on the physical con-
nectivity of the pore structure. They proposed that post-treatment with materials such
as nano-silica can effectively modify the wettability and transport properties of hard-
ened paste, thereby significantly inhibiting the penetration rate of harmful media such as
chloride ions.

In the field of carbonation resistance research, temperature exerts a more complex dual
regulatory effect on the carbonation resistance durability of backfill. Moderate temperature
increases accelerate the kinetics of carbonation reactions, promoting rapid deposition of
calcium carbonate crystals within early-stage micro-pores. This enhances structural density
and carbonation resistance. However, excessively high temperatures or severe temperature
cycling fluctuations often lead to uneven distribution of carbonation products, triggering
internal micro-cracks that conversely diminish carbonation resistance durability [124,125].
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Figure 14. Schematic diagram of salt attack model: (a) Cl−; (b) SO4
2−. Ref. [120] with permission

from Construction and Building Materials.

In summary, the durability of the filling material exhibits pronounced time-dependent
characteristics under the combined effects of temperature, aging, and environmental me-
dia. Given the irreversible nature of durability degradation in the filling material, fu-
ture research should focus more on reconstructing microdiffusion pathways to enhance
and ensure the long-term performance of the filling material in extreme geothermal or
cryogenic environments.

6. Development Trends
Currently, although phased progress has been achieved in research concerning the

hydration reaction and mechanical performance of backfill under temperature effects,
studies on dynamic temperature fields remain relatively scarce, and quantitative research
linking the microscopic to macroscopic levels is also deficient. Notably, as highlighted by
recent research trends, a significant number of studies have begun to leverage artificial
intelligence for performance prediction, signaling a paradigm shift in the field. Therefore,
it is suggested that future research should expand in the following directions:

(1) Research on Dynamic Temperature Fields

Current research on the effects of temperature on hydration reactions or backfill
mechanical performance is predominantly based on constant temperature (isothermal) con-
ditions. Moreover, experimental settings are confined to laboratories, lacking simulations
of the variable temperature processes found in actual engineering practice. Consequently, it
is impossible to accurately predict the long-term performance evolution of backfill in deep
mines. Therefore, it is necessary to combine engineering reality with experiments based on
variable temperature environments to explore the influence of dynamic temperature fields
on the mechanical performance of backfill.

(2) Quantitative Correlation between Microscopic and Macroscopic Levels

Although progress has been made in both macroscopic and microscopic aspects, there
is a prevalent disconnection between existing macroscopic and microscopic studies. A
quantitative correlation model with clear physical significance has not yet been constructed
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between the two, making it difficult to achieve precise regulation of backfill performance.
Therefore, it is essential to establish such correlation models to elucidate the intrinsic links
and formulate specific mathematical expressions.

(3) Long-term Database for Extreme Environments

Current research generally focuses on the temperature range of 10 ◦C to 50 ◦C. Studies
targeting extreme environments, such as severe cold or high temperature and high humidity,
are mostly short-term experiments. There is a lack of data on the long-term performance
evolution of backfill, which fails to support long-cycle stability assessments. Therefore, it is
necessary to establish a long-term database for extreme regions to provide data support for
the full-temperature-cycle performance evolution of backfill.

(4) Multi-field Coupling Evolution Mechanism

Currently, research on backfill performance mostly concentrates on the unidirectional
or bidirectional effects of temperature and mechanical performance. However, the environ-
ment of most engineering mines is extremely complex, often accompanied by interweaving
factors such as high ground stress and high chemical corrosion. Existing studies have a
shallow understanding of the degradation mechanism of backfill performance under multi-
field coupling. Therefore, future efforts should construct multi-field coupling evolution
models to deeply analyze the laws governing the impact of synergistic factors on backfill
stability, thereby more realistically replicating complex mining conditions.

(5) AI-Based Prediction and Intelligent Optimization

Recent advancements in research indicate a notable shift from traditional empirical
models to data-driven artificial intelligence (AI) approaches. Numerous studies have
demonstrated that AI and Machine Learning (ML) algorithms, including Random Forest
(RF), Support Vector Machines (SVMs), and various Deep Learning architectures, are capa-
ble of processing multi-dimensional variables (e.g., curing temperature, binder type, and
hydration degree) with a level of precision that surpasses classical regression models. In
light of this progress, AI-based prediction is increasingly regarded as a dominant paradigm
for assessing the long-term strength and stability of backfill. While AI-driven methodolo-
gies offer significant advantages in handling complex, high-dimensional data, physical
modeling and fundamental materials science will continue to play a vital role, offering
the mechanistic understanding required to interpret and validate data-driven predictions.
Future research should focus not only on further developing these high-performance
predictive models, but also on integrating them with optimization algorithms to enable
autonomous, real-time mix design in complex mining environments.

7. Conclusions
(1) The theoretical framework for temperature-regulated hydration relies on five main-

stream models. While the NG, CEMHYD 3D, Krstulovic-Dabic, and Heat of Hy-
dration models effectively cover micro-to-macro kinetics, and the Thermodynamic
Phase Equilibrium model addresses dynamic phase changes, all currently exhibit
limitations in fully capturing nanoscale phenomena and dynamic, non-steady-state
temperature fields.

(2) Backfill hydration exhibits an optimal temperature interval (typically 20 ◦C to 40 ◦C),
within which the induction period is shortened and early strength develops rapidly.
However, extreme environments cause severe deterioration: temperatures below
−5 ◦C induce significant hydration lag and microstructural porosity, while temper-
atures exceeding 45 ◦C trigger a “shell effect” that encapsulates binder particles,
inhibiting long-term hydration.
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(3) Temperature exerts a non-linear “increase-then-decrease” interval effect on mechanical
performance. The peak strength threshold is highly material-dependent; for example,
slag-blended systems often require higher activation energies (>50 kJ/mol) and peak
at different temperatures compared to pure cement systems. Beyond critical temper-
atures (e.g., >100 ◦C to 200 ◦C), severe dehydration of C-S-H gel leads to structural
thermal cracking and significant strength degradation.

(4) Backfill durability exhibits significant time-dependent degradation under multi-field
coupling (e.g., thermal stress combined with sulfate/chloride erosion). To ensure
long-term stability in extreme environments, future research must transition from
isothermal, trial-and-error experiments to dynamic temperature field simulations.
The integration of Artificial Intelligence (AI) and Machine Learning algorithms to
explore the intricate, non-linear relationships between micro-mechanisms and macro-
performance is expected to become an increasingly dominant approach in the devel-
opment of intelligent backfill design.

Author Contributions: Conceptualization, Y.T. and W.S.; literature search and selection, J.L. and Z.Z.;
data curation, J.L.; writing—original draft preparation, J.L.; writing—review and editing, Y.T. and
W.S.; supervision, Y.T.; project administration, Y.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (52274110).

Data Availability Statement: The data are contained within the article.

Acknowledgments: The authors thank the journal editors and anonymous reviewers for their
constructive comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xie, H.; Gao, F.; Ju, Y.; Gao, M.; Zhang, R.; Gao, Y.; Liu, J.; Xie, L. Quantitative Delineation and Analysis of Deep Mining. Chin. J.

Coal Sci. Eng. 2015, 40, 1–10. [CrossRef]
2. He, M.; Guo, P. Thermodynamic effects of deep rock mass and temperature control measures. Chin. J. Rock Mech. Eng. 2013, 32,

2377–2393.
3. Li, K. Study on Mechanical and Acoustic Emission Characteristics of Cemented Tailings Backfill Under Uniaxial Compression

Under the Influence of Temperature. Master’s Thesis, Wuhan University of Science and Technology, Wuhan, China, 2019.
4. Xie, H.; Ju, Y.; Gao, F.; Gao, M.; Zhang, R. Groundbreaking theoretical and technical conceptualization of fluidized mining of deep

underground solid mineral resources. Tunn. Undergr. Space Technol. Inc. Trenchless Technol. Res. 2017, 67, 68–70. [CrossRef]
5. Xie, H.; Gao, F.; Ju, Y.; Zhang, R.; Gao, M.; Deng, J. Several Disruptive Technology Concepts and Research Directions in the Field

of Deep Earth Science. Eng. Sci. Technol. 2017, 49, 1–8. [CrossRef]
6. Yang, D.; Yang, T. Thermal Environment in Mines and Its Control. Doctoral Thesis, Metallurgical Industry Press, Beijing,

China, 2009.
7. Wu, Q.; Zhou, N.; Cheng, J. Review and prospect of supply security of strategic critical mineral resources. Resour. Sci. 2020, 42,

1439–1451. [CrossRef]
8. Zheng, Y.; Ci, Q.; Gao, S.; Wu, S.; Jiang, X.; Chen, X. Polymetallic mineralisation series and exploration prospects for silver-tin-

copper deposits in the western segment of Mount Kailash, Tibet. Front. Earth Sci. 2021, 28, 379–402. [CrossRef]
9. Xie, R.; Qiao, P. Study on performance degradation of interfacial transition zone of concrete with low degradation aggregate

under freeze-thaw cycles. Concrete 2022, 1–6. [CrossRef]
10. Li, G.; Tang, L.; Jin, L.; Cui, Y.; Xi, J. Study on Strength Degradation Characteristics of Soil-Rock Mixtures under Freeze-Thaw

Cycling. J. Henan Univ. Sci. Technol. (Nat. Sci. Ed.) 2022, 43, 67–75+7–8. [CrossRef]
11. Garrault-Gauffinet, S.; Nonat, A. Experimental investigation of calcium silicate hydrate (C–S–H) nucleation. J. Cryst. Growth 1999,

200, 565–574. [CrossRef]
12. Garrault, S.; Nonat, A. Hydrated Layer Formation on Tricalcium and Dicalcium Silicate Surfaces: Experimental Study and

Numerical Simulations. Langmuir ACS J. Surf. Colloids 2001, 17, 8131–8138. [CrossRef]

https://doi.org/10.3390/min16030276

https://doi.org/10.13225/j.cnki.jccs.2014.1690
https://doi.org/10.1016/j.tust.2017.04.021
https://doi.org/10.15961/j.jsuese.2017.01.001
https://doi.org/10.18402/resci.2020.08.01
https://doi.org/10.13745/j.esf.sf.2021.1.19
https://doi.org/10.3969/j.issn.1002-3550.2022.06.001
https://doi.org/10.15926/j.cnki.issn1672-6871.2022.04.011
https://doi.org/10.1016/S0022-0248(99)00051-2
https://doi.org/10.1021/la011201z
https://doi.org/10.3390/min16030276


Minerals 2026, 16, 276 26 of 30

13. Kondo, R.; Daimon, M. Early hydration of tricalcium silicate: A solid reaction with induction and acceleration periods. J. Am.
Ceram. Soc. 1969, 52, 503–508. [CrossRef]

14. McCurdy, K.G.; Erno, B.P. The kinetics of hydration of tricalcium silicate. Silic. Ind. 1970, 35, 301–307. [CrossRef]
15. Brown, P.W.; Pommersheim, J.M.; Frohnsdorff, G. A kinetic model for the hydration of tricalcium silicate. Cem. Concr. Res. 1985,

15, 35–41. [CrossRef]
16. Thomas, J.J. A New Approach to Modeling the Nucleation and Growth Kinetics of Tricalcium Silicate Hydration. J. Am. Ceram.

Soc. 2007, 90, 3282–3288. [CrossRef]
17. Ji, Y.; Zhang, X.; Pel, L.; Sun, Z. NMR investigations on Cl− and Na+ ion binding during the early hydration process of C3S, C3A

and cement paste: A combined modelling and experimental study. Compos. Part B 2024, 283, 111624. [CrossRef]
18. Thomas, J.J.; Allen, A.J.; Jennings, H.M. Hydration kinetics and microstructure development of normal and CaCl2-accelerated

tricalcium silicate (C3S) pastes. J. Phys. Chem. C 2009, 113, 19836–19844. [CrossRef]
19. Scrivener, L.K.; Juilland, P.; Monteiro, J.P. Advances in understanding hydration of Portland cement. Cem. Concr. Res. 2015, 78,

38–56. [CrossRef]
20. Cahn, J.W. The kinetics of grain boundary nucleated reactions. Acta Metall. 1956, 4, 449–459. [CrossRef]
21. van Breugel, K. Numerical simulation of hydration and microstructural development in hardening cement paste (I): Theory. Cem.

Concr. Res. 1995, 25, 319–331. [CrossRef]
22. Bentz, D.P.; Garboczi, E.J. A digitized simulation model for microstructural development. Ceram. Trans. 1991, 16, 211–226.
23. Garboczi, E.J.; Bentz, D.P. Computer simulation of the diffusivity of cement-based materials. J. Mater. Sci. 1992, 27, 2083–2092.

[CrossRef]
24. Bentz, D.P. CEMHYD3D: A Three-Dimensional Cement Hydration and Microstructure Development Modeling Package, Version 3.0[R];

NISTIR 7232; U.S. Department of Commerce: Washington, DC, USA, 2005. [CrossRef]
25. Bentz, D.P. Three-dimensional computer simulation of cement hydration and microstructure development. J. Am. Ceram. Soc.

1997, 80, 3–21. [CrossRef]
26. Bullard, J.W.; Garboczi, E.J. A model investigation of the influence of particle shape on Portland cement hydration. Cem. Concr.

Res. 2006, 36, 1007–1015. [CrossRef]
27. Garboczi, E.; Bullard, J. Shape analysis of a reference cement. Cem. Concr. Res. 2004, 34, 1933–1937. [CrossRef]
28. Bentz, D.P. Quantitative comparison of real and CEMHYD3D simulated cement paste microstructures. Cem. Concr. Res. 2004, 34,

3–7. [CrossRef]
29. Haecker, C.-J.; Garboczi, E.J.; Bullard, J.W.; Bohn, R.B.; Sun, Z.; Shah, S.P.; Voigt, T. Modeling the linear elastic properties of

Portland cement paste. Cem. Concr. Res. 2005, 35, 1948–1960. [CrossRef]
30. Nguyen, V.T.; Phan, T.D.; Noh, H.W.; Lee, S.Y.; Kim, D.J. Effects of high-volume limestone powder substitution on hydration and

mechanical–microstructural development of low-carbon cement pastes: Simulation and experiment. Constr. Build. Mater. 2025,
471, 140710. [CrossRef]

31. Garboczi, E.; Bentz, D. The effect of statistical fluctuation, finite size error, and digital resolution on the phase percolation and
transport properties of the NIST cement hydration model. Cem. Concr. Res. 2001, 31, 1501–1514. [CrossRef]
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