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A B S T R A C T

The mechanical performance of cemented backfill in deep engineering environments is jointly governed by 
curing-induced microstructural evolution and confinement-controlled deformation processes, yet their respective 
roles and interactions remain insufficiently understood. In this study, the curing- and confinement-dependent 
mechanical behavior of loess–slag backfill was investigated through triaxial compression tests, acoustic emis
sion (AE) monitoring, mercury intrusion porosimetry (MIP), and a fractional-order constitutive interpretation 
focused on the stable hardening regime. Results indicate that curing primarily enhances intrinsic stiffness by 
refining pore network topology. This effect is quantitatively captured by the monotonic increase in the intact- 
state pore fractal dimension (Df0) and its strong non-linear correlation with the generalized stiffness coeffi
cient (K). In contrast, confinement regulates the damage evolution pathway. The minimum AE b-value (bmin) 
correlates strongly with the fractional order (α), revealing a fundamental transition from localized brittle 
cracking to distributed ductile deformation. Furthermore, post-peak softening behavior is shown to be closely 
linked to damage-induced fractal reorganization, with a strong monotonic relationship between the softening 
index B and the fractal-dimension increment ΔDf , highlighting the role of fractal preservation in maintaining 
post-peak stability. Overall, this study provides a fractal-informed constitutive interpretation that clarifies how 
curing and confinement jointly control stiffness development, deformation mode, and failure stability of 
loess–slag backfill, offering insights for the design and optimization of cemented backfill systems under high- 
stress conditions.

List of symbols
σ MPa Axial stress.
σ3 MPa Confining pressure.
σcd MPa Characteristic crack-damage stress.
ε Axial strain.
εc Characteristic strain at peak stress.
K GPa Generalized stiffness coefficient of the fractional 

constitutive relation.
α Fractional order describing non-linear rheological behavior.
Df0 Initial fractal dimension of the intact pore structure.
Df Fractal dimension of the post-failure pore structure.
ΔDf Fractal-dimension increment, defined asDf0 − Df .
b Acoustic emission b-value.

bmin Minimum b-value characterizing critical damage scaling.
RA μs/V Rise angle of acoustic emission signals.
AF kHz Average frequency of acoustic emission signals.
H GPa Post-peak softening rate parameter.
B Dimensionless brittleness index derived from post-peak 

response.
Wn J Cumulative mercury intrusion work at intrusion step n.
Qn m3 Cumulative mercury intrusion volume at intrusion step n.
rn M Pore radius corresponding to intrusion step n.

1. Introduction

Cemented backfill has become a critical component in modern un
derground engineering and mining operations, serving not only as a 
means of ground support but also as an effective strategy for waste 
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reutilization and sustainable construction [1–3]. In deep and ultra-deep 
environments, backfill materials are increasingly required to withstand 
high in-situ stresses while maintaining sufficient stiffness and ductility 
to ensure long-term stability [4–6]. Under such conditions, the me
chanical performance of backfill is no longer governed solely by material 
composition, but by the coupled effects of curing-induced microstruc
tural evolution and confinement-controlled deformation processes [7,
8].

Loess–slag backfill, as a low-carbon cemented material incorporating 
industrial by-products, has attracted growing attention due to its eco
nomic and environmental advantages [9–11]. Previous studies have 
demonstrated that curing time plays a dominant role in strength 
development through hydration and geopolymerization reactions, 
leading to progressive densification of the pore structure and enhance
ment of load-bearing capacity [12–14]. Meanwhile, triaxial confinement 
has been shown to significantly alter failure modes, suppress tensile 
cracking, and promote ductile deformation in cemented backfill and 
similar geomaterials [15,16]. Despite these advances, curing and 
confinement are often treated as independent factors, and their distinct 
roles in controlling stiffness generation and failure stability remain 
insufficiently clarified.

From a microstructural perspective, conventional parameters such as 
porosity and average pore size are commonly used to describe the in
ternal structure of cemented materials [17,18]. However, these 
Euclidean descriptors are often inadequate for capturing the inherent 
heterogeneity and connectivity of pore networks formed during hydra
tion [19]. To address this limitation, fractal theory has been increasingly 
adopted to characterize the multi-scale complexity of pore structures in 
cementitious and geomaterials [20,21]. The fractal dimension provides 
a quantitative measure of space-filling capacity and topological 
complexity, offering deeper insight into how microstructural organiza
tion influences macroscopic mechanical behavior [22,23]. Nevertheless, 
most existing studies focus on static correlations between fractal de
scriptors and peak strength, while their role in constitutive stiffness and 
deformation evolution is rarely explored.

In parallel, acoustic emission (AE) monitoring has been widely 
employed to investigate damage evolution in rock and cemented ma
terials under loading [24–26]. AE parameters, particularly the b-value, 
have been shown to reflect the scale distribution of microcracking events 
and the transition from distributed damage to localized failure [27,28]. 
While AE techniques provide valuable real-time insight into damage 
processes [29], their integration with microstructural descriptors re
mains largely qualitative. In many cases, AE observations are presented 
as supplementary evidence rather than being systematically linked to 
constitutive parameters or deformation mechanisms.

Constitutive modeling offers a powerful framework to bridge 
experimental observations and mechanical interpretation. Traditional 
elastic–plastic and damage-based models have been successfully applied 
to cemented backfill, yet they often rely on multiple empirical param
eters and predefined damage criteria, limiting their physical trans
parency under varying stress paths [30–32]. In recent years, 
fractional-order constitutive formulations have attracted attention due 
to their ability to describe non-linear hardening behavior using a 
compact set of parameters [33–35]. Unlike conventional constitutive 
models where parameters are often treated as empirical regression co
efficients with ambiguous physical meanings, the fractal-informed 
approach proposed in this study establishes a direct quantitative map
ping between the mathematical fractional order (α) and the physical 
dynamic fractal dimension of damage (bmin). This method advances 
current understanding by bridging the gap between micro-scale topo
logical evolution and macro-scale rheological behavior, revealing that 
the non-linear hardening of backfill is fundamentally governed by the 
fractal organization of the damage network [36].

A further challenge lies in the characterization of post-peak behavior, 
which is crucial for assessing the stability and ductility of backfill sys
tems. While peak strength is often emphasized, post-peak softening and 

residual load-bearing capacity are more directly related to deformation 
control and failure consequences in engineering practice [37,38]. Pre
vious studies have shown that confinement can significantly mitigate 
post-peak softening, yet the microstructural origin of this effect remains 
debated [39,40]. In particular, the role of damage-induced structural 
reorganization in governing post-peak response has not been adequately 
quantified.

In this context, a unified interpretation that connects curing-driven 
microstructural evolution, confinement-controlled damage scaling, 
constitutive parameters, and post-peak behavior is still lacking. Specif
ically, three key questions remain unresolved: (i) how curing-induced 
pore topology evolution governs intrinsic stiffness development; (ii) 
how confinement regulates the scaling characteristics of damage evo
lution and deformation mode; and (iii) how post-peak softening can be 
interpreted in terms of structural complexity preservation or 
degradation.

To address these issues, this study investigates the mechanical 
behavior of loess–slag backfill through an integrated exper
imental–theoretical approach combining triaxial compression tests, 
MIP-based fractal characterization, AE scaling analysis, and fractional- 
order constitutive interpretation. By explicitly separating the stable 
hardening regime from post-peak failure, the intrinsic and extrinsic 
control mechanisms are decoupled and quantified. The proposed fractal- 
informed constitutive interpretation provides a physically grounded 
framework for understanding stiffness development, damage evolution, 
and post-peak stability of cemented backfill under high-stress condi
tions, offering insights for the rational design and optimization of sus
tainable backfill systems [41,42].

2. Materials and methods

2.1. Experimental materials

2.1.1. Cementitious materials
The selection of materials in this study is driven by the specific en

gineering and environmental context of mining districts in Western 
China. Loess, widely distributed in these regions, is typically treated as 
waste soil during surface stripping. Its utilization as a primary backfill 
aggregate eliminates the reliance on scarce river sand and significantly 
reduces transportation costs. Concurrently, Ground Granulated Blast- 
furnace Slag (GGBS), a major industrial by-product, is employed as a 
low-carbon binder substitute to mitigate the environmental footprint 
associated with Portland cement. The synergistic combination of locally 
sourced loess and slag not only addresses solid waste disposal challenges 
but also satisfies the mechanical requirements for deep underground 
backfilling, aligning with the industry's shift towards sustainable "Green 
Mining" practices.

The loess was obtained from a typical dump site associated with an 
open-pit coal mine and was air-dried and sieved to remove particles 
larger than 2 mm prior to use. The GGBFS, classified as S95 grade, served 
as the main reactive precursor in the binder system [11].

The chemical compositions of loess and slag were determined by X- 
ray fluorescence (XRF) analysis and are summarized in Table 1. The 
particle size distributions of both materials, measured by laser diffrac
tion, are presented in Fig. 1. Compared with loess, the slag particles 
exhibit a generally finer size distribution, which is favorable for pore 
filling and matrix densification during curing.

Based on previous studies and preliminary investigations, a fixed 
slag-to-loess mass ratio of 7:3 was adopted for all specimens. This pro
portion has been shown to provide an optimal balance between work
ability and mechanical performance for loess–slag-based backfill 
materials, and was therefore kept constant throughout the experimental 
program to isolate the effects of curing time and confining pressure 
[9–11].
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2.1.2. Alkaline activator
A composite alkaline activator was prepared using an industrial- 

grade sodium silicate solution and sodium hydroxide (NaOH) pellets. 
The initial sodium silicate solution had a modulus (molar ratio of SiO2 to 
Na2O) greater than 3.0. By dissolving a calculated amount of NaOH 
pellets into deionized water and subsequently mixing it with the sodium 
silicate solution, the modulus of the final activator was adjusted to 1.0.

This modulus was selected to balance solution workability and 
reactive ion availability, as values within the range of 0.8–1.2 are widely 
reported to be effective for activating slag-based geopolymer systems 
[43]. The activator solution was prepared in advance and allowed to 
cool to room temperature prior to mixing to ensure consistency across all 
batches.

2.1.3. Recycled aggregates
To align with sustainable mining and backfill practices, sulfur-free 

crushed sandstone was used as recycled aggregate, thereby avoiding 
potential adverse reactions associated with sulfide-containing materials. 
The Talbot power index was set to n = 0.5 to approximate the ideal 
Fuller gradation curve for maximum packing density. This particle size 
distribution minimizes the void ratio by ensuring that finer particles 
effectively fill the interstitial spaces between coarser aggregates, thereby 
enhancing the skeletal stiffness and compressive strength of the backfill 
matrix.

The maximum aggregate size was limited to 10 mm, satisfying the 
criterion of being less than one-fifth of the specimen diameter (50 mm). 
The aggregate was sieved into five size fractions (0–1.5, 1.5–3.0, 
3.0–5.0, 5.0–8.0, and 8.0–10.0 mm), which were recombined according 
to mass proportions of 38.73 %, 16.04 %, 15.94 %, 18.73 %, and 10.56 
%, respectively [44,45]. This gradation ensured good particle inter
locking while maintaining sufficient slurry flowability during specimen 
preparation.

2.1.4. Mixing water
Deionized water was used for all mixing procedures and for pre

paring the alkaline activator solutions.

2.2. Specimen preparation

The preparation of loess–slag backfill specimens followed a stan
dardized procedure comprising material weighing, mixing, molding, 
curing, and end-surface processing, as schematically illustrated in Fig. 2. 
The same preparation protocol was applied to all specimens to ensure 
consistency and comparability across different curing times and 
confining pressure conditions.

All constituent materials, including loess, slag, graded aggregates, 
alkaline activator, superplasticizer, and mixing water, were weighed 
according to the predetermined mix proportions. The alkaline activator 
solution was prepared in advance by dissolving NaOH pellets in deion
ized water, allowing the solution to cool to room temperature, and 
subsequently mixing it with the sodium silicate solution to achieve the 
target modulus. The dry components were first premixed to ensure 
uniformity, after which the activator solution and superplasticizer were 
added and mixed mechanically for 5 min until a homogeneous slurry 
was obtained.

The fresh slurry was poured into cylindrical PVC molds with an inner 
diameter of 50 mm and a height of 110 mm. To minimize air entrapment 
and segregation, the slurry was placed in two layers, with each layer 
subjected to mechanical vibration. After casting, the molds were sealed 
to prevent moisture loss. The specimens were demolded after 24 h and 
transferred to a standard curing chamber maintained at a temperature of 
20 ± 1 ∘C and a relative humidity of 95 ± 2%. Four curing times were 
considered: 1, 7, 14, and 28 days. Throughout the curing process, 
specimens were not immersed in water to avoid dissolution or leaching 
of the alkaline activator.

At the end of each curing time, the specimens were processed to meet 
the geometric and surface requirements for triaxial compression testing. 
Both ends of each specimen were cut and ground to achieve a final 
height of 100 mm, resulting in a height-to-diameter ratio of 2:1. The 
flatness and parallelism of the end surfaces were controlled within 0.02 
mm and 0.05 mm, respectively, to minimize boundary effects during 
loading.

To support subsequent microstructural and post-failure analyses, two 
categories of specimens were prepared following curing. One group of 
specimens was reserved in the intact state for initial pore structure 

Table 1 
Chemical composition of loess and slag.

Chemical composition ( %) SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O TiO2 MnO SO3

Loess 62.13 14.15 7.68 4.65 2.97 2.67 2.37 0.72 0.17 —
Slag 33.58 15.53 39.45 0.57 7.82 0.03 — 1.03 0.50 0.01

Fig. 1. Particle size distribution of loess and slag.
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characterization using mercury intrusion porosimetry (MIP). The 
remaining specimens were subjected to triaxial compression testing 
until failure, after which representative fragments were carefully 
collected from the interior and near the primary fracture zones for post- 
failure microstructural and pore structure analyses. This preparation 
strategy ensured consistency between mechanical testing and micro
structural characterization.

2.3. Test methods and procedures

2.3.1. Triaxial compression test
Triaxial compression tests were conducted using a TATW-2000 

servo-hydraulic rock mechanics testing system, as illustrated in Fig. 3. 
All triaxial compression tests were performed in strict accordance with 
the ASTM D7012–14 standard. Four confining pressure levels were 
considered: 0 MPa (uniaxial compression), 2 MPa, 4 MPa, and 6 MPa. 

Fig. 2. Schematic of specimen preparation process.

Fig. 3. Experimental setup for triaxial compression and AE monitoring.
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For each combination of curing time and confining pressure, at least 
three specimens were tested to ensure repeatability of the mechanical 
response.

Prior to testing, each specimen was positioned on the loading 
pedestal, and a thin layer of petroleum jelly was applied to the end 
surfaces to reduce frictional effects. After assembling the triaxial cell, the 
confining pressure was applied at a constant rate of 0.1 MPa/s until the 
target value was reached and subsequently maintained throughout the 
test. Axial loading was then applied under displacement control at a 
constant rate of 0.5 mm/min until post-peak softening was clearly 
observed. During the entire loading process, axial load, axial displace
ment, and confining pressure were continuously recorded by the data 
acquisition system.

The complete stress–strain response, including the stable hardening 
stage, peak stress, and post-peak softening region, was used for subse
quent constitutive analysis and post-failure characterization.

2.3.2. Acoustic emission monitoring
Acoustic emission (AE) monitoring was performed synchronously 

with the triaxial compression tests using an eight-channel DS5 AE 
acquisition system, as shown in Fig. 3. Four miniature AE sensors were 
mounted directly on the specimen surface at mid-height prior to 
installation in the triaxial cell. High-vacuum grease was used as a 
coupling agent, and the sensors were secured using heat-shrink tubing to 
ensure stable signal transmission throughout the loading process.

The AE preamplifier gain was set to 40 dB, and the signal acquisition 
threshold was fixed at 45 mV to effectively filter out environmental and 
mechanical noise during the loading process. AE waveforms were 
continuously recorded, and standard signal processing was applied to 
extract event-based parameters. In this study, AE analysis focused on the 
dynamic fractal characteristics of damage evolution via the b-value. The 
b-value was calculated based on the Gutenberg-Richter law (log 10N = a 
− bAdB), where AdB is the peak amplitude. To capture the real-time 
temporal evolution of damage, a sliding window method was 
employed with a window size of 200 events and a step size of 50 events. 
This statistical approach ensures sufficient data points for stable least- 
squares fitting while maintaining temporal resolution. Physically, the 
b-value serves as a scaling index of the fracture network: a high b-value 
indicates a dominance of small-scale, distributed micro-cracks (stable 
fracture), whereas a sharp decrease implies the nucleation and coales
cence of large-scale macro-fractures (unstable failure).

2.3.3. Microstructural analysis
The microstructural morphology of the loess–slag backfill was 

examined using a VEGA 3 SBU scanning electron microscope (SEM) 
operated at an accelerating voltage of 20 kV. Two categories of samples 
were prepared for SEM observation: (i) fragments extracted from intact 
specimens at different curing times to investigate matrix evolution, and 
(ii) fragments collected from representative fracture regions of failed 
specimens to examine post-failure features.

All samples were freeze-dried to remove moisture while preserving 
microstructural integrity and subsequently coated with a thin gold layer 
to ensure electrical conductivity. To minimize sampling bias, a system
atic random sampling strategy was adopted. Each specimen surface was 
first divided into a grid under low magnification, and several regions 
were randomly selected for high-magnification observation. The SEM 
images presented in this study are representative of the typical mor
phologies observed across these regions. The minimum b-value (bmin) 
was identified over the loading interval preceding peak stress to char
acterize the critical damage scaling state.

2.3.4. Mercury intrusion porosimetry analysis
Mercury intrusion porosimetry (MIP) was employed to quantita

tively characterize the pore structure of the backfill material using a 
PoreMaster GT-60 porosimeter. MIP tests were performed on both intact 
specimens at different curing times and post-failure specimens subjected 

to various confining pressures. Representative samples with volumes of 
approximately 1–2 cm3 were extracted from the specimen interior. For 
post-failure specimens, samples were deliberately extracted from the 
immediate vicinity of the macroscopic shear bands (fracture process 
zone). It is explicitly noted that these measurements represent the 
localized material degradation within the failure zone, rather than the 
average volumetric properties of the relatively intact bulk material.

Prior to testing, all samples were freeze-dried to eliminate moisture 
effects. The intrusion pressure ranged from atmospheric pressure up to 
414 MPa, allowing the characterization of pore diameters spanning 
approximately 3 nm to 360 μm. From the MIP data, pore size distribu
tions and cumulative intrusion volumes were obtained.

Fractal analysis of the pore structure was conducted using a ther
modynamic fractal model based on the relationship between cumulative 
intrusion work and pore geometry. Log–log linear regression was 
applied to determine the fractal dimension of the intact pore structure 
(Df0) and the post-failure pore structure (Df ). These fractal descriptors 
were subsequently used to interpret stiffness development, damage 
evolution, and post-peak softening behavior.

2.3.5. Constitutive fitting and post-peak parameter extraction
The fractional-order constitutive relation was calibrated against the 

experimental stress–strain curves using nonlinear regression techniques. 
To ensure physical validity, model fitting was strictly restricted to the 
stable hardening regime prior to peak stress. The fitting procedure 
yielded the generalized stiffness coefficient K and the fractional order α 
for each experimental condition.

Post-peak behavior was characterized using a softening index and a 
brittleness-related parameter derived from the descending branch of the 
stress–strain curves. These parameters were extracted for comparative 
analysis of post-peak stability rather than for constitutive prediction. All 
fitted parameters are summarized in Table 2. The fitting strategy was 
adopted to extract intrinsic rheological parameters rather than to 
reproduce the complete failure process.

3. Results and discussion

3.1. Macroscopic mechanical behavior

3.1.1. Stress-strain characteristics
The stress–strain response of the loess–slag backfill under different 

curing times and confining pressures is shown in Fig. 4. All curves 

Table 2 
Calibrated parameters of the fractional-order constitutive model under various 
curing times and confining pressures.

Curing 
days

Confining 
Pressure, 
σ3 (MPa)

Generalized 
Stiffness, K 

(GPa)

Fractional 
Order, α

Fitting 
Quality, 
R2

Post-peak 
softening 
stiffness, H 
(GPa)

1 0 1.274 0.192 0.999 − 0.775
2 1.419 0.207 0.977 − 0.309
4 1.661 0.363 0.921 − 0.170
6 1.724 0.419 0.998 − 0.042

7 0 2.414 0.021 0.948 − 2.342
2 2.797 0.133 0.999 − 0.412
4 3.020 0.137 0.997 − 0.180
6 2.895 0.212 0.989 − 0.085

14 0 3.543 0.080 0.997 − 3.568
2 3.329 0.091 0.992 − 0.552
4 3.725 0.126 0.995 − 0.207
6 4.019 0.103 0.999 − 0.113

28 0 3.808 0.011 0.915 − 4.746
2 4.244 0.019 0.998 − 0.771
4 3.847 0.074 0.992 − 0.265
6 4.496 0.160 0.987 − 0.134

Note: The fitting range is restricted to the stable hardening stage (0< σ ≤ σcd) to 
ensure physical validity.
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exhibit a typical four-stage behavior, including initial compaction, 
quasi-linear elasticity, strain hardening and post-peak softening. At low 
confining pressure (σ3 = 0 MPa), the specimens show a pronounced 
brittle response: the stress increases rapidly to the peak value σc and then 
drops sharply with only a small amount of additional strain. With 
increasing confining pressure, both the initial tangent stiffness and the 
peak strength are enhanced, while the post-peak branch becomes much 
more gradual, indicating a clear transition from abrupt brittle failure to 
ductile strain-softening. Mechanistically, this transition occurs because 
high confining pressure effectively suppresses the propagation of tensile 
wing cracks (splitting) and enhances the frictional resistance among 
particles. Consequently, the failure mode shifts from localized brittle 
fracture to distributed shear deformation, which dissipates more energy 
and manifests as macroscopic ductility.

Curing time also has a significant effect on the shape of the curves. 
From 1 to 28 days, the peak stress and the strain at peak both increase, 
and the pre-peak portion becomes smoother and more extended. This 
reflects the progressive geopolymerization and microstructural densifi
cation of the loess–slag matrix, which improve the load-carrying ca
pacity and delay the onset of unstable fracture. Under high confinement 
(σ3 = 4–6 MPa) and longer curing times, the descending branch after the 
peak is approximately linear over a wide strain range. This nearly linear 
softening behavior enables the post-peak response to be characterized 
by a single softening stiffness parameter, defined as the average slope of 
the stress reduction with respect to strain, which provides a convenient 
scalar index for comparing ductility under different curing and 

confinement conditions.

3.1.2. Strength evolution with curing time and confining pressure
The coupled effects of curing time t and confining pressure σ3 on the 

peak compressive strength σc are summarized in Fig. 5. As shown in 
Fig. 5(a), under each confining pressure level, σc increases mono
tonically with curing time following a typical exponential growth trend 
and gradually approaches a stable long-term strength limit. The fitted 
relations exhibit excellent correlation coefficients (R2 > 0.98), indi
cating that the evolution of compressive strength is governed by 
reaction-controlled kinetics associated with ongoing geopolymerization 
and microstructural densification of the loess–slag matrix. The rapid 
strength gain observed during the early times (1–7 days) is primarily 
attributed to the formation of initial binding phases and pore refine
ment, whereas the subsequent slower growth stage reflects the gradual 
completion of gel development and structural stabilization.

Fig. 5(b) highlights the effect of confinement on peak strength at 
different curing times. For a given curing time, σc exhibits an approxi
mately linear increase with σ3, indicating that confining pressure 
effectively mobilizes frictional resistance and interparticle interlocking 
within the cemented granular skeleton, thereby suppressing tensile 
splitting and promoting shear-dominated load transfer. This linear 
strengthening trend remains evident even for the extrapolated long-term 
strength, confirming that confinement plays a consistent role in 
enhancing the ultimate load-bearing capacity of the backfill material 
[46,47]

Fig. 4. Stress-strain curves under various curing times and confining pressures.
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Taken together, Fig. 5 demonstrates that the macroscopic strength of 
the backfill is controlled by two synergistic mechanisms: curing time 
regulates the intrinsic strength potential through microstructural 
consolidation and gel network development, whereas confining pressure 
governs the efficiency of mobilizing this intrinsic strength via mechan
ical confinement and dilatancy suppression. This dual mechanism pro
vides the macroscopic basis for the subsequent microstructural and 
fractal analyses, which aim to establish quantitative links between pore- 
network evolution and the observed strength enhancement behaviors.

3.2. Acoustic emission characteristics and determination of the crack- 
damage threshold

3.2.1. Spatiotemporal evolution and failure mode transition
Fig. 6 shows the coupled evolution of axial stress, AE ring-down 

counts and cumulative AE activity under representative curing times 
and confining pressures. In Fig. 6(a) and (b), the confining pressure is 
fixed at σ3 = 2 MPa while the curing time increases from 1 to 28 days. In 
Fig. 6(c) and (d), the curing time is kept at 7 days while σ3 varies from 
0 to 6 MPa. At the initial and mid-elastic stages, AE activity remains low 
and sparse in all cases, indicating that deformation is dominated by pore 
closure and elastic adjustment of the cemented matrix.

As loading progresses, the cumulative AE curve in Fig. 6 (a–d) ex
hibits a clear inflection point, after which the accumulation rate in
creases rapidly. This blue-marked inflection point is defined as the 
crack-damage stress σcd. Physically, σcd is the stress level at which the 
specimen departs from the stable elastic–microcracking regime and 
enters a stage of accelerated damage coalescence. Mathematically, this 
corresponds to the stress level where the second derivative of the cu
mulative AE energy with respect to time becomes positive and sustained. 
Before σcd, the material response is essentially elastic at the macroscopic 
scale. Under higher confinement (e.g., Fig. 6(d), σ3 = 6 MPa), the axial 
stress–strain curve develops an extended quasi-elastic region with a 
viscous-like transition, so the elastic limit cannot be clearly identified 
from the stress–strain curve alone. In such cases, the inflection point of 
the cumulative AE curve provides an objective and reproducible seg
mentation criterion between stable hardening and the onset of unstable 
damage.

The macroscopic failure photographs inserted in Fig. 6 further 
confirm this interpretation. At low confinement (e.g., Fig. 6(c)), the 
specimens exhibit axial splitting with open tensile cracks, consistent 
with the relatively abrupt post-peak stress drop. Under higher confine
ment (Fig. 6(d)), the failure mode changes to inclined shear bands with 
noticeable barreling, and the post-peak response becomes more gradual. 

This evolution is also captured by the RA–AF density heatmaps in the 
right column of Fig. 6. At low σ3 and short curing time, the density 
concentrates above the RA/AF = 1 line and at high AF values, indicating 
a dominance of tensile-type AE signals. With increasing curing time or 
confining pressure, the density progressively shifts toward the RA- 
dominated region below the RA/AF = 1 line, and the proportion of 
shear-type events increases, reflecting the transition from tensile split
ting to shear-controlled failure.

The evolution of σcd with curing time and confining pressure is 
summarized in Fig. 7. σcd increases with curing time following an 
exponential trend and increases approximately linearly with σ3, 
consistent with the strengthening effects observed in Fig. 4 and Fig. 5. 
More importantly, the ratio σcd / σc remains highly stable at about 80–85 
% for all conditions, with only small variance. This statistical consis
tency indicates that σcd is an intrinsic damage-transition point linked to 
the overall failure process of the backfill, rather than a test-dependent 
artifact. Therefore, σcd can be used as a reliable mechanical boundary 
between the pre-peak constitutive regime and the onset of damage 
localization.

3.2.2. Fractal evolution of damage revealed by b-value
To further quantify the dynamic evolution of damage, the fre

quency–magnitude distribution of AE events was analyzed using the 
Gutenberg–Richter type relationship. For each loading stage, the cu
mulative number of AE events with amplitude greater than A follows 

log 10N( > A) = a − bAdB (1) 

where N( > A) is the number of events with amplitude larger than A, a is 
a constant related to the overall activity level, and b is the b-value ob
tained from the slope of the best-fit line, i.e., 

b = −
∂log 10N( > AdB)

∂AdB
(2) 

In this study, the b-value is treated as a dynamic fractal index of the 
damage network: lower b indicates a broader distribution of high-energy 
events and a higher degree of localization, whereas higher b corresponds 
to more uniformly distributed, small-scale cracking.

The evolution of b-value with axial strain for representative condi
tions is shown in Fig. 8 (a–d). A consistent three-stage pattern can be 
identified in all cases. At the initial stage, the b-value decreases rapidly 
as small, randomly distributed microcracks evolve into a population 
containing more high-energy events. As the stress approaches σcd, the b- 
value reaches a minimum bmin, marking the onset of unstable crack 
coalescence. Beyond σcd and up to the peak stress σc, the b-value tends to 

Fig. 5. Effects of curing time (t) and confining pressure (σ3) on the triaxial compressive strength behavior (Error bars represent the standard deviation of three 
parallel specimens).
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rebound slightly or remain at a quasi-steady level, indicating that 
damage progressively transitions from tensile microcracking to fric
tional sliding and shear-band development.

The effect of curing time can be seen by comparing Fig. 8(a) and 
Fig. 8(b), where the confining pressure is fixed at σ3 = 2 MPa. For the 1- 
day specimen, the immature microstructure provides limited resistance 
to crack growth, and the b-value drops sharply to a moderate minimum 
of bmin ≈ 1.07. After 28 days of curing, the loess–slag matrix becomes 
denser and better cemented, leading to a more gradual decrease of b- 
value and a lower minimum bmin ≈ 0.76. This indicates that under the 
same confinement, the mature matrix allows microcracks to accumulate 
more energy before localization, and the damage process is less domi
nated by extreme events.

The influence of confinement is more pronounced, as illustrated in 
Fig. 8(c) and Fig. 8(d) for specimens cured for 7 days. At zero confine
ment (Fig. 8(c), σ3 = 0 MPa), the b-value experiences a dramatic drop to 
bmin ≈ 0.63, implying a strong concentration of large-energy AE events 
and highly localized tensile splitting. Under high confinement (Fig. 8(d), 

σ3 = 6 MPa), the minimum b-value increases to about bmin ≈ 1.13, and 
its evolution curve becomes much flatter. This behavior reflects the 
confinement-induced suppression of tensile crack opening and the pro
motion of distributed shear deformation along multiple bands, rather 
than the formation of a single dominant fracture plane.

Overall, the b-value analysis reveals a clear link between damage 
fractality and macroscopic ductility. Low bminvalues (e.g., bmin < 1.0) 
correspond to catastrophic, brittle damage with strongly localized crack 
paths, while higher bminvalues (around or above 1.0) indicate a more 
fragmented and spatially distributed damage network that can accom
modate deformation in a ductile manner. Combined with the evolution 
of σcd in Fig. 7, these results demonstrate that curing-induced micro
structural consolidation and confinement-induced suppression of tensile 
cracking jointly control the dynamic fractal characteristics of the dam
age process, and thereby govern the transition from brittle splitting to 
ductile shear failure in the loess–slag backfill.

Fig. 6. Coupled evolution of AE damage characteristics and failure mechanisms under different conditions: (Left column) AE counts and cumulative energy 
superimposed on stress-strain curves; (Right column) RA-AF density heatmaps.
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3.3. Microstructural morphology

3.3.1. Densification of initial matrix structure
The SEM images in Fig. 9 provide direct microstructural evidence for 

the curing- and confinement-dependent mechanical behavior. At early 
curing time (Fig. 9(a), t = 1d), the matrix exhibits a heterogeneous and 
weakly bonded structure. Loess agglomerates remain porous, unreacted 

slag particles are embedded within an incompletely polymerized gel 
network, and microcracks are widely distributed along interparticle 
contacts. This immature matrix explains the rapid AE activation and 
relatively low crack-damage stress observed in Fig. 6(a).

With extended curing (Fig. 9(b), t = 28d), the hydration/geo
polymer reaction produces a markedly denser and more homogeneous 
matrix. The pore structure becomes refined, microcracks are largely 

Fig. 7. Evolution of crack damage stress (σcd) and the ratio of damage threshold to peak strength (σcd / σc).

Fig. 8. Fractal dimension evolution of damage (b-value).
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healed or bridged by the polymerized gel, and the interfaces between 
slag particles and surrounding gel appear continuous and well bonded. 
This microstructural consolidation increases both the elastic stiffness 
and the resistance to microcrack coalescence, consistent with the 
elevated peak strength and higher σcd values observed in Fig. 7.

3.3.2. Transition of failure mechanisms under confinement
Fig. 9 (c–e) focuses on specimens with the same curing time of 7 days 

but different confinement conditions after triaxial loading. Fig. 9(c) 
shows a region away from the main failure plane, where the micro
structure is only weakly affected by loading. Hydration gel has formed a 
relatively continuous skeleton, and the pore structure is already refined 
compared with the 1 d state, but the matrix still contains partially 
reacted particles and residual micro-pores. This microstructure repre
sents the baseline condition at t = 7d against which the confined failure 
patterns in Fig. 9(d) and (e) can be compared.

The influence of confinement on microcrack propagation is evident 
in the failure-state images. At zero confinement (Fig. 9(d)), the failure 
surface is dominated by intergranular tensile cracks, consistent with the 
low bmin values and tensile-dominated RA–AF signatures observed in 
Fig. 6(c) and Fig. 8(c). Under high confinement (Fig. 9(e), σ3 = 6MPa), 
the microstructure near the failure plane becomes highly compacted, 
and shear bands with ductile smearing are clearly observable. The gel 
matrix displays local crushing and shear-driven particle rearrangement 
rather than open-mode cracking. This shear-dominated pattern agrees 
with the higher bmin values in Fig. 8(d) and the shift toward RA- 
dominated AE signals in Fig. 6(d).

Overall, Fig. 9 demonstrates that curing time primarily controls the 
intrinsic bonding quality and pore refinement of the loess–slag matrix, 
whereas confining pressure governs the micromechanical mode of crack 

propagation during failure. The transition from porous, crack-prone 
early-age microstructure to a dense, well-bonded matrix provides the 
basis for the observed increase in σcd, peak strength, and post-peak 
softening behavior. Meanwhile, the confinement-induced switch from 
tensile splitting to shear-band formation explains the evolution of AE 
characteristics and fractal damage signatures. These microstructural 
observations serve as the physical foundation for the fractal interpre
tation of damage and the constitutive modeling.

3.4. Pore structure characterization by MIP

3.4.1. Evolution of pore structure with curing time
Mercury intrusion porosimetry (MIP) provides a quantitative 

description of the pore network and forms the basis for evaluating the 
static fractal dimension Df0. The pore size distribution (PSD) at different 
curing times is shown in Fig. 10(a). At t = 1day, the PSD is dominated by 
a broad peak in the harmful capillary pore range (>1000 nm), repre
senting loosely packed voids among unreacted loess agglomerates and 
slag particles. As curing progresses, this macropore peak gradually de
creases in intensity and shifts toward the refined pore region (<50 nm) 
[48–50]. By t = 28days, the refined-pore fraction increases substan
tially, indicating that hydration/geopolymer gels (C–S–H and N–A–S–H) 
have filled and subdivided the initially large interconnected capillaries 
into smaller, more isolated pores. This left-shift and flattening of the PSD 
directly reflects the space-filling action of the reaction products.

The cumulative pore volume curves in Fig. 10(b) further confirm this 
densification process. The total intruded volume decreases mono
tonically with curing time, and the reduction is most pronounced within 
the first 7 days, corresponding to the high reaction rate of the geo
polymerization process. As the matrix becomes denser and diffusion 

Fig. 9. Microstructural evolution with curing time and confining pressure.
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paths are progressively blocked, the rate of pore-volume reduction slows 
down. The apparent porosity summarized in Fig. 10(e) drops from 25.06 
% at 1 day to 19.32 % at 28 days, showing that a substantial portion of 
the initial void space is converted into solid skeleton.

While porosity and PSD capture the volumetric aspects of the pore 
network, they do not fully describe its morphological complexity. To 
characterize the topology of the pore system, the thermodynamic fractal 
model is applied to the MIP data. As shown in Fig. 10(c), the double- 
logarithmic plots of ln

(
Wn /r2

n
)

versus ln
(
V1/3

n /rn
)

exhibit excellent 
linearity over the entire intrusion range for all curing times, with cor
relation coefficients R2 > 0.998. According to the thermodynamic 
fractal relation 

ln
(

Wn

r2
n

)

=
(
Df0 − 3

)
ln

(
V1/3

n
rn

)

+ C (3) 

the slope of these lines directly yields the initial fractal dimension Df0, 
confirming that the pore network possesses pronounced self-similar 
characteristics. Although cementitious materials may theoretically 
exhibit multi-fractal behavior distinguishing between gel and capillary 
pores, the exceptionally high linearity (R2 > 0.998) observed across the 
entire measurement range indicates that a single fractal dimension (Df0) 
provides a statistically sufficient descriptor for the pore topology in this 
study. This global index effectively captures the overall space-filling 
capacity relevant to macroscopic stiffness, avoiding the over- 
parameterization associated with multi-fractal models.

The evolution of Df0 is presented in Fig. 10(d). Unlike the apparent 

porosity, which decreases with curing time, Df0 increases steadily from 
2.668 at 1 day to 2.774 at 28 days. This increase indicates that the pore 
surfaces become more tortuous and the pore network becomes topo
logically more complex as gels deposit and subdivide the original voids. 
In physical terms, a higher Df0 corresponds to a more space-filling solid 
skeleton with enhanced topological connectivity. This complex micro
structure provides denser stress transmission pathways and stronger 
inter-particle bonding, thereby offering greater resistance to elastic 
deformation and resulting in a higher generalized stiffness K. This 
transition from a simple, low-Df0 porous framework to a dense, high-Df0 

network is consistent with the observed increases in elastic modulus, 
peak strength and crack-damage stress σcd, demonstrating that Df0 is a 
sensitive microstructural indicator of curing-induced matrix 
strengthening.

3.4.2. Impact of confining pressure on post-failure porosity
Fig. 11 presents the mercury intrusion results for specimens sub

jected to different confining pressures after triaxial loading. Since all 
specimens share the same initial curing time, the differences reflect 
solely the influence of confinement on the damage-induced evolution of 
the pore network.

The pore size distribution in Fig. 11(a) shows that the specimen 
tested without confinement (σ3 = 0 MPa) develops a pronounced new 
peak in the harmful capillary pore range (>10 μm). This represents the 
formation of large, open tensile cracks and the dilation of the matrix 
during brittle splitting. In contrast, when confinement is applied, the 

Fig. 10. Effect of curing time on initial pore structure (MIP analysis).
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PSD curve retains a shape much closer to the intact state. At σ3 = 6MPa, 
the macropore peak is largely suppressed, indicating that lateral pres
sure inhibits crack opening and restricts the formation of through-going 
voids.

The cumulative pore volume curves in Fig. 11(b) further illustrate 
this effect. The total intrusion volume of the unconfined specimen in
creases significantly due to the generation of extensive tensile cracks. As 
σ3 increases, the intrusion volume increment becomes progressively 
smaller, implying that the deformation is accommodated mainly 
through the compaction of existing micro-pores rather than the creation 
of new macroscopic voids. This behavior is consistent with the shear- 
dominated failure modes observed in the SEM images of Fig. 9(e).

The apparent porosity values in Fig. 11(e) highlight the stabilizing 
effect of confinement. At σ3 = 0MPa, the post-failure porosity rises to 
26.97 %, exceeding the intact-state level and reflecting severe structural 
degradation. Under high confinement, the porosity is maintained near 
22.31 %, only slightly above the initial value. This indicates that 
confinement suppresses volumetric dilation and limits the structural 
disruption associated with failure.

To characterize the topology of the residual fracture network, the 
thermodynamic fractal model is applied to the post-damage MIP curves. 
The linearity of the double-logarithmic fits in Fig. 11(c) confirms that 
the damaged pore networks still exhibit fractal characteristics. The 
resulting fractal dimensions shown in Fig. 11(d) increase from 2.677 at 
σ3 = 0MPa to 2.734 at σ3 = 6MPa. A lower fractal dimension at zero 
confinement indicates that the fracture network has evolved into rela
tively simple, low-dimensional planar cracks characteristic of brittle 

tensile failure. In contrast, the higher fractal dimensions under 
confinement reflect a more complex and tortuous damage structure 
formed by distributed shear bands, particle rearrangement and local 
pore collapse.

These results demonstrate that confining pressure fundamentally 
alters the residual pore structure by suppressing tensile crack opening 
and promoting a distributed shear-driven damage network. The pres
ervation of higher post-damage fractal dimensions under confinement 
provides the structural basis for the improved ductility and residual 
strength observed in the mechanical response, linking the pore-scale 
topology to the macroscopic failure behavior.

4. Fractional-order constitutive modeling based on micro-fractal 
characterization

4.1. Fractional constitutive formulation

Under monotonic loading, the pre-damage response of the backfill 
exhibits clear non-linear hardening and memory effects, which cannot 
be captured by a simple linear elastic model. To account for this he
reditary behavior, the stress–strain relation in the pre-damage regime is 
formulated using a fractional Abel element. In the time domain, the 
constitutive equation is written as 

σ(t) = ηα
RLDα

t ε(t),0 < α < 1 (4) 

where ηα is the fractional material coefficient with the dimension of 

Fig. 11. Effect of confining pressure on post-damage pore structure (MIP analysis).
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generalized viscosity, and RLDα
t (⋅) denotes the Riemann–Liouville frac

tional derivative of order α, defined by 

RLDα
t f(t) =

1
Γ(1 − α)

d
dt

∫t

0

f(τ)
(t − τ)α dτ,0 < α < 1 (5) 

This operator reflects that the current stress depends on the entire past 
history of strain through a power-law kernel.

For a power-law function f(t) = tmwith m > − 1, the Rie
mann–Liouville derivative has the closed form 

RLDα
t tm =

Γ(m + 1)
Γ(m + 1 − α) tm− α (6) 

In the present triaxial tests, the axial strain is applied at a constant rate ε̇, 
so that 

ε(t) = ε̇ t = ε̇ t1 (7) 

Substituting this expression into the above property with m = 1 gives 

RLDα
t ε(t) = ε̇

RL
Dα

t t = ε̇ Γ(2)
Γ(2 − α) t1− α = ε̇ t1− α

Γ(2 − α) (8) 

because Γ(2) = 1!. The corresponding stress in the pre-damage regime is 
therefore 

σ(t) = ηα
RLDα

t ε(t) = ηα ε̇ t1− α

Γ(2 − α) (9) 

Expressing the response in terms of strain rather than time, and using 
ε = ε̇t (hence t = ε/ε̇), yields 

σ(ε) = ηα ε̇ (ε/ε̇)1− α

Γ(2 − α) = ηα ε̇
α ε 1− α

Γ(2 − α) (10) 

Collecting the constant terms, a generalized stiffness coefficient K is 
introduced as 

K =
ηα ε̇α

Γ(2 − α) (11) 

so that the fractional stress–strain relation in the pre-damage domain 
takes the compact form 

σ(ε) = K ε 1− α, 0 < α < 1 (12) 

In this expression, K represents the generalized stiffness of the fractional 
element under the prescribed strain rate, while α controls the degree of 
non-linearity between the purely elastic response (α→0) and a more 
viscous-like behavior (α→1). The capability of this fractional form to 
reproduce the pre-damage stress–strain response of the backfill is 

demonstrated by the representative fitting results shown in Fig. 12, 
where the model accurately captures the curvature and hardening trend 
within the σ ≤ σcd regime. Subsequent sections identify K and α from 
experimental data and relate them to the fractal characteristics of the 
pore and damage networks. It should be noted that the fitting process 
excluded the initial non-linear compaction stage, as this phase is 
dominated by geometric void closure rather than the material's consti
tutive rheological behavior. Consequently, the specific fitting range was 
selected from the onset of linear elasticity (typically ε ≈ 0.1%) up to the 
peak stress (σpeak), ensuring that the derived fractional order α accu
rately reflects the hardening mechanism.

The fractional constitutive form introduced in Eq. (12) is used here as 
a phenomenological description of the pre-damage response, motivated 
by two observed features: (i) the stress–strain curve before σcd exhibits 
stable non-linear hardening without stiffness loss, and (ii) the material 
shows clear hereditary behavior, indicating a path-dependent response. 
Within this regime, AE activity remains low and no localization de
velops, so the non-linearity can be represented by the fractional order 
without introducing an explicit damage variable.

The parameters K and α identified from the σ ≤ σcd domain are 
therefore state-dependent descriptors rather than universal material 
constants. K reflects the load-bearing capacity of the curing-dependent 
skeleton, while α captures the deviation from linear elasticity. Subse
quent fractal analyses do not aim to derive these parameters from first 
principles, but rather to interpret how changes in pore topology and 
damage fractality are reflected in their values.

4.2. Determination of model parameters

The fractional constitutive model in Eq. (12) was calibrated using the 
axial stress–strain data within the pre-damage domain, which is boun
ded by the crack-damage stress σcd. This threshold corresponds to the 
inflection point of the cumulative AE activity, where the deformation 
mechanism begins to transition from stable hardening to damage- 
induced stiffness degradation. By restricting the fitting range to 
0 < σ ≤ σcd, the extracted parameters reflect the intrinsic rheological 
behavior of the intact matrix rather than the influence of macroscopic 
crack coalescence. Representative fitting curves within this domain are 
shown in Fig. 12.

The model parameters K and α were obtained through non-linear 
regression of the fractional form against the experimental data for all 
curing–confinement combinations. Their variation across the 16 loading 
scenarios is summarized in Table 2, while Fig. 13 provides a visual 
illustration of the systematic trends. The stiffness-like parameter K in
creases consistently with curing time, whereas the fractional order α 

Fig. 12. Theoretical representation of the fractional-order constitutive model.
Fig. 13. Calibration of the fractional-order constitutive model against experi
mental stress-strain data.
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varies with both curing and confining pressure, capturing the degree of 
non-linearity in the pre-damage response. All fittings exhibit high 
determination coefficients (R2 > 0.98), confirming the stability and 
reproducibility of the calibration procedure.

These parameter sets form the basis for the subsequent analysis. In 
next section, their physical relevance is examined by establishing 
quantitative mappings with the fractal descriptors of pore structure (Df0) 
and damage evolution (bmin).

4.3. Physical interpretation and fractal mapping

4.3.1. Static fractal control on generalized stiffness (K vs. Df0)
The generalized stiffness K in the fractional model reflects the load- 

carrying capacity of the backfill skeleton in the pre-damage regime. The 
initial fractal dimension Df0 obtained from MIP quantifies the topolog
ical complexity and space-filling ability of the pore network before 
loading. It is therefore natural to examine whether the calibrated K 

correlates with the static fractal descriptor Df0.
Fig. 14(a) plots K against Df0 for all curing times and confining 

pressures. A clear monotonic trend is observed: specimens with higher 
Df0 systematically exhibit larger K. This indicates that as the pore 
structure evolves from a loose, low-Df0 state at early time to a dense, 
highly space-filling network at later time, the pre-damage stiffness of the 
material increases accordingly. To quantify this dependence, the 
following shifted exponential relation is adopted: 

K
(
Df0

)
= Kmin + ΔK

[
1 − exp

(
− λ

(
Df0 − Df0,min

))]
(13) 

where Df0,min is the minimum fractal dimension at 1 day curing, Kmin 
represents the baseline stiffness at this reference state, Kmin +ΔK de
notes the asymptotic stiffness corresponding to a highly densified ma
trix, and λ is a sensitivity coefficient that controls how rapidly K 

approaches its upper bound as Df0 increases.
This functional form has a straightforward physical interpretation for 

the loess–slag backfill. When Df0 is close to Df0,min , the pore network is 
dominated by large capillary pores and weak interparticle contacts, so K 

remains near Kmin. As hydration products progressively fill and subdi
vide these pores, even a modest increase in Df0 leads to a rapid rise in K, 
reflecting the formation of a continuous, space-filling load-bearing 
skeleton. Once Df0 approaches its upper range, most macropores have 
already been transformed into refined gel pores and the available room 
for further stiffness gain becomes limited, causing K to asymptotically 
approach Kmin + ΔK. The high correlation obtained in Fig. 14(a) 
therefore supports the view that the static fractal dimension Df0 is a key 
microstructural indicator governing the generalized stiffness in the 

fractional constitutive response.

4.3.2. Dynamic fractal control on fractional order (α vs. bmin)
While K is primarily controlled by the initial pore structure, the 

fractional order αcharacterizes the shape of the pre-damage stress–strain 
curve, i.e., the degree of non-linearity between purely elastic and more 
viscous-like hardening. This dynamic feature is closely related to how 
microcracks of different sizes are activated and distributed during 
loading.

The minimum AE b-value bmin serves as a compact indicator of the 
relative proportion of large- and small-energy events at the critical 
damage state. A lower bmin implies that large events dominate, corre
sponding to highly localized cracking, whereas a higher bmin indicates a 
more even distribution of event sizes and hence more distributed dam
age. Fig. 14(b) presents the relationship between α and bmin for all tested 
conditions. The data points align well along a straight line, which can be 
expressed as 

α = p bmin + q (14) 

where p > 0 is the regression slope and q is the intercept determined 
from the experimental dataset.

This linear mapping provides a physically meaningful interpretation 
of the fractional order. In the brittle regime, where bmin falls to relatively 
low values, the damage process is dominated by a few large events and 
rapidly localized cracks. In this case, the fitted α approaches small 
values, and the stress–strain response becomes nearly linear up to the 
point of sudden failure. Conversely, in the ductile regime promoted by 
higher confinement and longer curing, bmin increases, indicating that 
microcracks are more uniformly distributed across scales and that en
ergy is dissipated through a large number of moderate events. The 
corresponding α values become larger, and the pre-damage stress–strain 
curve exhibits pronounced non-linearity and pseudo-viscous hardening.

This behavior is consistent with the microstructural and post-failure 
fractal observations. Specimens with larger αunder high confining 
pressure maintain a complex, tortuous fracture network with higher 
post-damage fractal dimension, as revealed by MIP analysis. In contrast, 
specimens with small α and low bmintend to develop simplified planar 
cracks and reduced structural complexity after failure. Although the 
α–bmin relation is established empirically, its monotonic and physically 
interpretable nature suggests that the fractional order can be viewed as a 
macroscopic index reflecting the dynamic fractal characteristics of 
damage evolution.

Overall, the mappings indicate that K reflects the static fractal to
pology of the pore skeleton, whereas αencodes the dynamic scaling 
characteristics of damage evolution captured by bmin. These relations 

Fig. 14. Physical mapping between macroscopic constitutive parameters and microscopic fractal characteristics.
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provide a coherent micro-to-macro interpretation of the fractional pa
rameters and form a consistent basis for describing both pre-damage 
behavior and subsequent softening.

4.4. Peak-softening characterization based on damage-induced fractal 
increment

The post-peak regime reflects the macroscopic instability after stress 
localization and crack coalescence, where the load-bearing skeleton 
undergoes progressive degradation. In the present experiments, the 
post-peak response is quantified using a softening parameter extracted 
from the descending branch of the stress–strain curve and is further 
normalized to enable comparison across different curing times and 
confining pressures.

The post-peak stress–strain relation is described using an exponential 
softening form, 

σ(ε) = σcexp[H(ε − εc)], ε ≥ εc (15) 

where σc and εcdenote the peak stress and peak strain, respectively, and 
H < 0 characterizes the post-peak softening rate. A more negative H 
corresponds to a steeper stress decay and thus a more brittle post-peak 
response. Physically, this softening behavior is governed by the inter
play between matrix embrittlement and confinement constraints. 
Extended curing densifies the gel network, leading to a rapid release of 
stored elastic energy upon failure (steeper softening), whereas higher 
confining pressure restricts lateral dilation and promotes frictional 
sliding, thereby sustaining the residual load-bearing capacity (gradual 
softening). It is important to note that the post-peak softening behavior 
is not solely an intrinsic material property but is also influenced by the 
stiffness of the testing system relative to the specimen. Consequently, the 
derived parameters H and B should be interpreted as comparative 
indices characterizing the relative ductility under the specific boundary 
conditions of this study, rather than as absolute material constants 
transferable to different loading environments. In this study, H is treated 
as an intermediate descriptor of the post-peak behavior and has been 
determined for all testing conditions, as summarized in Table 2.

Because the apparent magnitude of H is influenced by the pre-peak 
stiffness level, it is normalized using a reference stiffness derived from 
the fractional constitutive relation in the pre-damage domain. According 
to Eq. (15), the stress–strain relation before damage can be written as 

σ(ε) = K ε 1− α (16) 

which yields the tangent stiffness 

dσ
dε = (1 − α)K ε− α (17) 

Evaluated at the peak strain εc, the reference stiffness is therefore 

Ec = (1 − α)K ε− α
c (18) 

Using this quantity, a dimensionless post-peak softening (brittleness) 
index is defined as 

B =
H
Ec

=
H

(1 − α)K ε− α
c

=
H εα

c

(1 − α)K
(19) 

This index provides a consistent measure of post-peak softening severity 
that is independent of the absolute stiffness level of the material.

To link the post-peak response with the damage-induced micro
structural evolution, the fractal-dimension increment is defined as 

ΔDf = Df0 − Df (20) 

where Df0 is the initial pore fractal dimension of the intact material and 
Df is the fractal dimension measured after failure. Mathematically, ΔDf 

quantifies the extent of topological degradation. Since the fractal 

dimension reflects the space-filling capacity of the pore network, a sig
nificant positive ΔDf signifies a collapse in structural complexity, where 
the originally intricate three-dimensional void system degrades into 
simple, lower-dimensional planar fractures characteristic of brittle fail
ure. Conversely, a value near zero or below indicates that high 
confinement promotes distributed micro-cracking. These micro-cracks 
generate new rough surfaces that compensate for the loss of original 
pores, thereby preserving the overall structural complexity associated 
with ductile deformation.

The relationship between the post-peak softening index B and the 
fractal-dimension increment ΔDf is presented in Fig. 15. Despite the 
inherent scatter associated with post-failure measurements, a clear 
monotonic trend is observed: specimens exhibiting larger ΔDf generally 
show more negative values of B, corresponding to a sharper post-peak 
softening response. Conversely, when ΔDf approaches zero or becomes 
negative, B tends to be closer to zero, indicating a more stabilized post- 
peak behavior. The strength of this monotonic association is quantified 
using Spearman’s rank correlation, yielding a high coefficient of ρ =

0.876 with a significance level of p < 10− 5. This strong correlation re
veals the topological origin of ductility: a large positive ΔDf signifies the 
collapse of the complex load-bearing network into simple planar frac
tures, which fail to sustain stress and cause a precipitous drop in load- 
bearing capacity (highly negative B). Conversely, a minimal ΔDf im
plies that the damage distributes into a complex network of shear bands, 
thereby maintaining frictional contact and enabling a gradual, stable 
softening response.

5. Discussion

The experimental and theoretical investigations presented in this 
study demonstrate that the mechanical behavior of loess–slag backfill 
cannot be interpreted as a simple superposition of curing time and stress 
state. Instead, it emerges from a coupled multi-scale process governed by 
the evolution of fractal topology and deformation-induced energy 
dissipation. By integrating pore-scale fractal characterization, acoustic 
emission (AE) scaling analysis, and fractional-order constitutive 
modeling, this work establishes a mechanistic framework that clearly 
separates intrinsic strength generation from extrinsic failure control. 
This dual-control mechanism, and its cross-scale interactions, are sche
matically summarized in Fig. 16.

The intrinsic load-bearing capacity of the backfill originates from the 
curing-driven evolution of its static pore topology. As revealed by the 
MIP results, hydration progressively transforms the initially loose, 
macropore-dominated structure into a densified and interconnected gel 
network. This transformation is not merely a volumetric compaction 
process, but a topological reorganization that enhances the spatial 

Fig. 15. Correlation between the post-peak softening index B and the damage- 
induced fractal-dimension increment ΔDf .
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complexity of the solid skeleton. Such evolution is quantitatively 
captured by the monotonic increase in the initial fractal dimension (Df0), 
which reflects the space-filling efficiency and connectivity of the load- 
bearing framework. The strong non-linear dependence between Df0 

and the generalized stiffness K confirms that the pre-damage elastic 
response is fundamentally constrained by the fractal topology of the 
hardened matrix. As illustrated in the left panel of Fig. 16 (“Intrinsic 
Strength Generation”), curing time constructs a high-dimensional fractal 
skeleton that defines the potential stiffness and strength of the backfill 
through an exponential constitutive signature.

However, the realization of this intrinsic potential—particularly 
whether the material fails in a brittle or ductile manner—is governed by 
the dynamic fractal characteristics of damage evolution under confine
ment. AE analysis reveals that damage accumulation in loess–slag 
backfill follows scale-invariant statistics, yet the associated scaling laws 
are highly sensitive to the stress environment. Under unconfined or low- 
confinement conditions, the minimum b-value (bmin) remains low, 
indicating a dominance of large-scale, localized cracking events. This 
damage mode corresponds to a topological collapse of the initially three- 
dimensional microstructural network into a limited number of prefer
ential fracture planes, as depicted in the brittle path of Fig. 16. Such 
dimensional reduction restricts the continuity of deformation pathways 
and suppresses stress redistribution, leading to a rapid loss of load- 
carrying capacity.

In contrast, high confining pressure fundamentally alters the damage 
evolution pathway. By suppressing tensile crack opening and promoting 
frictional sliding and shear interaction among micro-cracks, confine
ment enforces a distributed damage network with higher fractal 
complexity. This preservation of damage topology is reflected by 
elevated bmin values and maps directly to an increased fractional order α. 
From a physical perspective, α therefore represents a rheological index 
that characterizes the degree of deformation memory associated with 
distributed micro-crack interactions, rather than a purely mathematical 
fitting parameter. As shown in the ductile branch of Fig. 16, confinement 
prevents topological collapse and enables the material to sustain stable 
fractional-order deformation prior to peak failure.

The post-peak response further consolidates this interpretation. The 
strong Spearman rank correlation between the post-peak softening index 
B and the fractal-dimension increment (ΔDf ) demonstrates that macro
scopic ductility is essentially governed by the degree of fractal preser
vation during failure. Brittle specimens exhibit a pronounced fractal 

collapse (large ΔDf ), which manifests as a steep post-peak stiffness 
degradation and rapid softening. Conversely, under sufficient confine
ment, ΔDf approaches zero, indicating that the material retains its to
pological integrity even after peak stress. This preserved fractal 
framework allows the backfill to sustain residual load through a reor
ganized but still highly connected shear structure, resulting in gradual 
post-peak softening characterized by low index B.

Taken together, the mechanism illustrated in Fig. 16 provides a 
unified physical interpretation linking microstructural densification, 
dynamic damage scaling, and fractional constitutive response. The re
sults highlight that curing controls the capacity of the material through 
static fractal topology, while confinement governs the realization of this 
capacity by regulating damage dimensionality and deformation mem
ory. This dual-control fractal–fractional framework offers a physically 
grounded basis for tailoring the strength and ductility of cemented 
backfill materials through coordinated microstructural design and 
stress-path optimization.

6. Conclusions

This study systematically investigated the mechanical response of 
loess–slag backfill by integrating pore-scale fractal characterization, 
acoustic emission (AE) scaling analysis, and fractional-order constitutive 
modeling. By strictly separating the pre-damage hardening stage from 
post-peak failure, the intrinsic material evolution and extrinsic stress 
control mechanisms were decoupled and quantified. The main conclu
sions can be summarized as follows: 

(1) Curing-driven pore-topology evolution governs intrinsic stiffness 
generation. Mercury intrusion porosimetry revealed that curing 
induces a continuous refinement of the pore network rather than 
a simple reduction in porosity. This topological evolution is 
effectively quantified by the initial pore fractal dimension Df0, 
which increases monotonically with curing time. A strong non- 
linear relationship was established between Df0 and the gener
alized stiffness K, demonstrating that the pre-damage elastic 
resistance of the backfill is fundamentally controlled by the 
space-filling complexity of the hydrated solid skeleton.

(2) Damage evolution exhibits scale-invariant characteristics 
strongly dependent on confinement. Acoustic emission analysis 
showed that microcrack accumulation follows fractal scaling 

Fig. 16. Mechanistic model of the dual-control fractal-fractional response in loess-slag.
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laws, with the minimum AE b-value (bmin) serving as a sensitive 
indicator of damage localization. Low confinement promotes the 
dominance of large-scale cracking events, while high confine
ment sustains a distributed microcrack network. This transition 
reflects a change in the dynamic fractal organization of damage 
rather than a change in damage intensity alone.

(3) The fractional order α has a clear physical interpretation linked to 
damage topology. The fractional-order constitutive model, cali
brated exclusively within the stable hardening regime, demon
strated excellent agreement with experimental stress–strain data. 
Beyond its mathematical role, the fractional order αwas shown to 
correlate strongly with bmin, indicating that αrepresents the de
gree of deformation memory associated with distributed versus 
localized damage. Higher αvalues correspond to sustained 
microcrack interaction and enhanced ductility under 
confinement.

(4) Post-peak softening is governed by fractal preservation rather 
than peak strength. The post-peak softening index Bwas found to 
correlate strongly with the fractal-dimension increment ΔDf , as 
confirmed by Spearman’s rank analysis. Severe softening is 
associated with significant fractal loss, indicating topological 
collapse of the load-bearing network. In contrast, specimens 
exhibiting minimal ΔDf retained higher residual capacity and 
gradual softening, highlighting that ductility is essentially the 
ability to preserve fractal complexity during failure.

(5) A unified fractional–fractal framework captures both pre- and 
post-peak behavior. By linking static pore fractal structure (Df0), 
dynamic damage scaling (bmin), fractional constitutive parame
ters (K and α), and post-peak softening behavior (B), a coherent 
multi-scale interpretation of backfill mechanics is achieved. This 
framework clarifies how intrinsic microstructural evolution and 
extrinsic confinement jointly determine stiffness development, 
deformation mode, and failure stability.

Overall, the results demonstrate that the mechanical performance of 
loess–slag backfill is governed by fractal topology and its evolution 
across scales. Rather than treating strength, ductility, and softening as 
independent properties, this study provides a physically grounded 
perspective in which these macroscopic behaviors emerge from the 
preservation or degradation of structural complexity. Practically, this 
advocates for a dual-control strategy in backfill design: curing man
agement must be prioritized to ensure sufficient intrinsic stiffness for 
minimizing roof subsidence, whereas the confinement provided by the 
surrounding rock should be leveraged to enhance ductility and prevent 
burst-prone collapse. Finally, regarding engineering implementation, 
the identified AE fractal scaling laws offer a non-destructive quantitative 
criterion for early warning. Future engineering applications can 
leverage microseismic monitoring systems to track these b-value pre
cursors in situ, providing real-time safety assessments for deep backfill 
stopes.
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