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Abstract

Fiber-reinforced high-water-resistance concrete backfill (FHWCB) is a rapid-setting cemen-
titious backfill system used for underground support and backfilling, but its stability is
strongly affected by mixture water content and fiber dispersion. This study investigated
the fresh-state behavior, mechanical performance, acoustic emission (AE) fractal character-
istics, b-value response, and energy evolution of FHWCB. Mixtures with water-to-cement
ratios (w/c) of 1.0-1.8 and fiber volume fractions (Vf) of 0-0.5% were prepared and tested
using fresh property measurements, unconfined compression, thermogravimetry, AE mon-
itoring, correlation dimension analysis, b-value analysis, and strain energy partitioning.
Increasing w/c improved flowability and delayed setting, but weakened the hydration
skeleton and reduced early-age compressive strength by approximately 56-61%. Fiber
reinforcement showed a non-monotonic effect: Vf = 0.3% increased compressive strength
by approximately 16-26%, whereas excessive fiber addition reduced strength because of
fiber clustering and weak local zones. AE amplitude sequences exhibited measurable
fractal characteristics. A higher correlation dimension indicated distributed microdam-
age, while decreasing correlation dimension and b-value reflected the transition toward
localized macrocrack growth. Energy analysis showed that the peak elastic strain energy
density decreased from approximately 0.60 to 0.39 MJ/m? as w/c increased. The proposed
AE fractal-b-value—-energy framework provides a quantitative basis for tracking damage
progression and optimizing FHWCB for underground engineering.

Keywords: acoustic emission; correlation dimension; b-value; fractal damage evolution;
energy dissipation; fiber-reinforced high-water-resistant concrete backfill; water-to-cement
ratio

1. Introduction

Backfill mining has become an essential technology for controlling strata movement,
reducing surface subsidence, disposing of mine-derived solid wastes, and improving re-
source recovery in underground mining [1]. In gob-side entry retaining and goaf filling,
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the backfill body is not merely a waste disposal medium but a load-bearing structural com-
ponent that must satisfy conflicting requirements: it should remain sufficiently pumpable
during placement, harden rapidly after casting, and maintain adequate strength and dam-
age tolerance under mining-induced disturbance [2,3]. These requirements become more
demanding as mining activities move toward greater depths, where high in situ stress,
repeated excavation disturbance, and complex hydro-mechanical environments accelerate
the degradation of cementitious backfill materials [4].

High-water-resistance concrete backfills (HWCBs), usually produced from a two-
component sulfoaluminate-based cementitious system, offer a practical solution for under-
ground filling because it combines high water demand, rapid setting, and early strength
development [5,6]. After the two components are mixed, the rapid formation of ettringite
and gel-like hydration products builds an interlocking skeleton that governs the early
mechanical response of the material. Nevertheless, the performance of its response is
strongly governed by the selected water-to-cement ratio (w/c). A higher water-to-cement
ratio improves initial flowability while prolonging workable time, but it also increases the
amount of free water, delays structural build-up, enlarges the pore space, and weakens
the hardened matrix [7]. Conversely, reducing the water-to-cement ratio favors a more
compact hydration skeleton and higher early strength but narrows the placement window.
Therefore, mixture optimization cannot be based on strength or workability alone; it re-
quires a coupled evaluation of fresh-state evolution, hydration-related physicochemical
behavior, and fracture resistance [8,9].

Fiber reinforcement provides an effective means of improving the brittleness and
post-peak integrity of cementitious backfills [10,11]. Polypropylene fibers can bridge
microcracks, redistribute local tensile stress, delay crack coalescence, and maintain residual
load-bearing capacity after matrix cracking [12]. However, the reinforcing effect does not
necessarily increase monotonically with fiber volume fraction (Vf). An insufficient fiber
volume fraction provides limited crack-bridging capacity, whereas excessive fibers may
reduce flowability, promote fiber clustering, introduce weak interfacial zones, and generate
additional defects in the matrix. The mechanical benefit of fibers is therefore controlled by
a balance among dispersion quality, fiber-matrix bonding, hydration product development,
and crack-bridging efficiency [13,14]. This balance is particularly important for HWCB, in
which the high water content and rapid hydration process make the fresh-state structure
and hardened fracture behavior strongly coupled [5,15].

The failure of FHWCB is a progressive multi-scale process involving pore closure,
microcrack initiation, interfacial separation around fibers, fiber extraction, crack coales-
cence, and post-peak frictional shear slip [16,17]. Acoustic emission (AE) monitoring
is well suited to capturing these internal damage events in real time, because transient
elastic waves are released when irreversible microstructural changes occur during load-
ing [18,19]. Conventional basic AE indices, including ring-down count, signal amplitude,
and released AE energy, can describe the intensity of damage activity, but they are of-
ten insufficient to quantify the nonlinear transition from distributed microcracking to
localized fracture. Fractal theory provides a useful framework for this purpose. Since
Mandelbrot’s formulation of fractal geometry and the subsequent development of the
Grassberger—Procaccia algorithm, the correlation dimension has become widely applied
to quantify dynamic complexity of nonlinear time series [20]. In AE analysis, a relatively
high correlation dimension generally indicates spatially or temporally distributed damage
activity, whereas a sharp decrease suggests fracture activity is becoming controlled by
fewer large-magnitude events [21]. In addition, the AE b-value, originally adapted from
the seismological frequency—-magnitude scaling law, can reflect the changing proportion
between minor and major fracture events [22]. The combined evolution of correlation
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dimension and b-value therefore has strong potential for identifying instability precursors
in brittle or quasi-brittle geomaterials.

Previous studies have applied AE fractal parameters and b-value analysis to rocks,
concrete, and cemented tailing backfills [23-25], and recent work has examined the
mechanical and damage behavior of fiber-reinforced backfill materials under selected
conditions [26-28]. However, most available studies have considered fresh properties,
mechanical strength, microstructure, AE damage indicators, or energy evolution separately.
A systematic framework linking water-to-cement ratio, fiber volume fraction, AE fractal
characteristics, b-value response, and strain energy evolution remains limited, especially
for FHWCB. The same HWCB/FHWCB material system was previously investigated in
Ref. [5], mainly from the perspective of material characteristics and basic performance. The
present study extends that work by focusing on the coupled AE fractal-b-value—energy
response during compression failure. Specifically, this study clarifies how water-to-cement
ratio and fiber volume fraction jointly regulate damage complexity, fracture localization,
elastic energy storage, and dissipated energy evolution.

To address this limitation, the present study investigates the fresh-state behavior,
mechanical response, AE fractal characteristics, b-value evolution, and strain energy dis-
sipation of FHWCB from mixing to compression failure. The objectives are to: (1) clarify
how water-to-cement ratio and fiber volume fraction jointly regulate fresh-state evolution
and strength development; (2) characterize the transition from distributed microdamage to
localized failure using AE correlation dimension and b-value; (3) establish the relationship
between fractal damage indicators, elastic energy storage, and irreversible energy dissi-
pation; and (4) develop an energy-based damage constitutive model for describing the
compression failure process of FHWCB.

2. Materials and Experimental Program

2.1. Materials
2.1.1. High-Water-Resistance Concrete Materials

The high-water-resistance concrete materials employed in this work were provided
by China University of Mining and Technology after in-house development. The binder
system was supplied as two powder components, Component A and Component B. During
specimen preparation, Components A and B were mixed at a mass ratio of 1:1. According to
the supplier’s formulation, the main and auxiliary materials used to prepare the component
powders were proportioned at a mass ratio of 5:1. The particle size distributions of the two
components were determined using an S3500 laser particle size analyzer (Microtrac Inc.,
Montgomeryville, PA, USA); the corresponding crystalline phases were identified with a D8
ADVANCE X-ray diffraction system, as shown in Figure 1. Component A had a particle size
range of 0.9-218 pum, with most particles distributed between 1 and 100 um. Component B
had a particle size range of 1-146 um, with most particles distributed between 2 and 66 pm.

After the two powder components come into contact with the mixing water, the
sulfoaluminate phases react rapidly with CaO and CaSOj in the presence of setting control
agents. The main hydration reactions generate ettringite and Al-bearing gel products,
forming an interlocking needle-like and reticular microstructure. This hydration skeleton
gradually develops into the load-bearing framework of the hardened backfill, as expressed
in Equations (1) and (2).

3CaO-3Ale3-CaSO4 + Z(CaSO4'2H20) + 34H20—>3Ca0-3A1203-3CaSO4-32H20 + 2(A1203'3H20) (1)

3A1203'3H20 + 3Ca(OH)2 + 3(CaSO4'2H20) + 20H20—>3Ca0-3A1203-3CaSO4-32H20 (2)
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Figure 1. Particle size distributions of Components A and B of the high-water-resistance concrete
materials.

2.1.2. Mixing Water and Polypropylene Fiber

Tap water was used as the mixing liquid to reduce variability in pore solution chem-
istry. Monofilament polypropylene fibers were added as the reinforcing phase. The fibers
had a tensile strength of 600 MPa, an elastic modulus of 3.5 GPa, a diameter of 18 pm, a
length of 6 mm, an elongation at break of 15%, and a specific gravity of 0.91.

2.1.3. Selection of Fiber Volume Fraction

Polypropylene fibers were introduced to improve the crack resistance and post-
cracking integrity of FHWCB. From a mechanical perspective, fibers can bridge microcracks,
redistribute local tensile stress, delay crack coalescence, and enhance energy dissipation
after matrix cracking. However, the reinforcing effect of randomly distributed short fibers
is not governed only by fiber strength or stiffness. It is also strongly affected by fiber
length, aspect ratio, orientation, dispersion quality, fiber-matrix interfacial bonding, and
the rheological behavior of the fresh slurry. Therefore, fiber addition is expected to show
a non-monotonic influence: insufficient fiber content provides limited crack-bridging ca-
pacity, whereas excessive fiber content may impair dispersion, reduce workability, and
introduce weak local zones.

The fiber volume fraction range used in this study was determined by combining
the above mechanical consideration with previous studies and practical workability re-
quirements for underground backfill placement. Existing studies on polypropylene-fiber-
reinforced cementitious composites and cemented paste backfill have shown that low-
to-moderate fiber dosages can improve crack resistance, post-peak integrity, and defor-
mation capacity, while excessive fiber addition may reduce workability, promote fiber
agglomeration, disturb matrix uniformity, and weaken the fiber-matrix interface. These
considerations are particularly important for FHWCB because the material must maintain
sufficient flowability during placement while developing adequate resistance to cracking
after hardening.

Accordingly, polypropylene fiber volume fractions of 0, 0.1%, 0.2%, 0.3%, 0.4%, and
0.5% were adopted. The mixture without fibers was used as the reference group. The
low-dosage groups were used to evaluate the initial crack-bridging contribution of fibers,
the moderate dosage groups were used to identify the effective reinforcing range, and the
relatively high-dosage groups were used to examine the possible adverse effects associated
with excessive fiber addition. This design enables the non-monotonic influence of fiber
content on the fresh-state behavior, mechanical performance, AE characteristics, and energy
evolution of FHWCB to be systematically evaluated.
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2.2. Specimen Preparation and Curing

The mix-design parameters and experimental schedule are summarized in Table 1.
The selected water-to-cement ratios and fiber volume fractions were chosen to represent
practical mixture proportions used in HWCB applications. Cylinders measuring 50 mm
in diameter and 100 mm in height were cast for the unconfined compression tests. For
each mixture and curing age, at least three independent replicate specimens were prepared.
When the deviation among parallel specimens was abnormal, additional specimens were
tested to ensure the reliability of the results.

Table 1. Mixture variables and experimental program.

Test/Measurement w/c V£ (%) Age or Monitoring Duration
UCS tests 1.0,12,15,1.8 0,0.1,02,0.3,04,0.5 05,1,3,7,14, 28 days
Viscosity tests 1.0,1.2,15,1.8 0.3 Up to 40 min
Setting time tests 1.0,1.2,1.5,1.8 0.3 -
Zeta potential 1.0,12,1.5,1.8 0.3 0 min
pH 1.0,1.2,15,1.8 0.3 0,5, 10, 15, 20 min
TG/DTG 1.0,15,1.8 0.3 28 days
EC 1.0,1.5,1.8 0,0.3,0.5 up to 2 days
Matrix suction and VWC 1.0,1.5,1.8 0.3 up to 28 days

All specimens followed the same four-stage mixing and curing protocol. Initially, the
predetermined dosage of polypropylene fiber was dry-mixed with the powder compo-
nents under low-speed mixing for 3 min to improve fiber distribution and mitigate fiber
agglomeration. Second, the required amount of mixing water was introduced separately
into Components A and B, and each slurry was mixed for 5 min. Third, the A and B
slurries were combined and mixed for an additional 2 min before being cast into molds.
Finally, the specimens were cured at 20 °C and a relative humidity of at least 95% until
the designated test age. Fiber dispersion was controlled by the dry-mixing procedure and
mixing duration. After demolding, exposed specimen sections were visually examined to
check the uniformity of fiber distribution and to identify possible fiber agglomeration.

2.3. Experimental Testing and Monitoring Procedures
2.3.1. Unconfined Compression and AE Monitoring

UCS was determined on a servo-controlled electronic testing machine. Before testing,
both loading faces of each specimen were ground with sandpaper to ensure parallel and
planar loading faces. The specimens were loaded under monotonic displacement loading
at 0.5 mm/min, and the stress—strain response was acquired automatically throughout
the test. AE activity was monitored simultaneously using a PCI-II system for AE signal
acquisition. AE signals were acquired using resonant AE sensors with a resonant frequency
of 150 kHz. The detection threshold, sampling rate, and preamplifier gain were set to
35dB, 2 MS/s, and 40 dB, respectively. The same acquisition parameters were used for all
specimens to ensure comparability among different mixtures. These acquisition settings
determined the detectable amplitude range and provided the basis for interpreting the AE
amplitude bands discussed in Section 3.2.2.

In addition, the RA value was calculated as the ratio of rise time to peak amplitude
of an AE waveform, RA = RT/Ap, where RT is the time interval from the first threshold
crossing to the peak amplitude and A, is the corresponding peak amplitude. In this study,
RA was used as a supplementary AE descriptor to compare the fracture mode tendency
with the amplitude-based correlation dimension. Two AE sensors were attached to opposite
sides of each specimen to capture the damage-related signals generated during compression.
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Petroleum jelly was used as the acoustic couplant, and the sensors were fixed with tape
to maintain stable contact with the specimen surface during compression. Before loading,
pencil lead breaks were used to check the coupling quality and signal acquisition stability
of the AE system.

2.3.2. Thermogravimetric Analysis

Thermogravimetric analysis was carried out with a Q5000 IR instrument (TA Instru-
ments, New Castle, DE, USA) to characterize the evolution of hydration products. The
powdered specimens were heated over a temperature interval of room temperature to
1000 °C using a ramp of 10 °C/min in a continuous N; atmosphere. The thermogravi-
metric mass loss curve and the corresponding derivative thermogravimetric curve were
recorded simultaneously.

2.3.3. Hydrate Reaction Monitoring Program

To capture early-age hydration development of FHWCB, electrical conductivity (EC),
volumetric water content (VWC), and matrix suction were continuously monitored. Speci-
mens with selected w/c values of 1.0, 1.5, and 1.8 were used for this monitoring program,
as summarized in Table 1. EC was used to characterize the ion concentration and mobility
in the pore solution, which vary continuously during dissolution, precipitation, and hydra-
tion product formation [29]. Changes in VWC were tracked to estimate hydration-related
water uptake, while matrix suction was measured to evaluate the degree of self-desiccation.
These parameters provide complementary information for interpreting the time-dependent
changes in flowability, hydration rate, and mechanical development of FHWCB. EC and
VWC were recorded using a 5TE soil moisture probe, whereas matrix suction was measured
with an MPS-6 water potential probe. The sensors were embedded at the center of the
plastic cylindrical molds during casting, and all data were automatically collected using an
EMS50 data logger (METER Group, Inc., Pullman, WA, USA). Sensor accuracies followed
the manufacturer’s specifications [30].

2.3.4. Viscosity and Setting Time Testing

The rheological property of the freshly mixed slurry was assessed with an NDJ-55
viscometer (Shanghai Changji Geological Instrument Co., Ltd., Shanghai, China) fitted with
spindle No. 1, providing direct viscosity measurements under a constant shear rate [31].
The measurement was started immediately after mixing to capture the early evolution
of slurry viscosity. During testing, the spindle was carefully immersed in the slurry to
avoid air-bubble entrapment. Three repeated measurements were conducted for each
mixture to ensure reproducibility. The setting behavior was evaluated using a Humboldt
Vicat apparatus (Humboldt Mfg. Co., Elgin, IL, USA) [32]. The initial setting time was
determined according to ASTM C807-21 [33]. Because no standard method is available for
defining the final setting time of FHWCB, an adapted procedure was adopted. A 5 mm
plunger served as the indenter; the final set was defined as the point at which plunger
penetration resistance was sufficient to prevent the outer ring of the plunger from leaving a
visible indentation on the specimen surface after 30 s of contact. At least three replicates
were examined for each mixture, and the reported values are the arithmetic means of the
replicate tests.

2.3.5. Zeta Potential and pH Measurements

Zeta potential measurements were used to characterize electrostatic interactions
among particles in the FHWCB suspension. This parameter reflects the repulsive in-
teraction between similarly charged particles within the electrical double layer and is
sensitive to suspension stability, pH, and the ionic environment of the system [34]. The zeta
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Change in UCS compared to 1.0-FHWCB (%)

(a) w/c

61%

49%

potential of different FHWCB mixtures was measured using a Malvern Zetasizer Nano
7590 analyzer (Malvern Panalytical Ltd., Worcestershire, UK) based on the electrophoretic
mobility of particles in diluted suspensions. The suspension concentration was 0.1 g/L,
and distilled water was used for dilution. In parallel, slurry pH was measured using an
Oakton pH 6+ meter (Oakton Instruments, Vernon Hills, IL, USA) to track the evolution of
the alkaline pore solution environment during early hydration. All zeta potential and pH
tests were repeated three times to confirm measurement repeatability.

2.4. Statistical Analysis

Replicate-based experimental results are reported as mean =+ standard deviation.
Normality and homogeneity of variance were examined using the Shapiro-Wilk test and
Levene’s test, respectively. When these assumptions were satisfied, one-way or two-
way analysis of variance was performed followed by Tukey’s post hoc test. When these
assumptions were not satisfied, the Kruskal-Wallis test followed by Dunn’s multiple
comparison test was used. A significance level of p < 0.05 was adopted.

For AE-derived parameters, replicate AE records were processed using the same
correlation dimension and b-value calculation procedures. The resulting curves were
normalized by the peak stress time, interpolated onto a common normalized time grid, and
used to calculate the mean curves and standard deviation bands. Statistical comparisons
of AE-derived time series responses were performed using scalar descriptors extracted
from each AE record, including characteristic pre-peak, near-peak, and post-peak values of
correlation dimension and b-value.

3. Results and Discussion
3.1. UCS Response of FHWCB to Water-to-Cement Ratio and Fiber Volume Fraction

Table 2 lists the complete UCS dataset expressed as mean =+ standard deviation, and
Figure 2 presents the associated strength trends. The relatively small standard deviations
indicate acceptable repeatability among replicate specimens. Statistical analysis confirmed
that the UCS differences among different w/c and Vf groups were significant at most
curing ages (p < 0.05). Figure 2a compares the UCS of mixtures containing Vf = 0.3% across
four w/c levels, using the mixture with w/c = 1.0 as the reference. For all curing ages, UCS
declines progressively with increasing water-to-cement ratio. When w/c increases from
1.0 to 1.8, the corresponding strength losses at 0.5, 1, 3, 7, 14, and 28 days are about 61%,
57%, 56%, 51%, 51%, and 48%, respectively. These results show that the weakening effect
of excessive water content is significant at early ages and remains evident after 28 days
of curing.
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Figure 2. UCS response of FHWCB to different mixture parameters.
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Table 2. UCS values of FHWCB mixtures after different curing times (MPa, mean =+ SD).
Curing Time (Days)
wic  VE(%)
0.5 1 3 7 14 28
0 10.0 £0.14 13.88 + 0.54 15.62 + 0.59 17.35 + 0.65 18.05 + 1.09 19.96 + 0.81
0.1 10.61 £ 0.31 16.62 £+ 0.58 18.26 + 0.18 18.84 + 0.44 19.41 +0.38 20.68 £+ 0.30
0.2 11.16 £ 0.05 18.05 £ 0.37 19.62 £ 0.85 20.27 +0.99 20.53 +1.22 21.62 + 0.46
1.0 0.3 12.14 £ 0.36 19.62 £0.43 20.99 + 0.10 21.69 £+ 0.83 2255 + 041 23.92 +0.33
0.4 10.19 £ 0.21 16.52 £ 0.31 18.42 +£0.84 18.35 £ 0.55 18.99 £0.75 19.87 £0.73
0.5 8.97 £ 0.19 13.08 + 0.45 16.00 + 0.42 16.74 + 0.50 16.82 + 0.20 17.60 + 0.61
0 8.48 + 0.38 13.44 + 0.45 14.32 £ 0.25 14.61 + 0.40 16.07 £ 0.42 17.54 + 0.52
0.1 8.12 £ 0.12 14.04 £ 0.25 15.29 £ 0.29 15.90 £+ 0.52 17.64 £ 0.50 19.25 £ 0.81
0.2 8.82 £0.24 15.34 £ 0.17 16.85 £ 0.50 16.93 £+ 0.25 18.77 £0.51 20.48 £+ 0.53
1.2 0.3 9.50 £ 0.31 16.27 £ 0.40 18.09 £ 0.39 18.46 + 0.32 20.00 +£0.21 22.15 4+ 0.53
0.4 798 +£0.14 13.63 + 0.15 14.97 £0.37 1544 £ 091 17.16 £ 0.82 18.53 £ 0.81
0.5 7.00 £ 0.22 12.46 + 0.12 13.24 + 0.30 13.60 £+ 0.40 14.72 + 0.28 16.23 + 0.32
0 5.72 £ 0.20 8.07 £ 0.12 9.12 £ 0.37 9.50 £0.16 10.92 £ 0.15 11.21 £ 0.29
0.1 5.79 £0.04 8.74 £ 0.07 10.28 £ 0.37 10.35 £+ 0.34 1142 £0.15 12.08 £ 0.28
0.2 6.07 £0.22 9.29 £0.27 10.84 £ 0.17 11.35 £+ 0.08 12.73 £0.52 12.94 £+ 0.10
15 0.3 6.61 £ 0.08 10.06 + 0.35 11.36 £ 0.51 12.01 £ 0.28 13.61 £0.23 14.17 £ 0.28
0.4 5.55 + 0.08 8.41 +0.30 9.72 £ 0.12 10.05 £+ 0.08 11.64 +0.24 11.93 + 0.37
0.5 472 £0.15 7.16 £ 0.16 8.44 +0.13 8.65 + 0.24 9.88 +0.14 9.96 + 0.08
0 4.20 4+ 0.04 6.70 £ 0.12 7.39 £ 0.04 8.40 £ 0.25 8.90 £0.19 10.08 £ 0.9
0.1 4.14 £+ 0.05 720 £0.22 795+ 0.19 9.22 +£0.49 9.68 £ 0.20 11.07 £ 0.10
0.2 4.48 £+ 0.06 790 £0.12 8.80 £0.03 9.72 £0.14 10.21 £ 0.46 11.66 £+ 0.30
1.8 0.3 4.78 £0.09 8.37 £ 0.11 9.20 £ 0.11 10.65 + 0.28 11.10 £ 0.34 12.44 + 0.44
0.4 4.02 £ 0.06 6.99 £+ 0.12 7.72 £0.33 8.86 £ 0.13 9.51 £ 0.26 10.65 + 0.27
0.5 244 4+ 0.04 5.83 £ 0.10 6.64 £0.29 7.73 £ 0.05 8.16 £ 0.31 9.02 £0.25

The reduction in UCS with increasing w/c is mainly attributed to the weakening of
the hydrate framework responsible for load transfer. Figure 3 shows that the lower-w/c
mixtures exhibit more pronounced mass loss responses associated with hydration products
such as ettringite (AFt), aluminum gels (AHj3), together with calcium silicate hydrate
(C—S—H) phases. These thermogravimetric features indicate that a lower water-to-cement
ratio favors the formation of a denser solid skeleton. In contrast, a higher water-to-cement
ratio leaves more unbound water in the fresh matrix. After hydration and curing, this
excess water is transformed into capillary voids and weakens the contact between hydration
products [26], thereby reducing the effective load-bearing area of the hardened FHWCB.

The matrix suction and volumetric water content results further support this inter-
pretation. As shown in Figure 4, mixtures with lower w/c develop more negative matrix
suction, reflecting stronger water consumption and self-desiccation during hydration. The
stabilized matrix suction values are approximately —335, —297, and —212 kPa for w/c = 1.0,
1.5, and 1.8, respectively.

Meanwhile, the data in Figure 5 indicate that the corresponding volumetric water
contents are approximately 0.470, 0.484, and 0.503 m®/m>. These results indicate that
a lower w/c leads to a denser matrix and a more compact fiber-matrix interfacial zone,
which improves the cracking resistance and inhibits crack propagation. Accordingly, the
strength enhancement under lower w/c conditions is governed by synergistic contribu-
tions from increased hydration product density, reduced capillary porosity, and improved
interfacial bonding.

https://doi.org/10.3390/fractalfract10080555


https://doi.org/10.3390/fractalfract10080555

Fractal Fract. 2026, 10, 555 9 of 35

100 —es. 35
o —o— TG, w/c=1.0 —o—DTG, w/c=1.0
P —— TG, wle=1.5 ——DTG, w/e=1.5| |4
00 —8— TG, w/c=1.8 ——DTG, w/c=1.8 :
125
S
s 80F 420 2
= e
z z
o .
= 20} 15
a
110
60 /C-(A)—S—H
10.5
s0 L7 i ; Ah

L L H 0
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 3. TG/DTG curves of 28-day cured FHWCB with different w/c values at Vf = 0.3%.
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Figure 5. Temporal variation in VWC for FHWCB prepared with different w/c values at Vf = 0.3%.
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Figure 2b compares the UCS response to fiber volume fraction at w/c = 1.5, using the
fiber-free mixture as the reference. The influence of fiber volume fraction is clearly non-
monotonic. As Vf increases from 0 to 0.3%, the UCS increases progressively. At Vf = 0.3%,
UCS at the corresponding curing ages increases by about 16%, 25%, 25%, 26%, 25%, and
26%, respectively. When Vf was increased to 0.4%, the strengthening effect decreases,
although limited improvement is still observed at several curing ages. When Vf = 0.5%, the
UCS becomes lower than that of the fiber-free mixture, with reductions of approximately
17%, 11%, 7%, 9%, 10%, and 11% at the corresponding curing ages.

This non-monotonic behavior reflects the competition between fiber reinforcement and
fiber-induced defects. At an appropriate dosage, polypropylene fibers are relatively well-
dispersed in the matrix and can bridge developing microcracks, transfer tensile stress across
crack surfaces, and restrain crack opening. These effects improve specimen integrity and
enhance its effective carrying capacity. However, excessive fibers reduce mixture uniformity
and increase the probability of fiber clustering. Fiber-rich regions and entrapped voids
act as weak zones, leading to local stress concentration and a weakened fiber-matrix
interface [35]. As a result, the beneficial crack-bridging effect is partly or completely offset
by defect-induced damage. Therefore, within the investigated range, Vf = 0.3% provides
the most effective reinforcement for FHWCB.

3.2. AE Fractal Characteristics of FHWCB Governed by Water-to-Cement Ratio and Fiber
Volume Fraction

3.2.1. Correlation Dimension Evaluation of AE Sequences

The characteristic parameters associated with AE mainly include ringing count, en-
ergy, amplitude, rise time, duration, and frequency, as shown in Figure 6. Among these
parameters, the ring-down count records how often an AE waveform crosses the detection
threshold and is commonly used to describe the activity level of internal damage. AE ampli-
tude represents the relative intensity of the AE source and is sensitive to crack coalescence,
fiber interface separation, fiber extraction, and local frictional sliding [8,17,24]. During
the compression failure of FHWCB, AE signals are generated through multiple damage
mechanisms, including pore closure, the onset of microcracking, crack extension, interfacial
separation, fiber bridging, fiber extraction, and post-peak crack surface friction. Owing
to the nonlinear and scale-dependent nature of these damage mechanisms, the resulting
AE parameter sequences contain information on multi-scale fracture evolution and can
therefore be treated as nonlinear time series signals with fractal attributes.

Rise time

A
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Ringing counts

Energy

%]de
/
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v "2 \Vj V 7
AE waveform

|
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S .

Crack
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Figure 6. Description of AE characteristic parameters.
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Fractal theory has been widely used to characterize irregular fracture processes, pore
structures, crack networks, and AE sequences in rock and cementitious materials [17,23].
In particular, the correlation dimension obtained using the Grassberger—Procaccia (G—P)
procedure can quantify phase space complexity within a reconstructed phase space tra-
jectory [20]. For AE analysis, a higher correlation dimension generally indicates that AE
events originate from more distributed and complex damage sources, whereas a lower
correlation dimension suggests that the AE activity becomes increasingly controlled by
localized fracture sources [23]. Accordingly, correlation dimension D was used here to
characterize AE complexity evolution during FHWCB failure.

For an AE parameter sequence:

X:{x1/x21x3/"'1x1’l} (3)
Using a unit time delay, the first m-dimensional phase space vector is:
Xlz{x1,x2,X3,"',xm} (4)

Successive vectors were generated by shifting the starting point of the sequence,
yielding the reconstructed phase space matrix:

X1 ¢ (x,x2,..,Xm)
X2 : (le x3/- . -/xm+1)
X={0Xs : (x3,X4,...,Xp42) 6)

Xy ¢ (xg,%5,...,%m13)

For N reconstructed vectors, the correlation integral was calculated as:

1 N
C(T)ZEZ‘HH(F_P(I_X]D (6)
ij=

where H(x) is the Heaviside step function:

)

The distance threshold r was determined from the mean pairwise distance using the
scale coefficient k:
1 NN
r=k- L L IXi— X (8)
2 i=1j=1
wherei,j=1,2,..., N. When a scaling interval exists, C(r) follows a power law relationship
with 7.
The correlation dimension D is therefore obtained from:

D= hmlnC(r)
r—0 Inr

©)

The correlation dimension D was evaluated from the gradient of the fitted linear
portion in the In C(r) versus In 7 plot. In this study, the embedding dimension was set to
m = 4, and the scale coefficient k was selected from 0.2 to 1.4 with an interval of 0.2. The same
calculation parameters were used for all mixtures to ensure that the variation in D mainly
reflected the influence of mixture design and damage evolution rather than differences in
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the calculation procedure. The rationality of the selected embedding dimension and scaling
interval is further examined in Section 3.2.2.

3.2.2. Fractal Verification of AE Amplitude Sequence

Under the acquisition settings described in Section 2.3.1, most AE events are concen-
trated in the range of approximately 35-60 dB throughout the loading process, as shown in
Figure 7. These low-amplitude events are associated with small-scale damage activities,
such as pore closure, scattered microcrack initiation, stable microcrack propagation, and
local friction. Medium-amplitude events in the range of approximately 60-80 dB appear
intermittently and become more evident in the later part of loading. A small number of
events exceed 80 dB, indicating the occurrence of local high-intensity damage sources, such
as crack coalescence, abrupt crack propagation, or fiber-matrix interfacial failure.
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s L]
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@ : W, % S O °w 2 :.u AR '::.‘; °
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Figure 7. Representative AE amplitude sequence of 7-day cured FHWCB at Vf = 0.3% and w/c=1.5.

It should be emphasized that the AE amplitude evolution in Figure 7 does not show a
simple monotonic increase with loading time. Instead, the amplitude record is characterized
by persistent low-amplitude activity accompanied by intermittent medium- and high-
amplitude bursts. This feature is typical of quasi-brittle cementitious composites, in which
microcracking, local stress redistribution, fiber-related interactions, and crack surface
friction occur alternately during loading. Therefore, AE amplitude should be interpreted
as a fluctuating damage response signal rather than as a single-direction indicator of
fracture severity.

Figure 8a shows the In C(r)—In r fitting result for the representative AE amplitude
sequence of 7-day cured at Vf = 0.3% and w/c = 1.5. The fitted slope gives a correlation
dimension of D = 2.7939, and the corresponding fitting coefficient is R? = 0.8736. Although
AE signals generated during fracture are transient and non-stationary, an identifiable linear
scaling region can still be observed within the selected k range, indicating that the AE
amplitude sequence of FHWCB has measurable fractal characteristics.

The embedding dimension saturation analysis is shown in Figure 8b. The calculated
correlation dimension increases at low embedding dimensions and then gradually ap-
proaches a stable plateau when m reaches 4. Further increasing m causes only limited
variation in D, indicating that m = 4 is sufficient to reconstruct the AE phase space while
avoiding unnecessary dimensional redundancy.
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Figure 8. Validation of AE correlation dimension analysis. (a) Representative In C(r)-In r fitting result
for the AE amplitude sequence of 7-day cured at Vf = 0.3% and w/c = 1.5. (b) Embedding dimension
convergence from m = 2 to 8. (¢) Summary of G-P fitting quality across all analyzed AE sequences.

The fitting quality of the selected scaling interval was further evaluated for all analyzed
AE sequences. As summarized in Figure 8c, the R? values were generally higher than 0.85,
with an overall mean value of R? = 0.9010 = 0.0220. These results indicate that the selected
scaling interval k = 0.2-1.4 provides acceptable and stable fitting quality for the correlation
dimension calculation under different mixture conditions.

3.2.3. AE Correlation Dimension Under Varied Water-to-Cement Ratio and Fiber
Volume Fraction

Figures 9 and 10 compare the evolution of AE amplitude correlation dimension under
varied Vf values and water-to-cement ratios. The loading time was normalized by the peak
stress time, and t/t, = 1 corresponds to the peak stress point. The curves are plotted as
mean responses of replicate specimens, and error bars indicate standard deviations. Overall,
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the correlation dimension decreases after the peak stress for all mixtures, indicating that
the AE process gradually loses complexity as damage becomes more localized. However,
the magnitude and evolution pattern of D are strongly affected by both mixture variables.
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Figure 9. Evolution of the AE amplitude correlation dimension of 7-day cured FHWCB with different
Vfvalues at w/c = 1.5.
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Figure 10. Evolution of the AE amplitude correlation dimension of 28-day cured FHWCB with
different w/c values at Vf = 0.3%.

Figure 9 shows the Vf influence at w/c = 1.5. Before peak stress, the mixture with
Vf = 0.3% maintains the highest correlation dimension among the three representative mix-
tures. The fiber-free mixture shows an intermediate level, while the mixture with Vf = 0.5%
generally exhibits the lowest D. This response implies that a suitable fiber volume fraction
increases AE source complexity by promoting distributed microcracking. Well-dispersed
polypropylene fibers can bridge developing cracks, transfer tensile stress across crack
surfaces, and delay rapid crack coalescence. As a result, AE events are generated by a
broader population of damage sources, leading to a higher correlation dimension. After
peak stress, the correlation dimension of all mixtures decreases, but the Vf = 0.3% mixture
remains at a relatively higher level over most of the post-peak range. This suggests that
fiber-mediated crack bridging continues to influence post-peak damage process. Instead of
rapidly developing into a single dominant fracture path, the specimen with an appropriate
fiber volume fraction maintains more distributed damage activity. In contrast, the Vf = 0.5%
mixture shows a lower correlation dimension, especially after peak stress. This indicates
that excessive fiber addition does not further improve the fracture resistance of FHWCB.
Excessive fibers may reduce slurry uniformity, increase fiber-matrix interaction, and pro-
mote local fiber clustering. These fiber-rich regions can introduce weak interfacial zones
and entrapped defects, which become preferential sites for crack initiation and propagation.
Consequently, AE activity becomes less complex and more localized, resulting in a lower
correlation dimension. Therefore, Figure 9 confirms the non-monotonic effect of fiber
volume fraction from a fractal perspective: the optimal fiber volume fraction is not the
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highest dosage, but the dosage that provides sufficient crack bridging while maintaining
good dispersion and matrix integrity [12,36]. The statistical descriptors extracted from the
replicate AE records also show that the Vf = 0.3% mixture has a higher pre-peak mean
D and A higher near-peak D than the Vf = 0.5% mixture, confirming that moderate fiber
additions maintains more distributed AE activity.

Figure 10 examines the w/c effect at Vf = 0.3%. The mixture with w/c = 1.0 maintains
the highest correlation dimension over most of the loading process, followed by w/c = 1.5,
whereas the mixture with w/c = 1.8 generally shows the lowest D. This trend indicates
that reducing the water-to-cement ratio produces a more spatially distributed and complex
damage process. Lower water content promotes the formation of a denser cementitious
skeleton and improves the contact between hydration products and fibers. Under compres-
sion, microcracks are more likely to initiate and propagate through multiple tortuous paths,
generating a more complex AE source population. Increasing the water-to-cement ratio
reduces the correlation dimension because excess water enlarges particle spacing in the
fresh matrix, weakens the hardened skeleton, and leaves capillary voids after hydration.
These pores and weak interfacial regions lower crack growth resistance. Damage therefore
localizes more readily, and AE activity becomes governed by fewer dominant fracture paths.
This explains why the mixture with w/c = 1.8 shows a lower D during the normalized
loading process. The replicate-based descriptors show the same trend, with lower-w/c
mixtures maintaining higher correlation dimension levels during the stable damage stage
and near the peak stress region.

Taken together, Figures 9 and 10 demonstrate that AE source complexity is controlled
by the two mixture variables. Proper fiber incorporation increases damage source diversity
by activating crack bridging and pull-out mechanisms, whereas excessive fiber volume
fraction promotes defect-induced localization. A lower water-to-cement ratio enhances ma-
trix compactness and maintains a more distributed fracture process, whereas a higher ratio
weakens the hydration skeleton and accelerates the loss of AE complexity. Therefore, AE
correlation dimension provides a quantitative fractal indicator for evaluating the combined
effects of mixture design on damage localization in FHWCB [37].

3.2.4. Coupled Evolution of Correlation Dimension and AE b-Value

The AE b-value was calculated from the amplitude distribution using a Gutenberg—
Richter-type frequency-magnitude relationship [38,39]. Because AE amplitude A is
recorded in dB, the AE magnitude proxy M was defined as M = A/20. The cumulative
number of AE hits with magnitude equal to or greater than M was then expressed as:

log;y N(> M) =a—bM (10)

where N(>M) is the cumulative number of AE hits, a is a fitting constant, and b is the
AE b-value. In this study, b was obtained from the slope of the linear regression between
log1oN(>M) and M using the least-squares method. A moving-window strategy was
adopted to track the temporal evolution of b-value during loading. Each b-value was
calculated using 100 consecutive AE hits, and the window was shifted by 20 hits for the
next calculation. The same window size and step size were used for all specimens to
ensure comparability among different mixtures. The calculated b-value sequences were
then normalized by peak stress time and statistically processed following the procedure
described in Section 2.4.

Figure 11 presents the systematic evolution of AE b-value and its coupling with fractal
indicators during FHWCB failure. Figures 11a and 11b show the b-value responses un-
der different Vf and w/c conditions, respectively, using the same variable control design
as the correlation dimension analysis in Figures 9 and 10. In Figure 11a,b, the curves
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represent mean responses of replicate specimens, and error bars indicate standard devia-
tions. Figure 11c further compares the coupled evolution of amplitude-based correlation
dimension, RA-based correlation dimension, and AE b-value for a representative specimen.
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Figure 11. AE b-value evolution and its coupling with fractal indicators during FHWCB failure.
(a) b-value evolution of 7-day cured FHWCB with different Vf values at w/c = 1.5. (b) b-value
evolution of 28-day cured FHWCB with different w/c values at Vf = 0.3%. (c) Coupled evolution of
Amplitude-D, RA-D, and b-value for 7-day cured FHWCB at Vf = 0.3% and w/c = 1.5.

As shown in Figure 11a, the b-value evolution is strongly affected by fiber volume
fraction. Before peak stress, the Vf = 0.3% mixture generally maintains a relatively higher
b-value and shows a more gradual decrease, indicating that the AE population is dominated
by small amplitude and distributed damage events. In contrast, the Vf = 0.5% mixture
exhibits a lower b-value and a sharper decrease near the peak stress region, suggesting that
excessive fiber addition promotes the transition toward larger fracture events and more
localized damage. This trend is consistent with the correlation dimension results in Figure 9
and supports the interpretation that moderate fiber addition delays fracture localization,
whereas excessive fiber content introduces weak local zones.
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Figure 11b shows the effect of water-to-cement ratio at Vf = 0.3%. The lower-w/c
mixtures maintain relatively higher b-values during the stable damage stage, indicating
that AE activity is mainly composed of small-scale distributed events. As w/c increases,
the b-value decreases more rapidly and reaches a lower level near-peak stress, suggesting
that high water content weakens the hydration skeleton and accelerates the transition from
distributed microcracking to localized macrocrack propagation. This behavior agrees with
the correlation dimension evolution in Figure 10.

Figure 11c shows that amplitude-based D, RA-based D, and b-value decrease con-
currently as loading approaches peak stress. The decrease in D indicates a reduction in
AE source complexity, whereas the decrease in b-value reflects an increasing proportion
of large-amplitude fracture events. Their concurrent decline demonstrates that the dam-
age process evolves from distributed microdamage to localized crack growth. After peak
stress, the three indicators fluctuate at relatively low levels, which can be attributed to
repeated local stress redistribution, fiber debonding, fiber pull-out, crack surface friction,
and intermittent crack propagation.

Therefore, the combined use of correlation dimension and b-value provides com-
plementary damage information. Correlation dimension reflects AE source complexity,
whereas b-value captures the event-size distribution. A simultaneous decrease in these
parameters indicates that the AE process becomes less complex and increasingly controlled
by larger fracture events. Thus, the coupled reduction in D and b-value can serve as an
indicator of fracture localization and emerging instability in FHWCB.

3.2.5. Coupled Stress—AE-Fractal Response Under Different Mixture Conditions

Figures 12-15 further present the synchronized stress response with AE ringing count,
cumulative ringing count, AE amplitude, and correlation dimension under different mix-
ture conditions. Figures 12 and 13 address Vf effects for 7-day specimens at w/c = 1.5,
whereas Figures 14 and 15 show the influence of water-to-cement ratio for 28-day specimens
at Vf = 0.3%.

As shown in Figure 12, AE activity is relatively weak during the initial loading period
and becomes more active as loading proceeds. The cumulative ringing count increases
gradually at first and then rises more rapidly around and after the peak stress, indicating
accelerated internal damage accumulation. For all fiber volume fractions, AE amplitudes
are dominated by low-to-medium values, with only intermittent high-amplitude bursts.
This result is consistent with Figure 7 and indicates that FHWCB failure is governed by
persistent small-scale damage activity accompanied by occasional high-intensity fracture
events. Fiber volume fraction clearly changes the stress-AE response. The fiber-free
specimen shows rapid AE activity development once the stress reaches a relatively high
level, indicating limited resistance to crack propagation in the unreinforced matrix. With
fiber addition, the AE response becomes more distributed in time because fibers bridge
developing cracks and delay abrupt crack opening. Among the tested mixtures, the
Vf = 0.3% specimen shows a relatively high stress level and a stable post-peak response,
suggesting that this fiber volume fraction provides a favorable balance between matrix
strength and crack-bridging efficiency. When Vf increases to 0.4% and 0.5%, AE ringing
activity remains intense, and high-amplitude events appear intermittently during loading.
This does not necessarily indicate better reinforcement. Excessive fiber volume fraction may
increase local heterogeneity, reduce slurry uniformity, and generate weak fiber-rich regions.
These defects can promote localized cracking and cause unstable AE bursts. Thus, the
AE response further supports the conclusion that the reinforcement effect of fiber volume
fraction is non-monotonic.
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Figure 12. Stress response and AE parameters of 7-day cured FHWCB with different Vf values at
w/c=15.

Figure 13 shows the corresponding stress correlation dimension relationships under
different Vf values. For all mixtures, the amplitude-based correlation dimension is generally
higher than the ringing-count-based correlation dimension, indicating that AE amplitude
contains richer information about fracture source intensity and damage complexity. Both
amplitude-based D and ringing-count-based D tend to decrease with loading, especially
after the stress reaches the peak region. This decreasing trend indicates that AE activity
gradually evolves from a complex and distributed process toward a more localized fracture
process. The Vf = 0.3% mixture maintains a relatively high and stable amplitude-based
correlation dimension over a longer loading interval, whereas the Vf = 0.5% mixture exhibits
a more pronounced reduction in D. This confirms that appropriate fiber addition delays
the loss of AE complexity, while excessive fibers accelerate damage localization.

Figure 14 shows that the peak stress of FHWCB decreases as the water-to-cement
ratio increases. For instance, the w/c = 1.0 specimen exhibits the highest peak stress,
while the specimen with w/c = 1.8 exhibits the lowest peak stress. This mechanical trend
reflects the weakening effect of excessive water on the hardened matrix. The AE response
also changes significantly with water-to-cement ratio. For lower water-to-cement ratios,
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AE activity remains relatively controlled before peak stress, and the cumulative ringing
count grows more gradually, indicating that the denser matrix can sustain higher stress
and postpone rapid damage accumulation. In contrast, the w/c = 1.8 specimen shows
more continuous ringing activity and a faster increase in cumulative ringing count during
loading, suggesting that the porous matrix promotes earlier microcrack initiation and more
sustained damage development.
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Figure 13. Stress and AE correlation dimension evolution of 7-day cured FHWCB with different Vf
values at w/c=1.5.

The AE amplitude distributions in Figure 14 show that low-to-medium amplitude
events dominate the loading process for all water-to-cement ratios, while higher-amplitude
events occur intermittently. With increasing water-to-cement ratio, AE activity becomes
more continuous, indicating that the internal structure is more susceptible to progressive
damage. This is mainly because higher water content produces a more porous hydration
skeleton and weakens the fiber-matrix interface, allowing cracks to propagate more easily
through pores and weak interfacial regions [40].

Figure 15 further confirms this interpretation from the perspective of correlation
dimension. Both amplitude-based D and ringing-count-based D decrease with loading,
and their overall levels decline as the water-to-cement ratio increases. The w/c = 1.0 and
1.2 specimens maintain relatively high correlation dimensions, whereas the w/c = 1.5 and
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especially w/c = 1.8 specimens show lower values. This indicates that a lower water-to-
cement ratio favors a more complex and distributed damage process, while excessive water
promotes fracture localization.
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Figure 14. Stress and AE parameter evolution of 28-day cured FHWCB with different w/c values at
Vf = 0.3%.
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Figure 15. Stress and AE correlation dimension evolution of 28-day cured FHWCB with different
w/c values at Vf = 0.3%.
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Overall, Figures 12-15 demonstrate that mixture design controls not only the macro-
scopic mechanical response but also the internal organization of AE damage sources. A
suitable fiber volume fraction and a lower water-to-cement ratio help maintain distributed
microcracking and delay the loss of AE complexity. Excessive fiber volume fraction or
excessive water content increases structural heterogeneity and weakens the matrix, leading
to more localized AE activity and a faster decline in correlation dimension. Therefore, AE
fractal parameters can effectively reveal the internal damage evolution of FHWCB and
provide a quantitative basis for identifying instability precursors.

3.2.6. Mechanistic Implications of AE Fractal Evolution

Figure 16 schematically illustrates the mechanism underlying AE fractal evolution
and fracture localization in FHWCB. The change in AE correlation dimension reflects
competition among matrix compactness, fiber-bridging efficiency, and defect-controlled
localization. In mixtures with a dense hydration skeleton and well-dispersed fibers, microc-
racks tend to follow multiple tortuous routes rather than rapidly merging into a dominant
fracture surface. Fibers then bridge developing cracks, transfer tensile stress across crack
faces, and dissipate fracture energy through interfacial separation and pull-out. These
mechanisms diversify AE sources and sustain a relatively high correlation dimension,
indicating distributed damage.
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Figure 16. Mechanism of AE fractal evolution and fracture localization in FHWCB. The vertical
orange arrows indicate the correspondence between microstructural condition and damage mode,
the horizontal arrows indicate the progressive transition from distributed microdamage to crack
interaction and localized fracture, and the black arrows indicate representative crack or defect features.
The symbols | and 1 denote decreasing and increasing trends of AE indicators, respectively.

An appropriate fiber volume fraction can improve the damage tolerance of FHWCB by
delaying crack localization. For the mixtures investigated in this study, Vf = 0.3% provided
the most favorable fractal response. At this dosage, the fiber-bridging effect was sufficient
to restrain rapid crack coalescence without causing severe fiber clustering. Therefore,
AE events remained more dispersed during loading, and the correlation dimension was
maintained at a relatively high level. By contrast, excessive fiber addition generated
fiber clusters and weak local interfaces, reducing matrix uniformity. Such defect-rich
regions became preferred sites for crack initiation and growth, driving AE activity toward
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localization. Consequently, the correlation dimension decreased and intermittent high-
amplitude AE bursts became more apparent.

The water-to-cement ratio mainly controls the compactness of the hydration skeleton
and the quality of the fiber-matrix interface. A high water-to-cement ratio increases pore
volume and weakens bonding between hydration products and fibers. Cracks can then
link more easily through pores and weak interfaces, promoting earlier fracture localization.
This explains why mixtures with higher w/c exhibited lower correlation dimensions and
more continuous AE activity. Conversely, a lower water-to-cement ratio produced a denser
matrix, improved fiber-matrix interaction, and forced cracks to propagate through more
complex paths, thereby maintaining a higher AE source complexity.

Thus, the AE correlation dimension is more than a signal processing output; it de-
scribes the internal organization of damage sources and the degree of fracture localization
in FHWCB. The joint evolution of correlation dimension and b-value further shows that
instability involves two concurrent changes: AE source complexity decreases and large-
amplitude fracture events become more prevalent. Accordingly, the combined occurrence
of decreasing D, decreasing b-value, and intermittent high-amplitude AE bursts marks the
transition from distributed microdamage to localized fracture. This interpretation provides
a fractal perspective on FHWCB failure and indicates that AE fractal indicators can support
instability warning and mixture optimization for underground support.

3.3. Energy Evolution and Enerqy-Based Damage Characterization of FHWCB
3.3.1. Method for Calculating Strain Energy

The compression failure of FHWCB can be described as an energy conversion process
involving input, storage, dissipation, and release [41,42]. During uniaxial loading, the
external work supplied by the testing machine is partly stored as recoverable elastic
strain energy, whereas the remainder is dissipated through irreversible damage processes,
including pore collapse, microcrack initiation, crack extension, fiber interface separation,
fiber extraction, and crack surface friction. Figure 17 schematically presents the energy
partitioning under uniaxial compression. Here, 01 indicates the first principal stress under
uniaxial compression, ¢; is defined as the elastic strain at a given stress level, while U,
and Uy represent the elastic strain energy density and dissipated energy density of the
specimen, respectively.

O a

0 1 1 1 1 1 1 1 1 1 1
& £

Figure 17. Energy partitioning of a specimen subjected to uniaxial compression.

Within the framework of energy evolution, U denotes the total energy introduced into
the specimen by external loading. Neglecting heat exchange and other minor losses, the
first-law energy balance can be expressed as [43,44]:

U==U+ Uy (11)
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where 07 and o3 represent the second and third principal stresses, with &5 and &3 correspond
to the respective strains.
According to Hooke’s law [45]:

Ue 012 + 022 + 032 —2u(o109 + 0p03 + 0103)} (14)

=2
where E is the elastic modulus, with i denoting the Poisson’s ratio.

For uniaxial compression, where 05 = 03 = 0, the expression for the strain energy per
unit volume simplifies to the following:

2
0
U = -1

=oF (15)

3.3.2. Energy Evolution of FHWCB with Different Fiber Volume Fractions

Figure 18 shows the energy evolution of 7-day cured FHWCB specimens with different
Vf values at w/c = 1.5. For all mixtures, the total input energy density U increases continu-
ously with strain, indicating the continuous work performed by the external loading system.
The dissipated energy density Uy is low at the early loading stage and rises rapidly once
damage accumulation intensifies. The elastic strain energy density Ue initially increases
with stress, reaches a maximum near the peak stress region, and then decreases or stabilizes
as irreversible damage becomes dominant.

The fiber-free specimen shows relatively limited capacity for energy storage and
post-peak energy dissipation. After the matrix reaches its damage threshold, microcracks
propagate and coalesce quickly because no effective fiber bridging is present. As a result, the
post-peak stress drop is more pronounced, and stored elastic energy is rapidly converted
into dissipated energy. Fiber addition alters both the stress response and the energy
partitioning behavior. When Vf increases to 0.1-0.3%, peak stress, total input energy, and
dissipated energy all increase to varying extents. The Vf = 0.3% mixture, in particular,
shows the highest stress level and the most favorable energy response among the tested
fiber volume fractions, indicating that a suitable fiber volume fraction improves the ability
of FHWCB to absorb and dissipate energy around peak stress. Fibers bridge cracks, transfer
stress across crack faces, and consume extra energy through interfacial separation, pull-out,
and frictional sliding, thereby delaying abrupt crack coalescence and improving post-
peak integrity.

However, increasing the fiber volume fraction to 0.4% and especially to 0.5%, weakens
the energy-related benefit. The Vf = 0.5% specimen shows a lower peak stress and a reduced
energy-bearing capacity compared with the Vf = 0.3% mixture. This result is consistent
with the UCS results in Figure 2b. Excessive fiber volume fraction can cause fiber clustering,
reduce slurry uniformity, and introduce weak local zones. These defects promote premature
crack initiation and localized failure, reducing the efficiency of elastic energy storage and
limiting the beneficial energy dissipation role of fibers.

Therefore, the influence of fiber volume fraction on energy response is also non-
monotonic. Properly dispersed fibers enhance the energy absorption and damage tolerance
capacity of FHWCB, whereas excessive fibers introduce structural defects that reduce both
mechanical strength and energy-bearing capacity. Within the investigated range, Vf = 0.3%
provides the best balance between fiber bridging, energy dissipation, and matrix integrity.
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Figure 18. Energy evolution of 7-day cured FHWCB with different Vf values at w/c = 1.5.

3.3.3. Effect of Water-to-Cement Ratio on Energy Evolution

Figure 19 presents the energy evolution of 28-day cured FHWCB specimens with
different w/c values at Vf = 0.3%. Increasing the water-to-cement ratio lowers peak stress
and progressively reduces the specimen’s energy-bearing capacity. This trend agrees with
the UCS results and confirms that water content strongly affects both strength development
and energy evolution. The peak elastic strain energy density decreases with increasing
w/c. The peak U, values are approximately 0.60, 0.55, 0.40, and 0.39 M]/ m3 forw/c=1.0,
1.2, 1.5, and 1.8, respectively. The reduction in U, indicates that high-w/c mixtures have a
weaker capacity to store recoverable elastic energy before failure. This is mainly because
excess water increases capillary porosity and weakens the hydration skeleton, thereby
reducing stiffness, strength, and fiber-matrix bonding quality.

The evolution of U and Uy also reflects the weakening effect of increasing w/c. For
lower water-to-cement ratios, the denser matrix allows the specimen to sustain higher
stress and accumulate more external work before failure. As a result, both the total input
energy and dissipated energy reach higher levels. In contrast, high-w/c mixtures fail at
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lower stress levels and require less energy to develop macroscopic damage. Although
these mixtures may show more continuous damage activity during loading, their overall
energy absorption capacity is lower because the porous matrix provides less resistance to
crack propagation.
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Figure 19. Energy evolution of 28-day cured FHWCB with different w/c values at Vf = 0.3%.

The energy results show that reducing the water-to-cement ratio improves both UCS
and the ability of FHWCSB to store elastic energy and dissipate fracture energy. Although a
higher water-to-cement ratio enhances fresh-state flowability, it produces a more porous
and weaker hardened structure, causing earlier damage localization and lower energy-
bearing capacity. Accordingly, water-to-cement ratio selection should balance placement
requirements with post-hardening damage resistance.

3.3.4. Energy-Based Damage Constitutive Model

Using the energy partitioning method described in Section 3.3.1, the dissipated en-
ergy density Uy was used to characterize irreversible damage accumulation in FHWCB.
Compared with stress or strain alone, Uy directly reflects the energy consumed by pore
collapse, microcrack propagation, fiber-matrix debonding, fiber pull-out, and crack sur-
face friction [46]. Therefore, it provides a physically meaningful basis for defining the
damage variable.

The dissipative strain energy ratio P4 represents the proportion of dissipated strain
energy density in the total input strain energy density at a given loading state. The damage
variable d was then determined by normalizing P4 according to Equation (16).

d=1—exp(—Py/P) (16)

where P, is the mixture-specific reference dissipative strain energy ratio. For each mixture
condition, P, was calculated as the average value of P4 at the peak stress point from
replicate specimens.
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The constitutive relationship for the specimens is established as follows:
Oc = E081(1 *d) = Epeq exp(de/Pa) (17)

where o is the theoretical stress.

Figure 20 compares experimental stress—strain curves with model predictions for
representative FHWCB mixtures with different Vf values. The predicted curves match the
experimental rising branches well and capture the peak stress and post-peak degradation
reasonably. This agreement indicates that the proposed energy-based damage model de-
scribes the main compression failure behavior of FHWCB. Appropriate fiber incorporation
increases energy absorption and postpones damage localization, resulting in a slower
degradation process. In contrast, excessive fiber or water content accelerates damage
accumulation by introducing weak zones, increasing porosity, or degrading fiber-matrix
bonding quality. The model therefore provides a quantitative link among mixture design,
irreversible energy dissipation, and macroscopic stress—strain behavior in FHWCB.
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Figure 20. Representative experimental and modeled stress-strain curves of FHWCB with varied Vf
and w/c values.

3.4. Effect of Water-to-Cement Ratio and Fiber Volume Fraction on Fresh Properties of FHWCB
3.4.1. Apparent Viscosity and Hydration-Related Physicochemical Evolution

The rheological response of FHWCB slurry at different w/c values and fiber volume
fractions is shown in Figure 21. Apparent viscosity increased steadily with time, and a
distinct inflection point appeared near the initial setting time (shown in Section 3.4.2).
This behavior is consistent with the non-Newtonian flow characteristics of rapid-setting
cementitious systems [47-49]. Viscosity development can be divided into two stages: a
slow-growth stage before the inflection points and an accelerated stage that ultimately
leads to an almost complete loss of flowability. This transition is controlled primarily by
rapid hydration after the two components are mixed. As free water is consumed during
hydration product formation, especially ettringite precipitation, particle bonding develops
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and interparticle friction during shear increases, thereby raising viscosity. At the same
time, continued growth of hydration phases increases the solid fraction of the suspension.
According to the Krieger-Dougherty model [50], suspension viscosity is strongly governed
by solid concentration. The increasing solid fraction thus enhances particle interactions
and further contributes to the sharp viscosity rise.
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Figure 21. Apparent viscosity evolution of fresh FHWCB with different mixture parameters.

Although all FHWCB slurries show a similar time-dependent viscosity pattern, the
water-to-cement ratio strongly affects the timing of the viscosity inflection point. A higher
water-to-cement ratio delays this transition, whereas increasing fiber volume fraction,
brings it forward, consistent with the initial setting-time trend. Before the inflection point,
lower-ratio slurries have higher viscosity and poorer flowability. After the transition,
their viscosity increases more abruptly and often exceeds the measurable range of the
instrument. This behavior is attributed to faster hydration kinetics at lower water-to-cement
ratios, where higher solid concentration, larger solid-liquid contact area, enhanced particle
dissolution, and higher pore solution ion concentration accelerate structural build-up.

Figure 22 shows the early-stage EC evolution of FHWCB. Although EC was contin-
uously monitored for up to 2 days, only the initial approximately 60 min are presented
because this period contains the dominant EC variation associated with rapid ion dissolu-
tion, precipitation, and early hydration product formation. After this stage, the EC response
changed more gradually, mainly reflecting the progressive stabilization of pore solution
chemistry. The EC fluctuations arise from dissolution and hydration of water-reactive
components, which release Ca%*,OH~, SO,4%7, and alkali ions. At lower water-to-cement
ratios, the EC response is more pronounced, with a higher peak and a lower stabilized
value, indicating stronger ion release and faster ion consumption during early hydration.
Reduced water content increases the contact frequency between cement particles and water,
thereby accelerating dissolution and hydrolysis and elevating the EC peak. Moreover, less
mixing water allows a larger fraction of cement to hydrate rapidly. This process consumes
ions more quickly and converts free water into capillary and bound water, reducing the
volume of pore solution. Subsequent hydration product deposition further blocks pore
channels, resulting in reduced slurry fluidity.

Cement hydration releases a high concentration of dissolved ions, compressing the
electrical double layer. The double-layer thickness (1/k;) depends on ionic concentration
(c) and valence (z) as described by Equation (18) [51].

kg =0.329 x 10'0(cz?)1/2 (18)

Consequently, the decrease in electrical potential weakens interparticle repulsion and
promotes particle aggregation [52]. Zeta potential measurements support this mechanism
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(Figure 23): the absolute zeta potential value is consistently lower for FHWCB at w/c =1.0
than for mixtures with a ratio of 1.8. These results indicate that a higher water-to-cement
ratio enhances interparticle repulsion and consequently lowers system viscosity. This
interpretation is consistent with previous studies [6,15,34].

EC (cm/ms)

0 L L L L L
0 10 20 30 40 50 60

Curing time (min)

Figure 22. Effect of w/c on EC evolution of FHWCB at V£ = 0.3%.
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Figure 23. Zeta potential of FHWCB with different w/c values at Vf = 0.3%.

The coupled variation of water-to-cement ratio, pH, and zeta potential provides ad-
ditional evidence. The results show that changing the water-to-cement ratio modifies the
zeta potential of FHWCB, while zeta potential also responds to changes in pH. Figure 24 il-
lustrates the time-dependent pH response at different w/c values, supporting the observed
zeta potential variations.

Fiber incorporation reduces the flowability of cementitious systems, consistent with
earlier reports on fiber-reinforced cement-based materials [31,53-55], and the same behav-
ior is observed for FHWCB. The fibers adversely affect workability, but the inflection point
in the viscosity—time curve remains largely insensitive to fiber volume fraction. This can
be attributed to the chemical inertness of polypropylene fibers during hydration of the
cementitious components. Figure 25 presents the early-stage EC evolution of FHWCB
slurries with different fiber volume fractions. Consistent with the EC analysis in Figure 22,
only the initial approximately 60 min are shown here to compare the rapid ion release
and early hydration responses among different fiber contents. The EC curves of slurries
containing Vf = 0%, 0.3%, and 0.5% nearly overlap, with similar peak intensities and peak
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times during the initial increase and subsequent decrease. This result further indicates that
polypropylene fibers do not substantially alter the ionic dissolution and precipitation pro-
cesses during early hydration. However, higher fiber volume fractions markedly increase
apparent viscosity through physical mechanisms. First, increasing fiber content enhances
the probability of fiber clustering and frictional contacts among cementitious particles and
fiber surfaces. Second, abundant fiber surfaces may provide additional physical attachment
sites for early hydration products, promoting the formation of a fiber-hydrate network.
This network creates a denser particle arrangement and intensifies interparticle friction,
thereby explaining the observed increase in apparent viscosity.

12.7

0 2 4 6 8 10
Curing time (min)

Figure 24. pH evolution of FHWCB with different w/c values at Vf = 0.3%.

18

15

’%’\ 12
= .
= Enlarged view
2
12 :
Q 3 6 9 12 15 18
S8} Curing time (min)

9 -
6l == 0%
== Vf=0.3%
e V£ = ().5%
3 N 1 N 1 N 1 N 1 N 1 N
0 10 20 30 40 50 60

Curing time (min)

Figure 25. EC evolution of FHWCB with different Vf values for mixtures with w/c = 1.5.

3.4.2. Setting Behavior

Figure 26a presents the initial and final setting times of FHWCB mixtures at Vf = 0.3%
under different w/c values, whereas Figure 26b gives the corresponding results at a fixed
w/c = 1.5 with varying Vf values. Setting behavior shows a strong dependence on the
water-to-cement ratio, with longer setting durations at higher ratios. For example, the
mixture with w/c = 1.0 reached initial and final set at 15 min and 40 min, respectively.
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Raising the ratio to 1.2, 1.5, and 1.8 prolonged the initial setting time by factors of about
1.267,1.867, and 2.334, respectively. The final setting time similarly increased by factors of
about 1.350, 1.575, and 1.800. This retardation is mainly related to the improved flowability
of FHWCB mixtures (Figure 21), which can promote bleeding and particle segregation.
Excess water delays ettringite formation and thus extends the setting process. This ex-
planation is supported by hydration product development (Figure 3) and EC evolution
(Figure 22) across the water-to-cement-ratio series, consistent with the setting behavior of
sulfoaluminate cement reported by Zhang et al. [56].
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Figure 26. Setting times of FHWCB with different mixture parameters.

Fiber incorporation slightly shortens the setting time of FHWCB, but the acceleration
is limited. In the reference mixture without fibers, initial and final setting occurred at
30 min and 65 min, respectively. As Vf increased to 0.1%, 0.2%, 0.3%, 0.4%, and 0.5%, the
corresponding initial setting times decreased to about 96.7%, 93.3%, 93.3%, 90.0%, and
93.3% of the reference value, while final setting times decreased to about 97.1%, 94.1%,
92.6%, 91.2%, and 94.1%, respectively. These results demonstrate that fiber volume fraction
exerts only a marginal influence on the setting characteristics of FHWCB. This minimal
effect can be explained by two counteracting mechanisms: (i) fibers displace a portion of
the cementitious solids, effectively reducing the sulfoaluminate cement content per unit
volume and moderately retarding the hydration process; (ii) the increased fiber surface
area at higher dosages adsorbs more water, lowering the amount of free water available
and promoting earlier setting. The overall negligible impact of fiber volume fraction on
setting time is primarily attributable to the physicochemical stability of polypropylene
fibers, which is corroborated by EC measurements (Figure 25) confirming their non-reactive
nature in the cementitious environment, consistent with previous investigations [53,57,58].

In general, the rapid-setting behavior of FHWCB across different mix proportions
is fundamentally governed by ye’elimite hydration [56,59]. This reaction promotes the
swift and interlocking precipitation of ettringite, establishing a continuous AFt framework
while consuming substantial mixing water. Although both water-to-cement ratio and
fiber volume fraction regulate the dissolution kinetics of ye’elimite and gypsum, thereby
modifying the setting process, the final setting of all FHWCB formulations remained within
75 min. This duration remains considerably shorter than that reported in the literature
for conventional cement-based concrete [48,49]. It demonstrates that FHWCB retains its
rapid hardening characteristics across a broad range of fiber volume fractions and water-to-
cement ratios.

From an engineering perspective, the fresh property results define the placement-
related constraints of FHWCB, whereas the UCS, AE, and energy evolution results reflect
the post-hardening resistance to damage and fracture. Increasing w/c improves slurry
flowability and extends the workable time, but excessive water weakens the hardened
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matrix, accelerates damage localization, and reduces energy-bearing capacity. Increasing
V£ can improve crack-bridging capacity and fracture resistance when fibers are sufficiently
dispersed, but excessive fiber addition increases apparent viscosity, promotes fiber cluster-
ing, and may reduce pumping efficiency. Therefore, mixture design should balance fresh
pumpability and setting requirements with post-hardening strength, AE-fractal damage
stability, and energy dissipation capacity.

4. Conclusions

This study investigated how water-to-cement ratio and fiber volume fraction affect the
fresh-state behavior, mechanical performance, AE fractal characteristics, b-value response,
and energy evolution of FHWCB. The main conclusions are as summarized below:

(1) Water-to-cement ratio had a pronounced influence on FHWCB strength development.
When w/c increased from 1.0 to 1.8, UCS decreased consistently at all curing ages,
mainly because excess water weakened the hydration skeleton, increased capillary
porosity, and reduced fiber-matrix bonding quality. Conversely, lower w/c promoted
matrix densification and improved load-bearing capacity.

(2) Fiber reinforcement showed a clear non-monotonic effect. At w/c = 1.5, the optimal
V£ was 0.3%, which increased UCS by approximately 16-26% at different curing ages.
This improvement was attributed to effective fiber-bridging and crack-arresting effects.
However, excessive fiber addition, especially Vf = 0.5%, reduced strength because
fiber clustering and weak local zones promoted defect-induced cracking.

(38) AE amplitude sequences exhibited measurable fractal characteristics. The AE ampli-
tude correlation dimension effectively described the complexity of damage evolution
in FHWCB. A higher D indicated distributed microdamage, while a decrease in D
reflected fracture localization. The Vf = 0.3% mixture maintained a relatively high cor-
relation dimension, whereas high w/c and excessive fiber volume fraction accelerated
the loss of AE source complexity.

(4) The coupled evolution of correlation dimension and AE b-value provided useful pre-
cursor information for instability identification. The simultaneous decrease in D and
b-value indicated that the AE process became less complex and that large-amplitude
fracture events became increasingly dominant. This transition corresponded to the
evolution from distributed microdamage to localized fracture.

(5) Energy analysis showed that proper fiber incorporation enhanced the energy absorp-
tion and dissipation capacity of FHWCB, while excessive fiber volume fraction or
excessive water content reduced its energy-bearing capacity. As w/c increased, the
peak elastic strain energy density decreased from approximately 0.60 to 0.39 MJ/m?,
confirming the weakening effect of excessive water. The proposed energy-based
damage constitutive model is suitable for the static uniaxial compression damage
process of FHWCB within the investigated mixture range, while its applicability under
dynamic, cyclic, or field-scale conditions requires further validation.

Overall, the combination of w/c = 1.5 and Vf = 0.3% provided a favorable balance
among workability, strength, fracture resistance, and energy dissipation within the in-
vestigated range. The proposed AE fractal-b-value-energy analysis offers a quantitative
approach for evaluating damage evolution and identifying instability precursors in FH-
WCB. Nevertheless, the applicability of the present findings should be further examined
considering possible scale effects associated with specimen size, fiber dispersion, and
boundary conditions. Future research should incorporate larger-scale specimens, multi-
sensor AE monitoring, and field-scale validation to improve the application of this analysis
in underground backfill engineering.
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Abbreviations

The following abbreviations are used in this manuscript:

HWCB High-water-resistance concrete backfill
FHWCB  Fiber-reinforced high-water-resistance concrete backfill

ucs Unconfined compressive strength
AE Acoustic emission
RA Rise time/amplitude ratio
G-P Grassberger-Procaccia
TG Thermogravimetric
DTG Differential thermogravimetric
XRD X-ray diffraction
EC Electrical conductivity
VWC Volumetric water content
C—-S—H Calcium silicate hydrate
AHj Aluminum hydroxide gel
w/c Water-to-cement ratio
A% Fiber volume fraction
D Correlation dimension
R? Coefficient of determination
u Total input strain energy density
Ue Elastic strain energy density
Uq Dissipated energy density
Py Dissipative strain energy ratio
P, Mean value of dissipative strain energy ratio
d Damage variable
Elastic modulus
U Poisson’s ratio
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