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This study investigates the application of tailings backfill through a series of centrifugal and pore characteristic tests. To align
with the material’s structural properties, a specialized test mold was developed, enabling the preparation of tailings backfill
model samples with varying concentrations and proportions. Employing centrifugation and nuclear magnetic resonance (NMR),
the study determined the optimal centrifugal force and the T2 critical value for the backfill material. By simulating seepage
pressures induced by different centrifugal speeds, uniaxial compression mechanical tests were conducted to analyze the effects
of seepage forces on the deformation characteristics and failure modes of the backfill. The results revealed that as seepage force
increased, the stress-strain behavior of the samples was altered, with failure modes transitioning from tensile failure to shear
failure. This shift was accompanied by an increase in the crack propagation and morphological complexity. Based on these find-
ings, a damage-softening constitutive model incorporating penetration forces was established and validated against experimental
data, demonstrating strong agreement. This model provides a robust framework for analyzing uniaxial compression mechanics
of backfill materials under varying penetration forces. The outcomes of this research provide valuable insights into high-gravity
centrifugal simulations and underground seepage tests, contributing significantly to the design and safety evaluation of tailings
backfill systems.
Keywords: backfill, centrifugal simulation, osmotic pressure, mechanical properties

V ~lanku avtorji opisujejo {tudijo uporabe zasipavanja z jalovino s pomo~jo vrste centrifugalnih testov in testov poroznosti. Da
bi se avtorji seznanili s strukturnimi lastnostmi materiala so razvili poseben model za preizku{anje, ki je omogo~al pripravo
vzorcev jalovine za zasipavanje z razli~nimi koncentracijami in dele`i. Z uporabo centrifugiranja in tehnik jedrske magnetne
resonance (NMR; angl.: nuclear magnetic resonance) so avtorji dolo~ili optimalno centrifugalno silo in kriti~no vrednost stri`ne
napetosti T2 izbranega materiala za zasipavanje. S simuliranjem induciranega tlaka pronicanja z razli~nimi centrifugalnimi
hitrostmi in enoosnimi mehanskimi preizkusi so avtorji analizirali u~inke sil na deformacije in na~ine poru{itve zasipa. Rezultati
preizkusov in simulacij so pokazali, da sila pronicanja nara{~a in napetostno deformacijsko stanje se spremeni s prehodom z
nateznega v stri`ni na~in poru{itve. Ta premik oziroma prehod je povezan s pove~anjem hitrosti napredovanja razpok in
morfolo{ko kompleksnostjo. Na osnovi teh ugotovitev so avtorji te raziskave zgradili konstitutivni model »po{kodba v
odvisnosti od meh~anja« (angl.: damage-softening constitutive model) z vklju~itvijo penetracijskih sil. Nadalje so model
ovrednotili v primerjavi z eksperimentalnimi podatki. Ugotovili so dobro ujemanje modela s preizkusi. Ta model je robustno
ogrodje za analiziranje enoosne tla~ne mehanike materialov za zasipanje v pogojih razli~nih penetracijskih sil. Ugotovitve te
raziskave dajejo pomemben vpogled v centrifugalne simulacije z veliko gravitacijo. Podzemni testi zasipavanja pomembno
prispevajo k ocenjevanju dizajna in varnosti sistemov za zasipavanje.
Klju~ne besede: zasipavanje, centrifugalna simulacija, osmotski tlak, mehanske lastnosti

1 INTRODUCTION

In order to cope with the rapid economic develop-
ment in recent years, the metal mining industry has been
pursuing safe, ecological, and efficient mining methods.
In the process of metal mining, it is inevitable to disturb

the surrounding rock strata and produce hidden danger-
ous empty areas. The filling mining method effectively
reduces the influence of rock pressure on the stability of
the goaf. However, research on filling mining mostly fo-
cuses on filling materials, slurry concentration ratio,
pipeline transportation, etc., while often ignoring the var-
ious effects of the complex underground environment on
the backfill, resulting in significant potential safety haz-
ards in underground operations. Groundwater seepage is
one of the important factors affecting the damage of the
pore structure of backfill. Seepage pressure exerts a

Materiali in tehnologije / Materials and technology 59 (2025) 1, 93–103 93

UDK 622’112:519.876.5 ISSN 1580-2949
Original scientific article/Izvirni znanstveni ~lanek Mater. Tehnol.

*Corresponding author's e-mail:
gaorgcsu@163.com (Rugao Gao)

© 2024 The Author(s). Except when otherwise noted, articles in this jour-
nal are published under the terms and conditions of the Creative Com-
mons Attribution 4.0 International License (CC BY 4.0).



long-term wetting effect on the backfill, causing damage
and softening to its internal pore structure, which then
leads to changes in mechanical properties caused by the
deformation of the internal pore skeleton.1 Most research
on damage softening lacks consideration of the influence
of the seepage force on porous media backfill. Instead,
factors such as concentration ratio and filling materials
are often analyzed to study its mechanical behavior, ne-
glecting the influence of the groundwater environment.
Therefore, studying the damage softening of the pore
structure of the backfill under seepage force is particu-
larly important, providing significant guiding value for
engineering practice.

The mechanical properties of backfill have been ex-
tensively investigated by scholars both domestically and
internationally. M. Z. Emad examined the mechanical
properties of cemented backfill under blasting vibration,
focusing on filling times, filling interval time, and filling
surface.2 J. Li broadened this research by considering
various backfill material types and exploring their me-
chanical characteristics, providing valuable insights into
filling process indices and surface subsidence associated
with different materials.3 Li also conducted numerical
simulations based on the long-term mechanical parame-
ters of cement backfill, elucidating paste filling mining
patterns beneath highways and slopes.4 O. Nasir et al.
comprehensively assessed the influence of temperature
and varying aggregate dosages on the early compressive
strength of backfill.5 A. Ghirian et al. further investigated
the fundamental mechanical properties of the backfill
within a coupled THMC (thermo-hydro-mechanical-
chemical) environment.6,7 Notably, while prior studies on
the uniaxial compressive mechanical properties of back-
fill have primarily focused on external environmental
factors, materials, temperature, and aggregate, the me-
chanical response of backfill under varying infiltration
forces remains underexplored. This aspect warrants fur-
ther investigation to enhance the current understanding.

Constitutive models of rock and ore bodies affected
by water have been analyzed in several recent studies.
Most of these investigations are based on the Lemaitre
strain equivalence hypothesis.8,9 W. G. Cao et al. estab-
lished a statistical constitutive model of rock damage to
simulate the entire process of rock strain softening defor-
mation and fracture under varying confining pres-
sures.10,11 Building on years of research into rock damage
softening constitutive models, unified rock damage con-
stitutive models were developed, capable of cosidering
the softening and hardening characteristics of rock under
different confining pressures.12,13 Complementing this
work, Cao et al. formulated an elastoplastic damage sta-
tistical constitutive model rooted in the probability the-
ory and damage mechanics. This model considers the
failure, damage, and elastoplastic deformation of rock
under load.14 Meanwhile, J. Zhang et al. introduced a
rock strain softening model that incorporates the impact
of confining pressure.15,16 This model uses parameters
such as the brittle modulus coefficient, strength degrada-
tion index, and dilatancy index. Their study further em-
ployed FLAC to simulate the strain softening behavior
and permeability evolution of Balikun sandstone under
different confining pressures. Lastly, Y. K. Lee et al. pro-
posed a straightforward numerical approach for the
elastoplastic analysis of circular tunnels in strain-soften-
ing rock masses.17 Their method assumes that all
strength parameters are linear functions of plastic
deviatoric strain, providing a concise yet effective frame-
work for tunnel design and analysis in such geological
conditions.

Historically, research on the damage constitutive be-
havior of samples has primarily focused on rock and ore
bodies, with limited studies addressing the damage soft-
ening constitutive model of backfill under varying per-
meability.18 Some studies have not considered the influ-
ence of external forces on the backfill itself, and the
complexity and unclear determination methods of model
parameters hinder engineering applications. Centrifugal
simulation experiments are employed in this study to
simulate seepage field effects and accelerate the damage
and failure of backfill samples under a seepage action.
Additionally, based on the Weibull distribution law of
rock microelement damage failure, a statistical constitu-
tive model for the damage softening of samples under a
seepage force is developed and validated against experi-
mental data. The findings provide valuable references for
high-gravity centrifugal simulations and underground
seepage tests.

2 MATERIALS AND METHOD

2.1 Testing materials

The raw materials used for the backfill samples con-
sisted of tailings, cement, and water. P.C42.5 Portland
cement was utilized to preserve the internal pore struc-
ture of the samples during high-speed centrifugation.
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Figure 1: Tail sand particle size distribution curve



The tailings were sourced from a mine in Hunan after
undergoing pressure filtration. Their particle size was an-
alyzed using a laser particle size analyzer, with the parti-
cle size distribution curve displayed in Figure 1. The pri-
mary chemical elements of the tailings are listed in
Table 1.

Table 1: Tailings of the main chemical elements

Ingredient O Mg Al S Ca
Content (%) 42.5 5.695 0.781 0.676 33.02
Ingredient Mn Fe Cu As Pb
Content (%) 0.468 1.316 0.014 0.13 0.179

According to the test results, the unevenness coeffi-
cient of the tailings is 10.3, exceeding 5, while the curva-
ture coefficient is 1.27, falling between 1 and 3. These
values indicate that the particle size distribution of the
tailings is wide, making them favorable for compaction.
Backfill composed of tailings with a wide particle size
distribution demonstrates good integrity.19–21 Conse-
quently, this material is well-suited for the experiment.

2.2 Sample preparation

Experimental samples were fabricated using tailings,
water, cement, and other materials sourced from a min-
ing operation. Backfill samples were prepared with ce-
ment-to-tailing ratios of 1:4, 1:8, and 1:12, and mass
concentrations of (71, 74 and 80) %, respectively. A cus-
tomized mold with a sample size of �12 × 24 mm was
employed. Figure 2 illustrates geometric specifications
and physical appearance of the specimens. In this study,
a total of eight test groups, labeled A to H, were con-
ducted, with each group comprising multiple samples.
After sample preparation, the specimens were cured for
28 days in a curing box maintained at a temperature of
20 °C and a humidity level exceeding 95 %.

2.3 Testing methods

A general flowchart about the experimental process
and purpose is presented in Table 2 to help the readers
understand the experiments and centrifugal tests.

NMR test: After placing a backfill sample in the
magnetic field, hydrogen ions resonate by emitting an
RF pulse at a specific frequency, absorbing its energy.
When the RF pulse is stopped, the hydrogen ions release
the absorbed energy, a process detectable through the nu-
clear magnetic resonance signal. The energy release rates
of samples with varying properties differ, and these dif-
ferences in the signals intuitively reflect the variation in
pore water retention. The parameters used were a mag-
netic field strength of 0.3 T, echo time of 0.301 ms, wait-
ing time of 1500 s, sampling frequency of 200 KHz, and
magnet control temperature of 25–35 °C.

Centrifugal separation: Drawing on extensive re-
search into overweight centrifugal model testing, this
study employs an 80-1 electric centrifuge to simulate un-
derground seepage conditions.22,23 During the experi-
ments, eight distinct centrifugal speeds (500, 1000, 1500,
2000, 2500, 3000, 3500, and 4000) min–1 were applied to
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Figure 3: Schematic diagram of the test process

Figure 2: Specimen geometry and physical parameters



the samples to mimic varying penetration forces. Prior to
the centrifugal tests, the samples were naturally satu-
rated, and their saturated porosity was measured with
precision. The samples were then subjected to different
centrifugal speeds during testing. After each centri-
fugation cycle, a uniaxial compression test was per-
formed to assess the mechanical properties of the sam-
ples, facilitating a detailed analysis of pore structure
damage in subsequent stages. This experimental process
was repeated multiple times, and the specific methodol-
ogy is depicted in Figure 3.

3 RESULTS AND DISCUSSION

To distinguish between free water and bound water in
the pores of the samples, determining the T2 cutoff is
particularly important. Figure 4 illustrates the cutoff
method (CBVI) for determining the T2 cutoff.24 This
method estimates the BVI (bound volume index) based
on the assumption that bound fluid resides in small

pores, while movable fluid occupies larger pores. This
assumption stems from the relationship between the pore
throat size and pore size. Since the T2 value correlates
with the pore size, a T2 value can be selected under the
assumption that fluids with values smaller than this
threshold reside in small pores and are immobile, while
those with larger values occupy larger pores and can
flow freely. This threshold is referred to as the T2 cutoff.
By dividing the T2 distribution, the T2 cutoff applies the
MPHI value to represent effective saturation and sepa-
rates it into two components: the BVI, which represents
the saturation of bound fluid, and the FFI (free fluid in-
dex), which represents the saturation of movable fluid.

This research investigated the correlation between the
pore size distribution and porosity in samples with vary-
ing mass concentrations (71, 74, and 80) %. Figure 5 il-
lustrates the critical values for large and small pores
across these concentrations and ratios, revealing a con-
sistent pattern: higher concentrations and smaller critical
pore sizes result in a reduced pore volume water reten-
tion. The study also identified a positive correlation be-
tween a denser distribution of small pores, larger pore
sizes, and increased bound water content, which collec-
tively enhance water retention. As the cement-to-tailing
ratio increased, the pore size distribution curve shifted
towards bimodal characteristics, with distinct spectral
peaks representing both large and small pores. Scanning
electron microscopy (SEM) was utilized to analyze the
microstructure of the backfill, evaluating pore formation
and maintenance states. With an increase in the ratio, the
T2 spectrum exhibited pronounced bimodal characteris-
tics. The critical pore size decreased, and the pore struc-
ture became more diverse. For backfill samples of the
same volume, total water retention decreased as the con-
centration and ratio increased. Furthermore, gelled prod-
ucts formed during hydration progressively filled the in-
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Table 2: Flowchart for experimental set-up and processes

Name Steps Set-up Purpose

Sample prepara-
tion

Raw material mixing
Cement-to-tailing ratios of 1:4, 1:8, and
1:12; Mass concentrations of 71, 74, and
80 %

Prepare backfill samples for testingMold formation Cylindrical mold of f12 × 24 mm

Curing Chamber at 20 °C, 95 % + humidity with
28 d

Centrifuge sim-
ulation

Sample saturation All samples were completely submerged
within water for 6 h Simulate different seepage forces to assess

their effects on backfill
Centrifugation Desktop electric centrifuge instrument

with speeds of 500–4000 r/min

NMR

Porosity measurement NMR measurement for saturated samples
Analyze pore water retention under differ-
ent seepage conditionsPore water retention

testing

NMR measurement for samples with dif-
ferent centrifuge speeds; AniMR-150
NMR analysis system

Uniaxial com-
pression testing

Mechanical perfor-
mance testing

Instron UTM; displacement control with a
speed of 0.5 mm/min

Study mechanical response, including
stress-strain characteristics and failure
modes

Data analysis Regression analysis Regression analysis of mechanical proper-
ties Relationships between parameters studied

Figure 4: Cutoff method (CBVI) for T2 cutoff



ternal pores, with higher cement-to-tailing ratios intensi-
fying the hydration reaction.

3.1 Analysis of stress-strain characteristics under uni-
axial compression

As shown in Figure 6 and Table 3, an upward trend
in the seepage force correlates with a decrease in the
compressive strength of the sample. Simultaneously, the
elastic modulus initially increases before decreasing,
while the overall range of peak strain diminishes. For ex-
ample, as the penetration force increased from 0.000445
MPa to 0.028473 MPa, the compressive strength signifi-

cantly decreased from 1.60 MPa to 0.60 MPa, and the
peak strain dropped from 0.0255 to 0.0065. During the
loading process, all specimens progressed through four
distinct stages: compaction, elasticity, yield, and fail-
ure.25 Before reaching the peak, the stress-strain curve of
the specimen exhibited linear behavior. With increasing
seepage force, the compaction stage interval in the
stress-strain curve first decreased and then increased,
while the elastic stage interval shortened. The yield stage
became less distinct, and the post-peak stress declined
more rapidly, eventually leading to gradual disappear-
ance of the residual strength.

Table 3: Mechanical parameters of uniaxial compression of backfills
with different penetrating forces

No.
Permeabil-

ity
(J)/Pa

Stress
(�)/MPa

Elastic
modulus

(E)

Strain
(�)

A J1 1.60 67.58 0.0255
B J2 1.56 74.37 0.0249
C J3 1.16 125.42 0.0120
D J4 1.09 134.37 0.0093
E J5 0.90 72.29 0.0150
F J6 0.75 135.97 0.0065
G J7 0.93 99.87 0.0100
H J8 0.60 62.34 0.0130

3.2 Analysis of the penetration force and mechanical
properties of samples

Based on the uniaxial compression test data of back-
fill samples with varying permeability, three key me-
chanical characteristic parameters were identified: com-
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Figure 5: Microscopic pore characteristics of backfill with different concentrations and ratios

Figure 6: Uniaxial compression stress-strain curve of backfill under
different penetrating forces



pressive strength, elastic modulus, and peak strain. The
regression analysis diagram depicting the relationships
between these three mechanical parameters and penetra-
tion force is shown in Figure 7. Specifically, the com-
pressive strength and peak strain exhibit a negative expo-
nential function relationship with the penetration force,
while the elastic modulus follows a quadratic polynomial
relationship. The results of the regression analysis indi-
cate that the measured data of the samples show strong
correlation with the regression curve. Functional expres-
sions for the compressive strength, elastic modulus, peak
strain, and permeability of backfill samples are as fol-
lows, where a, b, and c are fitting parameters:

� = + ⋅a b cJ
1 1 1 (1)

E a b J c J= + ⋅ + ⋅2 2 2
2 (2)

� = + ⋅a b cJ
3 2 3 (3)

3.3 Failure mode and damage analysis of filling body
samples

The mechanical behavior of backfill samples is sig-
nificantly influenced by varying seepage forces, resulting
in diverse failure modes following a load-induced rup-
ture. The failure modes of backfill samples with different
permeability values are illustrated in Figure 8. Based on
experimental observations, samples with permeability
values of 0.000445 MPa, 0.00178 MPa, and
0.004004 MPa exhibited tensile failure, characterized by
the formation of a solitary tensile crack at the rupture
(Figures 8a to 8c). In contrast, samples with permeabil-
ity values of 0.007118 MPa, 0.011122 MPa,
0.0218 MPa, and 0.028473 MPa exhibited shear failure,
manifesting as a conjugate shear fracture pattern.
Post-failure, these samples displayed prominent shear
cracks (e.g., Figures 8d, 8e, 8g, and 8h) accompanied by
multiple shear bifurcation cracks.

The results indicate that when the permeability of a
backfill sample is below 0.004004 MPa, the failure mode
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Figure 8: Failure mode and schematic diagram of a filled specimen

Figure 7: Regression curve of penetration force, compressive
strength, elastic modulus and peak strain: a) relationship between
compressive strength and permeability, b) relationship between elastic
modulus and penetration force, c) relationship between peak strain and
seepage force



is predominantly tensile. However, for permeability val-
ues exceeding 0.004004 MPa, the failure mode transi-
tions to shear failure, with the possibility of combined
failure. Furthermore, as permeability increases, the num-
ber of cracks produced following backfill failure also in-
creases.

It is evident that the compressive strength of a back-
fill sample decreases under the seepage pressure of wa-
ter. This decline is accompanied by a reduction in the
Poisson’s ratio, indicating diminished lateral deforma-
tion of the sample. Furthermore, the failure mode transi-
tions from tensile to shear, reflecting a shift in the mate-
rial’s response. Under high permeability conditions, the
sample exhibits significant deformation, with a complex
stress state characterized by pronounced tensile and
shear effects. As a result, the sample sustains severe
damage, evidenced by a higher number of post-failure
cracks and more intricate crack patterns.

The damage mechanism induced by the water seep-
age pressure primarily involves two aspects.26 Firstly,
bound water damage arises from water molecules tightly
adhered to the mineral surface due to the adsorption
force of the mineral exceeding gravity. This adsorption
leads to the hydrolysis of soluble salts and colloids,
weakening interparticle bonds, reducing friction forces,
and ultimately diminishing the overall strength of the
sample. Secondly, osmotic damage occurs when the
seepage force generated by centrifugation acts on the
pores and cracks within the backfill sample. This force
subjects microcracks to the hydrostatic pressure, causing
them to expand. When combined with the initial wa-
ter-induced damage, the osmotic pressure exerts super-
imposed effects during the centrifugal process, exacer-
bating the damage to the loaded sample.

The phenomenon of the transition of the failure mode
of the backfill material from tensile to shear failure has
important practical implications for mining safety. Ten-
sile failure generally occurs under low permeability con-
ditions, indicating a higher overall integrity of the back-
fill. However, when permeability exceeds the critical

threshold, shear failure becomes dominant, suggesting a
more complex internal stress state, with an increased
number of cracks and more intricate crack morphology.

For the design of underground backfill structures, this
shift in failure mode highlights the need for a more de-
tailed design and monitoring of the backfill structure in
high-permeability environments. An increased occur-
rence of shear failure could lead to rapid failure of sup-
porting structures, posing potential safety risks. There-
fore, in high-permeability conditions, additional
reinforcement measures should be considered during the
design process, such as increasing the cement content in
the backfill material to enhance its shear strength and re-
duce the likelihood of shear failure.

Furthermore, the findings indicate that the under-
ground seepage pressure significantly contributes to the
damage of backfill, especially in mining environments
with penetrating water flows. This is crucial for a safety
assessment, particularly in mines with complex
hydrogeological conditions. Therefore, it is recommend
that mine managers increase the monitoring frequency of
backfill in areas with a high seepage pressure to prevent
collapse risks in mining areas due to shear failure.

4 DAMAGE SOFTENING CONSTITUTIVE
MODEL OF A CENTRIFUGAL FIELD

4.1 Centrifugal field mechanics analysis

Based on the calculation model of the seepage force
in saturated soil, a damage calculation model for centrif-
ugal interference specimens is established to map the ef-
fects of the underground seepage field on backfill.27 To
accurately simulate the mechanical behavior and damage
caused by underground seepage on a filling body, the fol-
lowing assumptions are made:

(1) Water molecules during the centrifugal process
flow at a uniform speed;

(2) Free water molecules in the pores of the sample
flow along the centrifugal force component during the
centrifugal process;

(3) The influence of the gravity field is neglected in
the analysis of the centrifugal field.

Seepage occurs in a saturated backfill sample when
the centrifugal force is sufficient to overcome the resis-
tance of soil particles. As shown in Figure 9, in any dif-
ferential section, the cross-sectional area is ds. It is as-
sumed that the pore skeleton and pore water in the
sample are separated to isolate the body. The forces act-
ing on the pore water in the sample along the streamline
direction include the following components:

(a) the pore pressure difference between A and B
sides in the centrifugal field:

Δp n r r S= � �2 d d (4)

In the Equation:
� – Water bulk density, Nm–3

n – Sample saturated porosity, %
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Figure 9: Schematic diagram of a specimen damage unit



r – Centrifugal radius, m
� – Centrifugal angular velocity, rads-1

dS – Sample area microelement
(b) fx, the component of the centripetal Fl force in the

x direction:

f r S
r

l
r r Sx = − = −� � � �2 2d

d

d
d d (5)

(c) f1, the total resistance of pore water:

f f S l1 0= ⋅ d d (6)

In the Equation, f0 is the resistance of pore water flow
in the unit volume damage sample, which is the reaction
force of seepage force.

The pore water pressure on the cross-section of the
sample is transmitted uniformly throughout the water
body within the sample:

− − = −Δp n dS r n r S( ) ( )1 12� � d d (7)

The buoyancy component, f’, on the x-axis produced
by the damaged sample particles in the centrifugal field
is as follows:

f n r l S
r

l

n r r S

' ( )

( )

= − − ⋅ =

= − −

1

1

2

2

� �

� �

d d
d

d

d d

(8)

The penetration force, J, of the sample in the centrif-
ugal field obtained with the above Equations (4–8) is as
follows:

J n r= +( ) cos1 2� � � (9)

In the Equation, n is the saturated porosity, obtained
with the nuclear magnetic resonance test, the average
saturated porosity n = 30.37 %; � is the weight of water,
� = 1 N·m–3; � is the angle between the sample pipe and
the horizontal plane in the centrifuge.

4.2 Damage variable and elastic damage constitutive

When considering the porous medium backfill, which
inherently consists of a heterogeneous matrix with ran-
domly distributed microcracks, voids, and other inherent
defects, it is essential to acknowledge that the damage
inflicted on the microelements of the backfill under seep-
age force is inherently stochastic. The probability of a
microelement within a backfill sample experiencing fail-
ure is directly correlated with the magnitude of the seep-
age force. The proportion of damaged microelements rel-
ative to the total microelement population is defined as
the damage variable.28 The criterion for seepage-induced
failure of a specimen can be expressed as follows:

f J J( ) = � (10)

In the Equation, J is the permeability in the pores of
the sample, and � is the strain. Assuming that the distri-
bution density of the probability of microelement failure
with A is B, the damage variable is defined as the failure
probability:

[ ]D P f J J
J

= ∫ ( ) d
0

(11)

Microscopic damage usually cannot be observed di-
rectly, so it is necessary to establish an expression for
conversion. Considering that the stress-strain curve re-
flects the relationship between stress and strain in a ma-
terial under external forces or changes, it characterizes
the whole process of deformation, from the beginning of
deformation, to gradual destruction and the final loss of
bearing capacity. During compression, the sample exhib-
its an elastic deformation stage. Therefore, the elastic
damage constitutive model in the seepage field is con-
structed by combining external factors, internal mecha-
nisms, and the interaction of micro-scale and
macro-scale effects. Assuming that the stress-strain rela-
tionship of the specimen element follows Hooke’s law
before failure, the elastic damage constitutive relation-
ship can be formulated as follows:

{ } [ ]{}
�

�
=

−
c

c D( )1 n

(12)

In the Equation, { }� is the stress vector, {}� is the
strain vector, [ ]c is the elastic flexibility matrix, and cn is
the variation coefficient, cn ∈( . )0 2 .

4.3 Construction of damage softening constitutive
model

The Weibull probability distribution, widely applica-
ble across various forms, exhibits statistical characteris-
tics similar to those observed in rock compression fail-
ure. The characteristic distribution of damage softening
in the pore structure of a sample is determined by the in-
terplay of external and internal forces. Consequently, as-
suming that the failure probability of the sample’s
microelements conforms with the Weibull function dis-
tribution, the microelement damage distribution can be
expressed as follows:
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Combining Equations (9), (11) and (13), the damage
variable of the sample in the centrifugal field is obtained:
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In the Equation, m and F0 are randomly distributed
variables in the Weibull function.

Combining Equations (12) and (14), the constitutive
model expression of the damage stress-strain relationship
of a specimen under a compressive load can be obtained:
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4.4 Determination of damage model parameters

Based on the linear regression, parameters m and F0

are calculated. A model that is linearly dependent on its
unknown parameters is easier to fit compared to a model
that is nonlinearly dependent on its unknown parameters,
and the resulting estimates exhibit more accurate statisti-
cal properties.

Equation (15) is converted as follows:
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By performing a logarithmic transformation on the
above Equation, it can be deduced that:
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Assuming Equation (17), we derive the following:

1

0F m
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Then the logarithms of (18) and (19) are obtained by
taking the logarithms of (17):
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By assuming that:
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a linear regression equation can be obtained by com-
bining Equations (21), (22) and (23):

y mx c= + (24)

The linear regression is performed to obtain m, and
then F0 is obtained with F e c m

0 = − / .

5 MODEL RELIABILITY VERIFICATION

The permeability pressure damage softening constitu-
tive model is verified by uniaxial compression test re-
sults. According to the test, permeability J and elastic
modulus E are obtained, and parameters m and F0 are ob-
tained from Equation (24). Specific parameter values are
shown in Table 4. The coefficient of determination
(COD) is defined as follows:
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In the Equation, R2 is the correlation coefficient, n is
the number of test data points, yi(i=1,2,...,n) is the ith
data value of y, yiC is the ith calculation model value, and
ym is the average value of yi. Studies have shown that the
larger the COD value, the better is the fitting between the
model and the experimental data.29,30

Table 4: Regression parameter values of backfill specimens with dif-
ferent permeability values

J/Pa E cn F0 m R2

445 67.58 1.2 17 6 0.988
1780 74.37 1.6 73 4 0.989
4004 125.42 0.97 68 4 0.997
7118 134.37 0.75 97 4 0.991

11122 72.29 0.95 240 4 0.991
16016 135.97 0.95 146 5 0.991
21800 99.87 0.98 311 6 0.989
28473 62.34 0.97 451 6 0.995

As depicted in Figure 10, the verification results of
several backfill samples are presented. The experimental
data curve aligns closely with the theoretical model
curve, achieving a high coefficient of determination
(R2 > 0.988). This strong correlation indicates that the
theoretical model effectively captures the damage pat-
terns of the backfill samples under varying seepage
forces, as reflected in the stress-strain curve. These find-
ings underscore the validity of the proposed seepage
damage softening constitutive model.

A comparative analysis of the theoretical and experi-
mental curves reveals the following advantages of the
model:

(1) The model comprehensively encapsulates the
damage softening behavior of the backfill sample as a
function of the seepage force, providing a detailed repre-
sentation of its mechanical response under varying con-
ditions;

(2) It accurately reflects the measured stress state of
the backfill sample during uniaxial loading, offering a re-
liable framework for analyzing stress-strain relationship
and understanding the material’s behavior under load;

(3) The model is characterized by a minimal number
of parameters, simplifying its practical application. The
elastic modulus (E) and the seepage force (J) can be di-
rectly determined through experimentation, while the
Weibull distribution parameters (m and F0) are obtained
via linear regression of experimental data. This simplic-
ity facilitates the practical implementation and wide-
spread utilization of the model.
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6 CONCLUSIONS

This research investigates the influence of an under-
ground seepage field on the pore structure of backfill,
which subsequently impacts the strength of the backfill
and poses potential engineering safety hazards. To ad-
dress this, centrifugal response technology is proposed as
a method to simulate the seepage effect and accelerate
the seepage damage process in backfill samples. Based
on the mechanical response analysis, a damage softening
constitutive model under centrifugal field conditions is
developed. The primary research findings and conclu-
sions are summarized as follows:

(1) With increasing seepage force, the stress-strain
curve of a backfill specimen demonstrates the following
trends: the compaction stage interval decreases initially
and then increases, the elastic stage interval shortens, the
yield stage becomes indistinct, the post-peak stress drop
rate accelerates, and the residual strength gradually di-
minishes. The relationships between the compressive
strength, peak strain, and penetration force follow a neg-
ative exponential function, while the elastic modulus and

penetration force exhibit a quadratic polynomial relation-
ship.

(2) The results indicate that when the penetration
force of the backfill sample is below 0.004 MPa, the fail-
ure mode is tensile. When the penetration force exceeds
0.004 MPa, the failure mode transitions to shear, with the
possibility of combined failure. As the penetration force
increases, the number of cracks generated after failure
rises, and their morphology becomes increasingly com-
plex. The combined effects of initial water-induced dam-
age and superimposed damage caused by seepage pres-
sure exacerbate the overall damage to the loaded
specimen. Therefore, the material composition and mon-
itoring in high-permeability environments should be de-
veloped to effectively improve the stability of backfill
and reduce safety risks during mining operations.

(3) This study derives a damage softening statistical
constitutive model for backfill samples with varying per-
meability. The model is characterized by a minimal num-
ber of parameters, which are easy to obtain and exhibit a
high degree of fit with experimental data. It is highly ef-
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Figure 10: Test curve and theoretical model of different permeability seepage specimens: a) J1 = 4.45×102 Pa, b) J2 = 1.78×103 Pa, c) J3 =
4.00×103 Pa, d) J4 = 7.12×103 Pa, e) J5 = 1.11×104 Pa, f) J6 = 1.60×104 Pa, g) J7 = 2.18×104 Pa, h) J8 = 2.85×104 Pa



fective for analyzing the uniaxial compressive
stress-strain behavior of backfill under different seepage
pressure conditions. The relevant model parameters pro-
vided in this study facilitate further experimental re-
search and practical applications.
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