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Effects of curing under step-by-step load on mechanical and
deformation properties of cemented gangue backfill column
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Abstract: A step-by-step load was utilized to mimic the load history of the backfill column in the in-situ curing process.
The inner damage of the specimen during curing and uniaxial compressive testing was monitored by electrical
resistivity and ultrasonic equipment. Results show that: 1) Uniaxial compressive strength (UCS) and elastic modulus
(EM) of the samples curing under pressure are higher than those of the control samples without pressure, ranging in
ratio from 0.5% to 20.2% and 7.1% to 52.3%, respectively, and are influenced by the initial loading age (ILA) and
stress strength ratio (SSR). The SSR during curing should not exceed 80%. 2) The earlier the ILA is, the higher the total
strain becomes. The higher the SSR applies, the larger the total strain gets. The creep strain increases with the increase
of SSR and can be described by Burger’s viscoelastic creep model. When SSR is less than 80%, the earlier the ILA is,
the smaller the creep strain becomes after the last step-loading. 3) The stability of the early age backfill column under
pressure can be monitored based on the change of ultrasonic pulse velocity (UPV) and electrical resistivity.
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pollution issues and their impact on the ecosystem
[4—8]. To minimize the cost while effectively
control the surface subsidence, the partial backfill
mining method has been proposed, in which the

1 Introduction

The cemented gangue backfill material

(CGBM) is a paste-like material made of coal
gangue, cement, fly ash, and water [1-3]. As a type
of cemented paste backfill (CPB) material, CGBM
has been extensively used in backfill mining for
coal resources and controlling surface subsidence.
Besides, it largely reduces the accumulation of coal
gangue on the surface, thus solving associated

pier columns made of CGBM are used to support
the roof [9—11]. Much underground space will be
vacant and can be reused for other special-purpose
like storage. CGBM columns distributed in the goaf
are often lateral unconfined and only loaded by the
vertical pressure of the roof [12—14]. Therefore, the
mechanical and deformation properties of the
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backfill column under vertical load are the keys to
partial backfill mining [15].

A significant number of
conducted on the deformation and mechanical
properties of CGBM and CPB. SUN et al [16, 17]
studied the creep properties of CGBM under
dynamic disturbance and the localized deformation
properties under uniaxial compression. DU et al
[12—14] discussed the failure characteristics of large
unconfined backfill columns and the bearing
mechanism of the cemented gangue backfill column
with stirrups under the uniaxial compression test.
FALL et al [18-21] studied the stress—strain
behavior of CPB under the uniaxial and triaxial
compression tests, and the effects of couple
temperature and sulphate on strength and
microstructure. CAO et al [22] investigated the
structural factors (filling time, interval, and surface
angle) effect on the UCS of CPB. Besides, the
sulphate attack [23, 24], heat [25], and specimen
size [26] have a significant influence on the
mechanical properties and the pore structure of
CPB. WU et al [27, 28] tested the thermal,
hydraulic, and mechanical properties of CGBM,
and built the thermal-hydraulic-mechanical-
chemical model. XU et al [29] researched the
stress—strain behavior, resistivity, and thermal
infrared (TIR) characteristics of the CPB under a
uniaxial compression test. The additives, such as ice
[30], limestone powder, and water-reducing
admixture [31-33], and loading rate [34] also
influence the strength and failure properties of
CPB. Except for the external influence factors, the
raw material and its proportion can also affect the
performance of the CGBM and CPB. QI et al [35,
36] studied the effects of fine gangue and fly ash on
the strength, resistivity, and microscopic properties
of CGBM. CHEN et al [37, 38] studied the effects
of chloride on the early mechanical properties and
microstructure of gangue-cemented paste backfill
and the effects of red mud additions on
gangue-cemented paste backfill properties.

Most of these studies relied on the properties
of samples in a conventional curing method.
However, it is not possible to ensure that all
physical and mechanical properties tested from the
conventional curing samples are suitable for the
backfill body in the goaf [39]. Due to the
continuous advancement of the coal mining face,
the backfill columns at early age are loaded by the

studies have

roof, and the pressure applied to the backfill column
increases gradually with curing time until it tends to
be stable [8]. The stability of the backfill columns at
early age is essential for the continuous mining
operation [15]. However, researches on the curing
under pressure of early age backfill column are very
limited. YILMAZ et al [40—42] discussed the
effects of curing and stress conditions (simulating
the self-weight pressure) on the strength, chemical,
and microstructure properties of CPB. GHIRIAN
et al [43] tested the strength evolution and
deformation behavior of CPB under curing stress
(simulate the self-weight pressure). However, the
overall properties of the early age CGBM column
curing under pressure of the roof are still unclear.
Accordingly, a better understanding of the effects of
curing under step-by-step load on mechanical and
deformation properties of the CGBM column is
required for a more reliable partial backfill mining
design.

The purpose of this paper is to investigate the
effects of curing under step-by-step load on the
mechanical and deformation properties of the
CGBM column. The 100 mmx100 mmx300 mm
prismatic samples were curing under several
step-by-step load conditions (different ILAs and
different SSRs). Uniaxial compressive strength
(UCS), elastic modulus (EM), and the time-
dependent strain of the CGBM columns were
compared. The evolution of electrical resistivity and
ultrasonic pulse velocity (UPV) during curing and
uniaxial compressive testing were analyzed.
Besides, the relationship between UPV and UCS
was established. The creep constitutive model of the
early age CGBM column under step-by-step load
was built. The obtained results could be used to
guide the design and stability monitoring of the
CGBM column in partial backfill mining.

2 Material and methods

2.1 Raw material

To satisfy the pumping performance, strength
requirement, and economic benefit, the reasonable
proportion range of the CGBM was obtained
through a large number of experiments [12—14, 35,
36]. CGBM was mixed by ordinary Portland
cement (190 kg/m®) Type-42.5, Class F fly ash
(380 kg/m®) obtained from Xinyang Power Plant
(Shanxi China), coal gangue (950 kg/m?), tap water
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(350 kg/m?®). Coal gangue was collected from
Tunlan Colliery, Shanxi Province, China. After the
second class cracked, it was divided into three
groups (0—5 mm, 5—10 mm, 10—15 mm) according
to the nominal diameter, which counted for 30%,
35%, 35% of the total coal gangue mass,
respectively. The fineness module of fine aggregate
(0—5 mm) was 3.10. The physical characteristics
and chemical components of coal gangue, fly ash,
and cement are presented in Tables 1 and 2. The
particle size distribution of coal gangue is shown in
Table 3. The particle size of the fly ash was shown
in Ref. [36].

Table 1 Chemical components and physical properties of
fly ash, and cement

Sample w(S102)/% w(AL03)/% w(Fe203)/%
Fly ash 52.42% 32.48% 3.62%
Cement 22.36% 5.53% 3.45%
Sample w(Ca0)/% w(MgO)/% w(TiO2)/%
Fly ash 3.05% 1.01% 1.26%
Cement 65.08% 1.27% —

Table 2 Physical properties of coal gangue, fly ash and

cement
Specific Specific . .
Sample  gravity/ surface/ Fineness Moisture
(wem?)  (m*ke ) (>45 um)/% content/%
Coal 23 — — 0.74
gangue
Fly ash 2.2 415 42.54 0.56
Cement 3.1 349 5 —

2.2 Preparation of CGBM sample

The preparation process of the CGBM sample
is shown in Figure 1. The coarse aggregates (10—
15 mm) and middle aggregates (5—10 mm) were
dry mixed in a mixer for 1 min. All cement and fly

Cement

Coal gangue Tap water

3419
Table 3 Particle size distribution of coal gangue
Sieve 0.16 0315 0.63 1.25
size/mm
Percentof ) o 220 4.41 9.65
passing/%
Sieve 25 5 10 15
size/mm
Percentof 5\, 29.78 65.24 100
passing/%

= . i
P Casting samples

Figure 1 Specimen preparation procedures

ash were then added gradually into the mixer and
dry mixed for 2 min. Next, the fine aggregates (0—
5 mm) were added into the mixer, and mixed, then
continued for another 2 min. Finally, the mixing
water was added into the mixer, and the mixer was
set to run for a further 3 min to produce the fresh
CGBM mixture. The fresh CGBM mixture was
poured into the molds with dimensions of 100 mmx
100 mmx300 mm, where two galvanized wire mesh
probes at a distance of 260 mm from each end were
pre-placed [44, 45]. To reduce the impact of the
electrode mesh on the mechanical properties of the
sample, the electrode mesh was fabricated by thin
galvanized wires with a diameter of 0.8 mm and the
sizes of the square hole were 15 mmx15 mm. The
dimensions of the electrode mesh were 100 mmx
130 mm. All specimens were sealed and removed
from the molds after casting 24 h and then placed in
a standard curing room maintained at a relative
humidity of 60%—80% and an ambient temperature
of (24+2) °C.

2.3 Experimental setup

The experimental setup (curing under pressure
apparatus) was designed to simulate in-situ different
vertical pressure conditions of the roof at a
laboratory scale [46, 47]. Figure 2 presents a
schematic illustration of the apparatus. This
apparatus can be used to assess the actual
deformation and strength performance of the

260 mm

A

&
Test samples
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Figure 2 Schematic illustration of apparatus

CGBM sample under load by applying hydraulic
pressure to the upper portion of the sample. Two
specimens are in a group. The setup consists of
three main components. 1) Loading system: a rigid
top and bottom plate with an axial loading jack that
applies a hydraulic pressure, and is equipped with a
pressure sensor. The pressure is maintained within a
5% variation by adjusting the hydraulic pressure to
compensate for the relaxation of the load with time.
2) Deformation monitoring system: dial gauge with
0.001 mm accuracy. 3) Inner damage evolution
monitoring system: ultrasonic instrument and
electrical resistance equipment are used to detect
the internal damage during the curing process. The
experiment was carried out at room temperature of
(20+£3) °C and relative humidity of 50%—60%.

2.4 Testing programs
2.4.1 Loading scheme

Figure 3(a) shows the development of UCS of
CGBM samples curing under the conventional
method without curing pressure. The early age
CGBM columns need to bear the pressure of the
roof. ZHANG et al [8] monitored the pressure
development of the backfill body in the goaf that as
the coal mining work-face advances continuously,
the pressure applying to the backfill body increases
gradually with curing time and tends to stabilize
finally. Considering the different geological
conditions and backfilling procedures, the initial
loading time (ILA) of the roof is different, as shown

in Figures 3(b)—(d). Three ILAs, 3 d, 7 d and 14 d,
were selected. According to the increasing UCS of
CGBM samples cured by conventional method, six
stress—strength ratios (SSR), 0, 35%, 50%, 65%,
80% and 50%-cons were chosen for each ILA.
Referring to the mining process of the actual coal
mine, the step-by-step loading method was adopted
[47], the step-by-step loading time was set at the
day 3, 7, 14 and 21. According to the design
requirements of the partial backfill mining [9, 10],
usually, the curing age 28 d is used to determine the
uniaxial compressive strength, to make the axial
strain of the CGBM sample under the pressure of
the last-step loading from 21 d reaches a relatively
stable state and the inner stress inside the test
sample reaches the balanced state, the curing end
time of 32 d was chosen.
2.4.2 Deformation monitoring

As shown in Figure 2, the axial deformation of
the CGBM sample was measured on the pressure-
cured samples and compared to the control samples.
Axial deformation data recording commenced at the
day 3, 7, 14 and continued to the day 32. Drying
shrinkage data recording started from the day 3.
The deformation measurement was carried out
using a 20 mm demountable mechanical dial gauge
with 0.001 mm accuracy. The deformation was
recorded every day.
2.4.3 Electrical resistivity testing

Electrical resistivity can indirectly reflect the
damages and defects, such as micro-pores and
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Figure 3 Pressure loading scheme of development of uniaxial compressive strength curing under conventional method
without curing pressure (a), initial loading age from the day 3 (b), day 7 (c) and day 14 (d) under corresponding stress—

strength ratio 35%, 50%, 65%, 80%, 50%-cons, respectively

micro-cracks [48, 49]. Once the initial electrical
resistivity of the test sample is determined, the
variation of electrical resistivity under loading
would be mainly caused by internal damages [45].
As shown in Figure 2, the ZC2512 electrical
resistance-measuring instrument was used to test
the electrical resistance of the CGBM sample
during the curing process. As shown in Figure 1, the
electrical resistance equipment connected to two
pre-embedded electrodes [44, 45], following the
Kelvin four-terminal configuration and the ASTM
C1760 standard [50]. The electrical resistance was
recorded every day. The electrical resistance R and
electrical resistivity p of the CGBM sample follow
the equation below:

pR> (1)

L

where S 1s the cross-section area of the test
specimen, and L is the distance between two

pre-embedded electrodes in a sample. In this
experiment, the $=0.01 m” and £=0.26 m.
2.4.4 Ultrasonic pulse velocity testing

The EM of the CGBM sample correlated with
the ultrasonic pulse wave, the damage inside the
specimen has occurred after loading, which resulted
in the degradation of the EM, consequently, and a
change in UPV [51-53]. Therefore, as shown in
Figure 2, a non-metal ultrasonic testing instrument
(Model: NM-4B) was used to monitor the inner
damage evolution during the curing process. The
frequency of transducers was 54 kHz (40 mm
diameterx50 mm length). Vaseline was applied as a
coupling agent between the probes and specimen.
The UPV test position was in the middle of the
axial and lateral directions of the test sample (see
Figure 2), and the data were tested once a day in the
same position.
2.4.5 Uniaxial compression testing

When curing to 32 d, the CGBM samples were
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subjected to the wuniaxial compression tests
described in the ASTM C39 standard for

determining the UCS and EM [12]. A servo/
computer-controlled testing machine (YAW-1000)
with a 1000 kN loading capacity was used for the
compression test. Each sample was loaded at a
constant deformation rate of 0.01 mm/s. EM is the
ratio of stress to strain within the elastic region of
Besides, the damage
evolution during the compression process was
monitored by the electrical resistance equipment

the stress—strain curve.

and the ultrasonic instrument. All CGBM samples
were prepared in the standard conditions and the
mean values were presented in the results.

3 Results

3.1 Effects of curing under step-by-step load on
UCS and EM
The most useful design parameters when
assessing the CGBM column stability are the
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mechanical properties (i.e., UCS and EM) obtained
from the uniaxial compression tests [40]. When
CGBM specimens were cured for 32 d, the uniaxial
compression test was performed. Figure 4 presents
the UCS and EM of CGBM samples at different
ILAs and different SSRs, and the variation of UCS
and EM between the pressure-cured samples and
control ones is also shown.

As shown in Figures 4(a)—(c), the UCS of all
pressure-cured samples is higher than that of the
control ones. For example, the difference of UCS
between pressure-cured samples and control ones
was 7.8%, 20.2%, 15.0%, 0.5% for ILA 3 d; 16.8%,
10.3%, 8.2%, 6.5% for ILA 7 d; and 5.6%, 13.9%,
7.7%, 5.1% for ILA 14 d. The general observation
is that the variation of UCS increased first and then
decreased to a lower value at a given ILA when the
SSR increased from 0% to 80%. The earlier the ILA
was, except the 80% SSR, the larger the increase of
UCS got. The highest increase of UCS was 20.2%
obtained from ILA 3 d-50%. The lowest increase of
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Figure 4 UCS and EM of CGBM samples at different SSRs and different ILAs ((a) 3 d, (b) 7 d, (c) 14 d); (d) UCS and

EM of 50%-cons SSR at different ILA
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UCS was 0.5% tested from ILA 3 d-80%. As shown
in Figure 4(d), for the 50%-cons SSR samples, the
growth in UCS increased from 8.5% to 12.3% and
then dropped to 5.3% when ILA changed from the
day 3 to day 14. Besides, the increase of UCS in the
50% SSR was higher than the 50%-cons except for
ILA 7 d. It means that, at ILA 3 d and ILA 14 d, the
step-by-step load contributed to the strength
development of CGBM samples more than the
constant pressure.

Such a variation in UCS can be associated
with the cement hydration reaction. The curing
pressure accelerated the cement hydration reaction,
thus resulting in a denser cement matrix, which is
better cohesive [40]. The micro-pores and micro-
cracks of the CGBM samples are reduced by
filling with the hydration products (i.e., C—S—H),
hardening the strength of the CGBM sample.
However, the cement bonds formed in the CGBM
sample due to the cement hydration reaction may
damage owing to the over-high SSR in the strength
development process. Thus, the increase of UCS
decreased under high SSR conditions.

Figure 4 also shows the EM of the pressure-
cured samples. The EM values typically between
2.33 and 3.11 GPa for ILA 3 d, between 2.25 and
2.47 GPa for ILA 7 d, and between 2.19 and
2.63 GPa for ILA 14 d. The pressure-cured samples
had respectively 16.9%, 34.5%, 52.3%, and 21.6%
of ILA 3 d; 12.8%, 17.7%, 21.1%, and 10.1% of

3 \

Figure 5 Failure patterns of control samples (a)

|

and pressure-cured samples at ILA 3 d (b), 7 d (c) and 14 d (d)

ILA 7 d; and 7.1%, 28.7%, 20.2%, 27.6% of ILA
14 d higher EM values than control samples. The
most increase in EM was 52.3% at ILA 3 d-65%,
and the lowest increase in EM was 7.1% at ILA
14 d-35%. The EM of the 50% SSR larger than that
of the 50%-cons except for the ILA 7d. Besides, as
shown in Figure 4(d), the growth of EM of the
50%-cons SSR samples increased from 14.5% to
23.5% and then dropped to 9.8% when ILA
changed from 3 d to 14 d.

The porosity of a solid is inversely related to
the EM [53]. Because of the curing pressure, the
hydration reaction of the cement is accelerated so
that the capillary porosity is reduced gradually and
the stiffness of the CGBM sample is strengthened.
For the ILA 3 d and ILA 7 d, the growth of EM of
the 80% SSR samples has a sharp decrease, which
is related to the interfacial transition zone (ITZ)
between coarse aggregate and mortar. Even if the
degree of cement hydration reaction has increased,
some micro-cracks in ITZ cannot be repaired by the
hydration products under the high SSR [54].

As shown in Figure 5, the failure pattern is
different between control samples and pressure-
cured ones. For the control samples (see
Figure 5(a)), approximate an X-shaped conjugate
slope shear failure pattern was exhibited. For the
pressure-cured specimens (Figures 5(b)—(d)), a
more single-slope shear failure pattern occurred,
and the angle between the normal of the failure
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surface and the loading axis was 45°—75°, and the
crack penetrates the whole sample. The curing
pressure affects hydration positively and the voids
spaces within the CGBM’s mortar are significantly
reduced by filling with the fine-sized hydration
products; leading to denser cementitious matrices
that are reflected by a better cohesion, thereby
increasing the stiffness of the CGBM column [40].
The pressure-cured samples are more compact than
the control ones, and thus the shear stress of the
pressure-cured samples is larger than that of the
control ones. The generation and expansion of
cracks are caused by the shear stress on the failure
surface exceeding the limit [13]. The crack
propagates along the weak face where there are
more voids and microcracks in the control samples
than the pressure-cured samples, which is easier to
form more shear face for the control samples,
finally, and the failure pattern of the control sample
was X-shaped.

3.2 Shrinkage and deformation development
Figure 6(a) shows the shrinkage strain—time
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curve of CGBM specimens from the 3rd day. The
shrinkage strain increased from O to 0.0003. The
speed of shrinkage increased gradually during the
curing process. The shrinkage of the CGBM sample
was caused by the moisture transfer from internal to
the external environment. In the first few days, due
to the high water-cement ratio of the CGBM
sample, mainly the loss of free water in the
specimens, the free water does not adhere to the
microstructure of the hydration products by any
physical-chemical bond [55]. Thus, the loss of free
water does not accompany by apparent shrinkage.
Subsequently, continuously drying leads to
significant shrinkage, which mainly resulted from
the loss of adsorbed water and the water held in
small capillaries. The relative humidity inside the
CGBM sample continuously declined as the curing
age increased [46].

The step-by-step load was applied from the 3rd
day, 7th day, 14th day, respectively. The resulting
deformation development histories are shown in
Figures 6(b)—(d). Total strain—time curves include
the instantaneous elastic strain and the creep strain.
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Figure 6 (a) Shrinkage strain development; The time—dependent strain of CGBM sample under step-by-step loading at

different ILA, 3 d (b), 7 d (c) and 14 d (d)
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The shape of the strain—time curves was similar at
the same ILA, but a higher value when SSR
changed from 35% to 80%. Higher SSR caused a
more considerable elastic strain at a given ILA. The
variation of elastic strain decreased under each
subsequent step-loading. Creep strain includes two
phases, i.e., decay creep and the continuously
increasing steady creep. The higher the SSR
applied, the larger the creep rate shown, and the
more the time needed to be stable for the steady
creep. Besides, the total strain of 50% SSR is higher
than that of the 50%-cons. After the
step-loading, the creep rate gradually decreased
with curing time. During the constant pressure
phase, the micro-cracks in ITZ begin to expand,
which will cause stress redistribution inside the
sample, and then the stress field will reach a
dynamic equilibrium [56]. Meantime, the constant
curing pressure accelerates the hydration reaction of
cement, and the hydration products gradually fill
the micro-pores and repair some micro-cracks [41].
Therefore, the creep strain gradually tends to a
constant.

Figure 7(a) further displays the total strain at
different SSRs and different ILAs. The total strain
increased with the increase of SSR. Besides, the
earlier the ILA, the larger the total strain got at the
same SSR. For example, the total strain of 3 d-80%,
7 d-80%, 14 d-80% was 0.00622, 0.00536, and
0.00448, respectively.

Figure 7(b) shows the creep strain after the last
step-loading (from 21 d to 32 d) at different SSRs
and different ILAs. For all the test samples, the
creep strain increased with the increase of SSR. At
the same SSR, except for the 80% SSR, the earlier
the ILA, the smaller the creep strain. It means that
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Figure 7 (a) Total strain of pressure-cured samples under step-by-step loading; (b) Creep strain

step-loading (from 21 d to 32 d)
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when SSR was smaller than 80%, the early loading
history decreased the creep strain after the last
step-loading. However, for the 80% SSR, the creep
strain decreased with the increase of the [LA. When
the ILA was 3 d or 7 d, micro-cracks due to high
SSR are easier to form in the CGBM column. The
stiffness of the CGBM column will be weakened
when inner damage occurs, resulting in more
micro-cracks. With the increase of constant pressure,
these micro-cracks expanded gradually during the
creep process after the last step-loading, which will
cause larger creep strain.

3.3 Electrical resistivity properties during curing
process

Figure 8 details the evolution of the electrical
resistivity of both control and pressure-cured
samples during the curing process. For the control
samples curing from 3 d to 32 d (Figure 8(a)), the
electrical resistivity decreased from 6.79 to
0.22 kQ-'m first and then increased to 6.64 kQ-m
gradually [30, 50]. Before 7 d, the free water in the
sample reduced to the
consumption of cement hydration reaction and
transfer to the external environment. The ion
concentration in the micro-pores increased so that
the electrical resistivity declined. After that, the
continuous cement hydration reaction produced
more hydration products, which resulted in the
growth of electrical resistivity [50].

When ILA was 3 d (Figure 8(b)), the electrical
resistivity of the pressure-cured samples (SSR 35%,
65%, 80%) decreased from 3 d to 7 d first and then
increased continuously, and the electrical resistivity
of the pressure-cured sample was higher than that
of the control sample. For the 50% SSR, the lowest
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Figure 8 Evolution of electrical resistivity during curing process: (a) Control samples; (b—d) Pressured samples at ILA,

3d,7d, 14 d, respectively

electrical resistivity occurred at the 12th day. When
ILA was 7 d (Figure 8(c)), for all the pressure-cured
samples (SSR 35%, 50%, 65% and 80%), electrical
resistivity increased with the increasing of curing
time. Besides, the higher the SSR was, the larger
the increase rate of electrical resistivity became.
When ILA was 14 d (Figure 8(d)), the electrical
resistivity of all the samples except for the 80%
SSR decreased after the initial loading. The
electrical resistivity of the 80% SSR increased
sharply when the first step-load was applied to the
specimen. Subsequently, the electrical resistivity of
all the samples increased with the curing time, and
the growth rate of electrical resistivity increased
with the increase of SSR.

Overall, before the curing age 7 d, ion
concentration in the capillary pore is the main effect
factor on the variation of electrical resistivity.
However, after 7 d, the hydration products and the
micro-cracks under the curing pressure are the most
critical effect factors on the change of electrical
resistivity. The higher the SSR was, the more the

hydration products and cracks produced in the
CGBM sample are. Thus, the higher the increase
rate of electrical resistivity will be.

3.4 Ultrasonic pulse velocity properties during

curing process

Figure 9 shows the variation of UPV with
curing time under different ILAs and different SSRs.
For the control samples (Figure 9(a)), the UPV
approximated linearly increased at first and then
gradually tended to be stable [53, 57]. For all the
pressure-cured samples (Figures 9(b)—(d)), the
shape of the UPV-time curves at different SSRs was
similar to that of the control sample. The UPV
suddenly decreased when the first step-load was
applied to the CGBM samples. The higher the SSR
was, the larger the amplitude of decline, and then
the UPV continuously increased until it tended to be
stable. Except for the 80%-SSR group, the UPV of
all the pressure-cured samples was higher than that
of the control group. The highest final UPV was
2.75 km/s at ILA 7d-35% SSR. The lowest final
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Figure 9 Evolution of UPV during the curing process: (a) Control samples; (b—d) Pressure-cured samples at ILA 3 d,

7 d, 14 d, respectively

UPV was 2.52 km/s at ILA 3d-80% SSR.

As shown in Figures 9(b)—(d), except for the
80% SSR samples, the UPV growth rate of the
pressure-cured sample was higher than that of the
control ones. It means that the curing pressure
promotes the hydration reaction of cement during
the curing process. The cement hydration products
filled the micro-pores and repaired the micro-cracks,
which increased the compactness of the CGBM
column. However, for the 80% SSR samples, the
UPYV growth rate smaller than the control sample is
probably due to the micro-cracks in ITZ.

What’s more, the value of UPV corresponds to
the applied SSR. For the ILA 3 d (Figure 9(b)), the
50% SSR had the highest final UPV, followed by
65% and 35%; the UPV of the 80% SSR samples
was lower than that of the control samples. It can be
considered that high SSR causes new cracks in the
ITZ. The ultrasonic pulse travels around these
cracks, which would increase the transit time of the
pulse and reduce the UPV [53, 57]. For the ILA 7 d
(Figure 9(c)), the 35% SSR had the highest final
UPV, followed by 50% and 65%. The UPV of the

80% SSR before 18d was lower than that of the
control samples, but it gradually increased to the
control sample’s level due to the continuous cement
hydration. When the ILA was 14 d (Figure 9(d)),
the 50% SSR had the highest final UPV, followed
by 65% and 35%. The increase in UPV of the
pressure-cured specimens was greater than that of
the control ones. The UPV of ILA 14 d was smaller
than that of the ILA 3 d and ILA 7 d at the same
SSR. It means that the later the ILA, the less the
new corresponding hydration products generated
under the curing pressure. The UPV of all the
50%-cons SSR samples was lower than that of the
50% SSR. It means that the step-by-step curing
pressure can promote the cement hydration reaction
better.

4 Discussion

4.1 Bearing capacity improvement under curing
pressure
During the CGBM column casting process,
bleeding behavior is inevitable around the coarse
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aggregate [58]. A layer of water film will form
under the coarse aggregate, which increases the
water-cement ratio, and the crystalline products
around the coarse aggregate are coarser crystals
(Figure 10(a)). The ITZ is prone to cracking when
subject to tensile stress caused by differential
movement between aggregate and mortar, such as
CGBM 1in a dry environment [56]. Cracks can occur
at the 30% SSR in the ITZ [59]. These cracks can
be present to develop further when a load is applied
and sustained [53]. Besides, the high water-cement
ratio of CGBM results in the high porosity in the
mortar, which is easy to produce cracks under the
load.

(2)

WA i S R 3o :
Figure 10 SEM images of hydration products in ITZ (a)
and cracks in both ITZ and mortar (b)

Although there are many negative factors to
the bearing capacity for the CGBM column, the
UCS and EM of pressure-cured samples are still
higher than that of the control ones. The early age
CGBM column has a strong self-healing ability for
its micro-cracks under the curing stress [54]. Due to
the curing stress, part of the micro-cracks will be
closed in the ITZ. Meantime, the unhydrated
cement particles tend to agglomerate, forming a
flocculated structure to enclose a large amount of

mixing water. Under constant load, the pore water
pressure increases, which accelerates the cement
hydration reaction with the mixing water. A large
number of hydration products are produced (mainly
C—S—H), which increases cohesion and repairs
micro-cracks in the ITZ [40]. Besides, the newly
formed large amount of C—S—H gels fill the
micro-pores and repair the micro-cracks in the
mortar [41, 60]. Thus, the porosity is reduced [61,
62], and the UPV of the pressure-cured samples is
higher than that of the control ones (Figure 9). If
appropriate measures are taken to control the ILA
and the SSR of the roof, the UCS and EM of the
CGBM column can be increased by 1.202 times and
1.523 times, respectively. It is meaningful for the
long-term stability of the CGBM column in partial
backfill mining.

Although the strength of the 80% SSR samples
is slightly larger than that of the control ones, the
electrical resistivity rises sharply, and the UPV of
pressure-cured samples is lower than that of the
control ones (see Figures 8§ and 9), which means
that curing pressure also will cause damages inside
of the backfill column. New cracks are produced in
both ITZ and mortar under the high curing pressure.
The high curing pressure accelerates the cement
hydration reaction, but part of the cracks in ITZ
cannot be repaired by the hydration products [54].
With  the of pressure, the stress
concentration of the macropores in the mortar is
enough to cause cracks, and these cracks gradually
expand until the primary cracks in ITZ are
connected (see Figure 10(b)). These macro-cracks
will quickly develop and propagate, and the backfill
column will suddenly destroy. Therefore, the
pressure of the roof applied to the early age CGBM
column should not exceed 80% SSR.

increase

4.2 Creep constitutive model under step-by-step

loading

As shown in Figure 6, the strain—time curves
of the CGBM column after each step-loading
include two stages, the instantaneous elastic strain,
followed by a creep stage. The creep strain is
comprised of the transient and steady creep stage.
The creep rate decreased gradually toward a
constant value. Creep strain is often modeled by
rheological equations. Burger’s viscoelastic model
is often used to describe the creep behavior of soft
rock [63]. The model is a series of Maxwell model
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and Kelvin model, which was presented by the
following constitutive equation [16]:

Ex

O o o
Hf=—t—t+—|1-e™ 2
(0= Z1-e @)

M ’7M K
where &(¢) is the creep strain calculated at a loading
time ¢; o is the stress applied to the CGBM samples;
Em and 5y are the elastic parameter and viscosity
coefficient of the Maxwell model, respectively; Fx
and nx are the elastic parameter and viscosity
coefficient of the Kelvin model, respectively.

Take the CGBM samples of ILA 7 d as
examples. Burger’s constitutive model parameters
are fitted, and the fitting results are shown in
Table 4. The obtained fitting results are substituted
into the creep equation for calculation, and the
calculated results are compared with the
experimental data, as presented in Figure 11. Two

groups of results show a high degree of coincidence.

Therefore, Burger’s constitutive equation can
appropriately express the creep strain of the early
age CGBM column under the step-by-step load of
the roof.

4.3 Relationship between UPV and UCS

Figure 12 shows the relationship between final
UPV and UCS when SSR increases from 35% to
80% at different ILAs. The final UPV versus UCS
shows an exponential relationship. The UCS
increased with the increasing of UPV. When SSR is
ranging in 35%—65%, CGBM samples are loaded in
the elastic phase. UPV is mainly affected by the

Table 4 Parameter fitting results

continuously generated hydration products. When
the SSR is 80%, the CGBM samples are loaded in
the plastic stage. UPV is primarily influenced by
internal cracks [45]. Thus, the UCS and UPV of the
80% SSR samples are the lowest.

4.4 Stability monitoring of cemented gangue

backfill column

The damage of the CGBM column is closely
related to the internal cracks. As shown in Figures 8
and 9, the damage of the CGBM column curing
under pressure corresponded to the variation of
electrical resistivity and UPV, and was influenced
by the ILA and SSR. When the internal damage of
the CGBM column increases, the electrical
resistivity increases, and the UPV decreases.

Besides, as shown in Figure 13, the variations
of electrical resistivity and UPV under the uniaxial
compressive tests are corresponding to the stress—
strain curve. The failure of the CGBM column has
two stages, the compaction stage, and the crack
generation and expansion stage [13]. Electrical
resistivity decreased gradually because of the
compaction of the pores and micro-cracks, and then
electrical resistivity increased quickly with the
cracks generated and extended. Finally, electrical
resistivity increased to a relatively high point, and
the test sample was in failure. The variation of
electrical resistivity before the peak-stress is
influenced by the failure pattern [44]. It needs more
experiments to determine the accurate change curve
of electrical resistivity at different failure patterns in

Stress-to-strength ratio Stress/MPa Evm/MPa nwv/(MPa-d) Ex/MPa nk/(MPa-d) R-square

1.33 1016.892 46486.011 11075.254 7214.065 0.995

35% 2.03 1188.019 1.58114E8 7623.452 27295.971 0.995
2.625 1194.502 115465.250 61264.912 41071.374 0.975

1.90 1050.012 56985.250 34014.853 14828.977 0.964

50% 2.90 1194.892 58558.013 9.516E8 33745.219 0.954
3.75 1241.768 179870.041 1.161E9 15731.959 0.942

2.47 1024.765 1.70793E9 12030.232 43234.209 0.999

65% 3.77 1212.440 136854.178 65418.380 118724.550 0.999
4.875 1207.779 129779.818 295181.918 16004.033 0.981

3.04 1066.633 38417.434 118233.941 2366.057 0.948

80% 4.64 1278.687 104390.219 9532.649 14844.260 0.994
6.00 1347.131 125977.144 15062.196 64385.001 0.987

50%-cons 1.90 1087.683 116525.325 8269.283 28268.839 0.995
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results of the ILA 7d

the next work. During the compacting process, no
macro-cracks are formed in the CGBM sample. The
UPYV fluctuates continuously [12]. When the stress
reaches the peak stress, UPV suddenly drops due to
the macro-cracks generated in the sample. In the
post-peak phase, UPV decreases continually until
the test sample destroys utterly.

The UPV and electrical resistivity have an
inflection point near the peak of the stress—strain
curve, which can be regarded as the instability
feature point of the backfill column in the goaf.
Therefore, pre-embedding the ultrasonic probe
inside the backfill column [64], combined with the
variation of electrical resistivity between the two
electrode meshes [44, 45], it is possible to achieve
the stability monitoring of the early age CGBM
column under the pressure of the roof in partial
backfill mining.

5 Conclusions

1) Curing under step-by-step load to mimic the
in-situ early age backfill column stress conditions
increases the UCS and EM of CGBM samples. The
curing pressure contributed positively to the cement
hydration reaction process. The UCS and EM of
pressure-cured samples were 0.5% to 20.2% and
7.1% to 52.3% higher than the control ones,
respectively. The UCS and EM of pressured-cured
samples were influenced by ILA and SSR. The
pressure applied to the backfill column should not
exceed the 80% SSR during the curing process in
practical partial backfill mining. Otherwise, cracks
will occur inside the backfill column, even cause
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instability of the backfill column.

2) The earlier the ILA is, the higher the total
strain becomes at the same SSR. The higher the
SSR applies, the larger the total strain gets at the
same ILA. The creep strain increases with the
increase of SSR. The creep rate decreases with the
increase of curing time. The early loading history
has an impact on the creep strain after the last
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Figure 13 Relationship between electrical resistivity, UPV, and stress—strain curve under uniaxial compression test:

(a,b)ILA3d; (c,d)ILA7d; (e, ) ILA 14 d

step-loading. When SSR is less than 80%, the
earlier the ILA is, the smaller the creep strain
becomes after the last step-loading. For the 80%
SSR, the earlier the ILA is, the higher the creep
strain becomes after the last step-loading. The creep
strain of the CGBM column at early age under
step-by-step loading can be described by Burger’s
viscoelastic model.

3) UPV increases with the increasing of curing
time and gradually tends to stabilize. The UPV and
the growth rate of UPV of the pressure-cured
samples except for the 80% SSR are higher than
that of the control ones. Final UPV and UCS show
an exponential relationship when SSR increased
from 35% to 80%. Electrical resistivity decreased
with the increasing of curing time before 7 d and
then gradually increased. The higher the applied

SSR is, the higher the growth rate of electrical
resistivity will be. The variation of UPV and
electrical resistivity shows a corresponding
relationship with the stress—strain curve of the
CGBM sample under uniaxial compressive tests.
The pressure-cured samples can be used to
evaluate in-situ CGBM column mechanical and
deformation behavior better. The experimental
results could be used to guide the design and
stability monitoring of the CGBM column in partial

backfill mining.
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