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The regenerated rock mass is a bearing structure formed by natural compaction
in a hollow area, and the investigation of its optimal consolidation material and
consolidation parameters is the key to improving the supporting effect and
bearing stability of roadways. The effects of consolidation materials and
parameters on the stability of the regenerative rock mass were studied using
laboratory tests, numerical simulations, and theoretical analyses. Acoustic
emission was used to monitor the variation characteristics of energy and
ringing count during the process of rock mass failure, and the bonding
interface area of the extremely weak cementation regeneration structure was
tested by electron microscope scanning. The results show that there is a
quadratic function relationship between the water—cement ratio of different
cementing materials and the bond strength of the recycled rock mass; the
regenerative rock mass with superfine cement exhibited the highest
compressive strength and the largest cumulative energy of acoustic emission.
This shows that it has the strongest bearing capacity, the highest elastic
performance, the most stable micro-fracture development, and the best
cementation effect, followed by ordinary cement, gypsum, and laterite. The
scanning test showed that the regenerated structure had more internal pores,
a loose structure, and poor cementation. Three-dimensional scanning modeling
of four representative broken rock blocks was carried out, and the simulation
verified that the regenerated structure had macroscopic “X"-shaped shear failure
characteristics. The numerical simulation also verified three forms of rupture in
the regenerative structure detected by electron microscopy scanning. Exploring
the mechanism of action of the regenerative rock mass in the goaf provides a
certain reference value for the stability control of the regenerated rock mass
roadway.
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1 Introduction

For a long time, the high-intensity and rough coal mining
method was utilized to maintain coal output growth. The high
production of this type of coal mining process also results in coal
waste, which mostly consists of unmined thin coal seams and
stratified, mining-protected coal seams (Zhao et al.,, 2021).

The high-grade and excellent mining coal resources are
gradually exhausted after years of mining underground coal
resources, and mines have begun to mine deeper or more
complicated coal seams, including the recovery of coal resources
in the goaf (Yang et al., 2020; Kang et al., 2019). Remining can
enhance the recovery rate of partially mined coal deposits (He et al.,
2018a). However, new coal mine workings are frequently located
beneath complicated gob areas and, hence, contain multiple
regenerated roof roadways (Gu et al.,, 2019). The regenerated roof
is a rock mass formed by recompacting and consolidating the broken
coal rock mass in the mining area and serving as the roadway roof
(Ma et al., 2020; Ma and Wang, 2019). The top plate of the upper
layer will fall over when the coal seam is mined in layers from top to
bottom, the broken roof is then bonded by adding water and a
binder, and the regenerated top slab is essentially bonded by the
process of “crushing—compaction-consolidation” of the shattered
rock mass (Guo et al., 2022). Because the major constituent elements
of the regenerated rock mass are coal and rock masses, both of which
are weakly cemented rock masses, the mechanical properties of the
weakly cemented rock masses are significantly altered compared to
undamaged rock masses (Wang et al., 2019a; Zhao et al., 2021). The
regenerated rock is not fully cemented, is easy to break, and has low
strength, and the gallery will be deformed once excavated because of
the high amount of disturbance during coal winning. The weak and
low strength features of the regenerated roof may become more
apparent (Liu et al., 2019; Sun et al.,, 2017). The geological conditions
differ from mine to mine, and this might affect the strength of the
recovered rock once it has been created. For example, in deep mines,
the ground stress is significant, allowing the cracked rock to be
compressed to a great degree, resulting in reduced porosity of the
regenerated rock (Yang et al, 2022). Through the immersion of
water under the mine, the rock with cementing characteristics
becomes mud, which forms a binder, or an artificial binder is
added; the stronger the cementing properties, the more difficult it
is to break the regenerated rock. The regenerated roof gallery is one
type of regenerated rock mass roadway. The regenerated rock mass
roadway refers to roadways that have the features of compacted
poorly cemented fractured rock, such as a top slab, two helpers, and
even a bottom slab (Zhao et al., 2019). The regenerated roof gallery
located under or through the mining area is the most prevalent in the
project, and the maximal management of the fragmentation or
deformation of such regenerative rock mass roadways is the key
to safe coal mining under complicated conditions, such as the
mining area (Meng, 2014; Meng et al., 2022).

To date, scholars at home and abroad have carried out a lot of
experimental research and theoretical analysis on the control theory
and technology of soft rock roadways and the deformation and
failure characteristics and stability mechanisms of the surrounding
rock. However, the deformation and failure characteristics of
roadway-surrounding rock in extremely weak cemented strata are
different from those of ordinary soft rock roadways. The
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understanding of its deformation and failure mechanism is not
clear, and the research results of the stability control mechanism and
technology are less understood, which leads to the lack of a reliable
theoretical basis for support design and often leads to the failure of
roadway support. Therefore, the main material used in this paper is
broken gangue from the roof plate of the Zhoujing Coal Mine. The
mechanical properties of the regenerated rock mass and the
destruction law under various cementing materials and
cementing parameters are thoroughly examined using indoor
tests, numerical simulations, and theoretical analyses. This reveals
the bearing mechanism of the roadway perimeter rock of the
regenerated rock mass in the coal mining hollow area and offers
a new theoretical framework and technological approach for coal

mining in the coal mining hollow area.

2 Experimental design of the
regenerated structural rock mass

The broken coal gangue and the cementing material are mixed
and compacted under natural loading to form a rock mass with poor
cementation and low strength, which is called “extremely weak
cementation.” Due to the extremely weak or uncemented
cementation of the regenerated rock mass, the internal friction
angle and cohesion of the rock mass are low, resulting in a low
anchoring force of the bolt and anchor cable, thereby reducing the
bearing stability of the regenerated rock mass roadway. Therefore,
exploring the best consolidation characteristics of broken rock mass
is the key to improving the support effect and bearing stability of the
regenerated rock mass roadway. Based on the foregoing study, in
order to study the best consolidation effect of broken rock mass, this
paper different and different
water—cement ratios for experimental research. Using the test

uses cementing materials
mold, the damaged roof rock mass can be formed into a
regenerative structure with a certain bearing capacity. The
K600 ultrafine cement,
M32.5 ordinary cement, gypsum, and laterite, and the roof

cementing materials used include
gangue from the Zhoujing Coal Mine is taken as the
experimental material. The coal gangue and the cementing
material are weighed in advance according to the mass ratio. In
order to make the cementing material fully play its role, the water
and the cementing material are first fully mixed and then mixed with
the coal gangue evenly. Finally, they are put into the mold to use the
same quality of heavy objects for natural compaction. The gangue is
5-10 mm in diameter. According to the weak cementation of
regenerated rock mass, the ratio mode of the high proportion of
the broken gangue to the low proportion of the cementing material
is used to simulate the mechanical properties and breaking
characteristics of extremely weakly cemented regenerated rock
mass. The test mold was a cube with side lengths of 150 mm,
and the test plan is provided in Table 1.

The test was carried out by loading the specimens with RMT-
150C rock mechanics servo testing equipment, as shown in
Figure 1A, and monitoring the fracture progress using an
acoustic emission detector. The whole loading process was
videotaped in real time so that the camera could capture the
crack expansion on the specimen surface, as well as the overall
deformation and damage features of the specimen, and the force

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1207832

Wang et al.

10.3389/fbuil.2024.1207832

TABLE 1 Materials and material gauges used for the preparation of recycled rock masses.

Numbers of the Coal Ordinary Ultrafine Gypsum/kg Laterite/kg  Water/L
four groups gangue/kg cement/kg cement/kg

1,2, and 3 5 15 — — — 0.75, 0.9, 0.5, 0.6,
and 1.05 and 0.7
4,5,6,and 7 5 — 15 — — 075,09, 1.05, 0.5, 0.6,

and 1.2 0.7,
and 0.8
8,9, and 10 45 — — 2 — 1,12,and 14 05,06,
and 0.7
11, 12, and 13 45 — — — 2 08, 1,and 1.2 04,05,
and 0.6

(a)

FIGURE 1

(b)

Rock mechanics test system and specimens: (A) RMT-150C Rock Mechanics Test System and (B) specimens for ultrafine cement, ordinary cement,

and gypsum cementing.

loading rate was 0.5 N/s. Due to the low strength of laterite
specimens, a displacement loading of 0.002 mm/s was applied.
The peak strength of specimens and stress—strain curves were
examined using uniaxial compression to investigate the
mechanical impact on the regenerated rock mass under various
water—cement ratio parameters. To reduce test error, four specimens
were prepared for each group of test programs, some of which are
shown in Figure 1B, and the discreteness of the strength of each
group was analyzed. The discrete coefficient was greater than 0.3 for
the group of tests, and then, the data of that specimen, which
deviated from the average value, were deleted to ensure that the data
results of at least three specimens in each group were similar. Then,
one of those specimens was deleted. The intervals of strength
discrete coefficients of superfine cement, ordinary cement,
gypsum, and laterite specimens with different water-cement
ratios were [0.033, 0.236], [0.078, 0.225], [0.056, 0.247], and
[0.059, 0.286], respectively, according to the results of the
calculation of the peak strength dispersion coefficients of
the specimens.

3 Analysis of test results

The specimens constructed according to the test program were
tested in uniaxial compression, and the results are given in Figure 2.
The peak intensity increase percentage is shown in Table 2, where
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the curve is labeled UCO0.5-3, where “US” stands for ultrafine cement,
“OC” stands for ordinary cement, “GS” stands for gypsum sample,
“LS” stands for laterite sample, “0.5” is the water—cement ratio, and
“3” indicates that the third of the four specimens is chosen for
analysis, and the selection rule is as follows: the specimen with peak
strength closest to the average of the four specimens is chosen,
and so on.

3.1 Experimental analysis of ultrafine
cements with varying water—cement ratios

According to the uniaxial compression test results of ultrafine
cement specimens with different water—cement ratios, as shown in
Figure 2A and Table 2, the fractured rock mass strength improves
greatly in the interval of the water—cement ratio [0.5-0.8] of ultrafine
cement. However, there is a peak, and the fractured rock mass
strength is maximal when the water—cement ratio is 0.7. As a result,
neither a higher nor a lower water-cement ratio consistently leads to
a better cementing effect. If the water—cement ratio is too high, the
cementing cycle of the broken rock mass becomes longer, with an
increased risk of cementing material loss. Conversely, if the
water—-cement ratio is too low, it becomes difficult to bind the
broken rock mass together. The percentage increase in the strain
value when the specimen reaches the peak strength when the
water-cement ratio increases from 0.5 to 0.8 is 60%, 70%, and
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FIGURE 2

Stress—strain curves of four cementitious materials: (A) superfine cement; (B) ordinary cement; (C) gypsum; and (D) laterite.

TABLE 2 Percentage increase in the peak strength of the rock mass under different water—cement ratios of four cementing materials.

Proportion of increase in peak intensity/% (water—cement ratio 0.5 as the control group)

uc ocC GS

0.6 ‘ 141.77 15.18 47.44 ‘ —-20.34
0.7 183.11 —24.63 0.83
0.8 ‘ 163.72 ‘
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40%, respectively, indicating that the vertical deformation at the
peak strength of the crushed rock increases, and the elastic
properties are enhanced when the water-cement ratio of ultrafine
cement increases in this range, but there are also peaks.

3.2 Experimental analysis of ordinary
cements with varying water—cement ratios

The uniaxial compression test results of ordinary cement
with  different
Figure 2B and Table 2, indicate that specimens with a

specimens water-cement ratios, shown in
water—cement ratio of 0.6 have the highest strength. The change
in the strain value at the highest strength of specimens demonstrates
that the varying water-cement ratios of conventional cement have
only a small impact on the vertical deformation of the fractured rock
mass after consolidation. When ordinary cement is used as a
cementing material, the value of its water-cement ratio has a
greater influence on the strength of the crushed rock but lesser
influence on the vertical deformation at peak strength. The crushed
rock achieves its highest strength and the best cementing effect when

the water—cement ratio is controlled at 0.6.

3.3 Experimental analysis of gypsum with
varying water—cement ratios

The uniaxial compression test results of gypsum specimens with
different water—cement ratios, as shown in Figure 2C and Table 2,
reveal that as the water-cement ratio of gypsum increases from
0.5 t0 0.6, the peak strength and strain value of the specimen increase
gradually, respectively. The change is not notable when it increases
to 0.7, but the residual strength at the end of the curve is higher and
lasts longer than with a water—cement ratio of 0.5, indicating a
considerable improvement in bonding performance. As a result,
when gypsum is used to cement crushed rock, the value of the
gypsum water—cement ratio has a significant impact on the strength
of the crushed rock. When the water—cement ratio is maintained at
0.6, the crushed rock has the highest peak and residual strength, the
best cementing effect, and the longest resistance to deformation.

3.4 Experimental analysis of laterite with
varying water—cement ratios

Because the laterite material is easy to soften when exposed to
water when the water-cement ratio is 0.7, the degree of laterite
softening is more significant, and the cementation capacity is low,
resulting in a significant reduction in the strength of the cemented
rock mass. The friction force within the coal gangue is not enough to
support its stability. This group of solutions was eliminated because
the laterite specimens could not be cemented into a form at a
water—cement ratio of 0.7. The uniaxial compression test results of
gypsum specimens with different water-cement ratios, as shown in
Figure 2D and Table 2, reveal that the strength of specimens using
laterite as the cementing material increases to varying degrees when
the water-cement ratio is between 0.4 and 0.6, with the highest
strength achieved at a ratio of 0.5. The percentage increase in the
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strain value at the highest strength of the specimen is 20% and 44%,
showing that the greater the water-cement ratio during this period,
the greater the vertical deformation at the peak strength of the
specimen, and the stronger the elastic characteristics. As noted in the
graph, there is a residual linear phase following the peak strength
that also retains high resistance to deformation, and the specimen is
quickly destroyed after this phase. As a result, when laterite is
utilized as the crushed rock cementing material, the compressive
and residual strength of the crushed rock is greatest when the
water—cement ratio is 0.5.

In summary, the water—cement ratio of the four materials is not
a simple positive and negative correlation with the peak strength of
the rock mass but a quadratic function relationship. From the overall
stress—strain curve, the cementation ability of ultrafine cement is the
strongest, followed by ordinary cement, gypsum, and laterite. In
addition, except for laterite, the other three cementing materials
have a certain bearing capacity in the later stage of the stress peak,
and there is an obvious residual strength stage, which is mainly
borne by the friction force between the particles of the coal
gangue. It shows that the recycled rock mass formed by the
natural compaction of the broken rock mass in the goaf under the
action of roof gravity has a certain bearing capacity and then
carries the roof pressure.

4 Analysis of acoustic emission
test results

4.1 Calculating the b-value of
acoustic emission

Acoustic emission sensors convert mechanical vibrations caused
by damage inside or on the surface of a rock into an electrical signal.
If acoustic emission is regarded as a microseismic activity, the
deformation damage characteristics of weakly cemented fractured
rock masses under these four cemented material conditions can be
analyzed using the value of the relevant parameter b in the seismic
magnitude—frequency relationship equation formulated by B.
Gutenberg and C. F. Richter (Song et al., 2019; Wu et al., 2023).
The magnitude is replaced by the amplitude when calculating the
value of parameter b in the G-R relationship (Liu et al., 2017):

IgN = a-b(Au/20), (1

where A ;p is the maximum amplitude of the acoustic emission event
in decibels, A 5 = 20 IgA 105> Amax denotes the maximum amplitude
of the acoustic emission event in microvolts, a is an empirical
constant, and b denotes the b-value of the acoustic emission.

The pre-gain of the acoustic emission monitoring system in this
article is 50 dB, the sampling frequency is 10 Msps, and the threshold
value is 45 dB. According to the statistics of the number of acoustic
emission events, the total number of events varies greatly between
different cementitious materials. Therefore, when selecting the
number of sample events, the samples are selected according to
the total number of events of the specimen itself. The sample
window is selected between 1/10 and 1/14 of the total number of
samples, and the sample windows of superfine cement, ordinary
cement, gypsum, and laterite specimens are 200, 70, 50, and 300,
respectively. According to the findings of the literature analysis, the
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computation of b-values using the maximum likelihood technique
has fewer and more stable errors than the least squares method, and
the correction of the value of b in Equation 1 using the maximum
likelihood method yields the following equation (Dong and Zhang,
2020; Zhao and Liu, 2021):

(201ge)
(A - Amin>,

where A represents the average amplitude and A,,;, represents the

b= (2)

lowest amplitude.

4.2 Analysis of the acoustic emission
monitoring results of ultrafine cement

From the amplitude value of the acoustic emission test
combined with Equation 2, the b value can be calculated.
According to the variation in the AE cumulative number (Y G)
and ringing count () N) during the loading process, it can be divided
into four periods: crack compaction period, crack stable
development period, crack unstable development period, and
failure period. It can be observed from the energy accumulation
and ringing count changes in ultrafine cement specimens given in
Figure 3A. In the fissure compaction period, the energy
accumulation number curve is approximately horizontal, and the
ringing count tends to be 0. This is because the rock mass is in the
elastic deformation stage, and no new cracks are generated inside the
rock. This stage takes approximately 400 s, and the b-value of
acoustic emission changes from a large decrease to a large
increase. This shows that the pores inside the regenerated rock
mass are gradually compacted at this stage. In the stable
development period of cracks, damage began to appear inside the
rock mass, cracks gradually increased, energy accumulation and
ringing count curves increased, and cracks began to appear outside
the rock mass. At this time, the b-value decreased, then increased,
and then stabilized. This shows that the acoustic emission in this
stage changes from a small event to a large event, the failure of
regenerated rock mass changes from small crack failure to large
crack failure, and finally, the crack develops stably. In the unstable
development period of cracks, with the increase in load, the rock
mass enters the plastic stage, the sliding friction between the broken
rock masses increases, and the external cracks gradually expand. The
occurrence of the acoustic emission “quiet period” in this stage does
not mean that the energy and ringing count are absolute “0” but are
similar to “0” relative to the higher count. This shows that the
superfine cement is well cemented to the broken rock mass, and the
tensile shear failure does not easily occur between the particles,
resulting in a relatively small number of crack events in this stage.
The b-value decreases first, then increases, and finally tends to be
stable, indicating that the acoustic emission at this stage changes
from a small event to a large event, the broken rock mass changes
from small crack failure to large crack failure, and finally, the crack
develops stably. In the failure period, the external crack expands
rapidly, the deformation is gradually obvious, the degree of mutual
friction and impact between rock blocks increases, the signal is
enhanced, and the ringing count and energy accumulation count
increase greatly. When the load exceeds the maximum friction
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between rock blocks, the specimen is destroyed quickly. In this
stage, the b-value decreases, the regenerated structure is mainly the
development of large cracks, and the energy accumulation and the
vibration forest count suddenly increase greatly, indicating that the
specimen will be completely destroyed.

4.3 Analysis of the acoustic emission
monitoring results of ordinary cement

The energy accumulation and ringing count changes in ordinary
cement specimens given in Figure 3B show that the time of 200 s in
the compaction stage is about 1/2 of that of ultrafine cement
specimens. This shows that the cementation ability of ordinary
cement is not as good as that of ultrafine cement, which leads to the
shortening of fracture compaction time, and the b-value of acoustic
emission increases gradually at this stage, which is mainly
dominated by micro-fracture expansion. The law of the crack
stable development period is basically similar to that of ultrafine
cement, and the energy and ringing count begin to increase,
indicating that cracks begin to appear inside the rock mass at
this stage. When entering the unstable development period of
cracks, ordinary cement does not show the “quiet period” of
acoustic emission but shows the unstable development of cracks.
This is because the cementation ability of ordinary cement is weaker
than that of ultrafine cement, the dispersion degree of broken rock
mass is relatively high, and the amount of friction and impact
between the particles/surfaces of coal gangue is higher. The b-value
gradually decreases at this stage, indicating a transition from micro-
fracture expansion to large fracture expansion. The behavior of the
two materials in the failure period is basically the same, and the
b-value decreases sharply, indicating that the regenerated rock mass
at this stage experiences large crack expansion.

4.4 Analysis of the monitoring results of
gypsum acoustic emission

The energy accumulation and ringing count changes in gypsum
specimens given in Figure 3C show that the compaction stage lasts
approximately 70 s, which is shorter than that of the first two
materials. This shows that the cementation ability of gypsum is
weaker than that of the first two materials, which leads to a decrease
in crack compaction time, and cracks begin to appear inside the rock
mass at this stage. In the last three stages, the changes in the acoustic
emission and its b-value are basically the same as those of ordinary
cement, and no analysis is done here.

4.5 Analysis of the acoustic emission
monitoring results of laterite

The energy accumulation and ringing count changes in laterite
specimens given in Figure 3D show that the compaction period lasts
approximately 50 s, which is shorter than that of the first three
cementing materials. This shows that the laterite cementation ability
is the weakest, resulting in the shortest crack compaction period, and
a large number of cracks are generated inside the rock mass at the
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Acoustic emission test and b-value acoustic emission characteristics for four cementitious materials: (A) superfine cement; (B) ordinary cement; (C)

gypsum; and (D) laterite.

initial stage. The change in the stable development period of the
fracture is similar to that of the first three materials, which is not
repeated here. In the unstable development period of cracks, there
are multiple periods of the acoustic emission “quiet period,”
consistent with ultrafine cement, which may be related to the
displacement loading mode of laterite. Due to the weak
cementation ability of laterite, the compressed broken rock mass
is easy to loosen, and when the loading plate moves down at a
constant speed, it takes a certain time for the loose broken rock mass
to be compacted again. This time is the key reason for the “quiet
period” of acoustic emission. Multiple “loose compactions” result in
multiple “quiet periods” of acoustic emission. During the whole
loading process, due to the weak consolidation of laterite, the sliding
friction force between the particles/surfaces of broken rock mass is
small, and the vibration signal is less, which leads to the lowest
energy accumulation and event count of the laterite specimen
compared with the other three materials. The failure stage is
similar to that of the other three cementing materials, which is
not described here.

Frontiers in Built Environment

In summary, the comparative analysis of the time of compaction
period and the energy accumulation output to the outside world
shows that the cementation ability of ultrafine cement is the
strongest, followed by ordinary cement, gypsum, and laterite. The
system’s input energy is lower, the rock mass breaks after loading,
and the vibration signal produced by the release of mechanical
energy is weaker because the cementation strength between the
particles of the poorly cemented samples is not high. This is the
cause of the low activity of the signal detected by acoustic emission.
During the failure period, except for laterite, the acoustic emission
energy accumulation and event count increased significantly, which
reflected that laterite had the weakest consolidation ability among
the four consolidation materials. In the late stage of the third stage,
the b-value of the regenerated structure of superfine cement
increased gradually, and the regenerated structure of laterite
fluctuated in the middle stage, which was related to the “quiet
period” of the acoustic emission signal. At this time, microcrack
failure was the main failure mode. The decrease in the b-value in the
failure period means that the load is about to exceed the sliding
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TABLE 3 Standard deviation of the acoustic emission b-value of different cemented specimens.

Specimen Standard deviation Specimen Standard deviation
Specimen UC2-3 0.123784 Specimen GS2-2 0.022791
Specimen OC2-4 0.064511 Specimen LS2-4 0.002406
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Electron microscope scanning test diagram of the ultrafine cement-bonded regeneration structure.

friction force between the particles/surfaces of broken rock mass,
and the specimen is completely destroyed soon. The standard
deviation of the b-value of acoustic emission is shown in Table 3.
Table 3 shows that the b-value of the ultrafine cement sample
fluctuates most in the positive direction, and the microcrack
propagation of the specimen is the most stable.

5 Analysis of the microstructure
characteristics of the extremely weak
cementation regeneration structure

The internal microstructure of the extremely weak cementation
regeneration structure has a great influence on its strength. The
microstructure near the cementation interface of the extremely weak
cementation rock sample was tested using a SU3500 Hitachi new
generation ultra-high-resolution tungsten filament scanning
electron microscope, as shown in Figures 4-6. “UC,” “OC,” “GS,”
and “0.7” in the diagram are consistent with those in Section 2.
“FRM” denotes “fractured rock mass,” and “BI” denotes “bonding
interface.” Because the regenerated structure of laterite cementation
is very loose and difficult to sample, only the other three regenerated
structures are sampled and tested, but this is enough to reflect the
internal microstructure characteristics of the regenerated rock mass.
On the whole, the cementation effect of the regenerated structure is
poor. There is a clear gap at the junction of the broken rock sample
and the cement, which is not completely filled. Under the action of
external force, it is easy to produce the internal surface-surface
sliding of the rock sample, resulting in structural instability and
failure. This is the reason for the low strength of the extremely
weakly cemented regenerated rock mass. It is also observed that
there are many pores on the surface of the cement, the structure is
loose, and the bearing capacity is low, which is why the acoustic
emission takes a long time in the pore compaction stage.
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Figures 4A-C shows that the surface of the ultrafine cement
filling is composed of some small particles and a thin sheet structure
to form a large cementing body. The two substances are mixed and
interwoven, resulting in a lamelliform structure. The pores are the
gaps between the two substances that are not completely interwoven.
It is also observed that the pores of the regenerated structure of
ultrafine cement are small, and there are small gaps in the bonding
interface. The surface of ordinary cement filling is composed of some
small particles and large stones bonded to each other to form a
cement body. The two particles are interconnected and intertwined,
resulting in a flocculent structure, and the pores are distributed
between the flocculent structures, as shown in Figures 5A-C. The
gap between the pores of the ordinary cement regeneration structure
and the cementation interface is obvious. Similar to ordinary
cement, the surface of gypsum filling is composed of some small
particles and large stones, which are bonded with each other to form
a cementing body with a honeycomb structure, as shown in
Figures 6A-C. Compared with the first two cellular structures,
the gap between the pores on the surface of gypsum filling and
the cementing interface is more obvious. The porosity of the filling
and the cementation degree of the cementation interface have a great
influence on the overall strength of the regenerated structure. The
larger the orifice, the more the pores, and the larger the cementation
interface gap. As a result, the regenerated structure is more likely to
cause structural instability and failure under an external force. This
further shows that the strength of the gypsum-cemented recycled
rock mass tested in the laboratory is low, followed by ordinary and
ultrafine cement.

In summary, there are many pores in the regenerated structure
rock sample of the extremely weakly cemented rock mass, and the
gap between the cementation interfaces is obvious, the structure is
loose, and the cementation is very poor. Under the action of load, it
is easy to produce the internal surface-surface sliding instability
failure of the regenerated structure rock sample and the shear failure
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Electron microscope scanning test diagram of the ordinary cement-cemented regeneration structure.
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Electron microscope scanning test diagram of the gypsum cementation regeneration structure.

along the filling body area with more pores. Because of the poor
filling of the regenerated structure, some broken rock masses fail to
fill, so they may be destroyed first at the unfilled place.

6 Numerical simulation

6.1 Making a clump template and assigning
parameters to it

In order to explore the stress and failure characteristics of the
extremely weakly cemented regenerative rock mass, this paper uses
PFC discrete element particle flow simulation to better understand
the interior mechanical properties of the extremely weakly cemented
regenerated rock mass and its damage forms. The particle flow
model (PFC) includes the contact bond model (CBM) and parallel
bond model (PBM). Some studies have shown that the PBM is more
suitable for simulating the mechanical properties and failure
characteristics of rock materials, and the PBM can be considered
a set of springs with normal strength and tangential strength,
uniformly distributed on the contact surface, and can transmit
force and torque at the same time (Tang et al, 2020; Huang
et al, 2017). Thus, the dispersion degree of weakly cemented
rock mass, as well as the force and displacement rule of weakly

Frontiers in Built Environment

cemented rock mass, is studied in this research using the particle
flow linear PBM. It would be too idealized to replace fractured rock
masses with spherical shapes based on their different shapes and
uneven surfaces, which cannot reflect the real state of the angular
and uneven rock masses and cannot realize the characteristics of the
real fractured rock masses in the bearing process of occlusal friction
and stress concentration. Given this, in this paper, the three-
dimensional modeling method of a real scene is used to model
the broken rock mass of four representative shapes, and then, the
three-dimensional model is imported into numerical simulation
software for numerical calculation. The specific operation is as
follows: the four most representative shapes of fractured rock
masses are photographed, scanned, and modeled using CC
Software, and the scanned models are imported into Rhino
software to generate and divide the mesh. The divided mesh is
imported into ZB software for mesh closure before the surfaces are
generated and combined into a body. Finally, the models are
stored as stl files and imported into the PFC simulation program
to build clump templates. Verification when the ratio = 0.1 and
distance = 150 shows that clump templates can well restore the
original look of the four types of blocks, as shown in Table 4. A
“clump” is a stiff-cluster template that cannot be broken; in the
primary state, broken rock is held together by cementation,
which lies on adhesion and friction between the blocks. Since
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TABLE 4 Shape of the broken rock mass and its mesh are generated with the clump template.

Broken rock mass Physical picture

Cubic shape

3D scan model “Clump” template

Prismatic shape

Bar shape

Flat block

»
»
S
W

£

4
>
|

TABLE 5 Calibration results of the mesoscopic parameters of the broken gangue sample particle flow numerical model.

Mesometric parameter name/unit

Numeric value

OoC GS

Ball_kn/N-m™ 2.5e8 2.3e8 2.0e8 1.6e8
Ball_ks/N-m™! 1.9¢7 1.8e7 1.6e7 1.2¢7
Radius ratio 1.125 1.25 1.35 1.475
Ball_density/kg-m™ 3,000 2,800 2,500 2,100
Wall_kn/N-m™ 2.0e6 2.0e6 2.0e6 2.0e6
Wall_ks/N-m™ 2.1e6 2.1e6 2.1e6 2.1e6
Ball_frictional 0.30 0.30 0.30 0.28

Wall_frictional 0.0 0.0 0.0 0.0
Pebble_kn_value/N-m™ 1.4el2 1.3el2 1.2el2 1.0e12
Pebble_ks_value/N-m™* 1.4e12 1.3e12 1.2e12 1.0e12
Pebble ten_value/MPa 1.8¢7 1.6e7 1.5e7 1.0e7
Pebble_coh_value/MPa 1.8e6 1.7e6 1.4e6 1.1e6

the cementation strength is extremely low, the block is not
easily damaged.

Based on the stress—strain measured by uniaxial compression in
Section 3 and the test results of standard samples of 50 mm x
100 mm prepared from four types of cementing materials, the meso-
parameters of the particle flow numerical model are calibrated to
simulate the stress and failure characteristics of four different
cementing materials. The meso-parameter calibration results of
the particles are shown in Table 5.

6.2 Displacement and skeletal force chain
distribution properties of regenerated
rock masses

The model is shown in Figure 7A and is based on a numerical
model of particle flow of four representative types of shapes, namely,
cubic, prismatic, bar, and flat block, as well as a random distribution
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of spherical particles filling the entire square box according to 20% of
their respective volumes, where spherical particles are used for
cementation. The fine-view properties of ultrafine cement
particles were used to assign values to the model, and the loading
mode of the model was adjusted to displacement loading. Figure 7B
depicts the axial displacement characteristics of the regenerated rock
mass. The displacement of the top and bottom ends of the model is
large, while the displacement of the middle part is small, which is
consistent with the loading effect. However, the particle distribution
of the displacement occurring at the top and bottom ends of the
model is not absolutely symmetrical due to the different
displacement values of blocks of different shapes.

A skeletal force chain is defined in a PFC aggregate as a chain-
like structure composed of neighboring particles whose contact force
is greater than the average contact force, and the stability of the
skeletal force chain is bounded by the particles of the weak contact
system surrounding it. As a result, the skeleton force chain bears the
majority of the external load throughout the system’s compression
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Model that was created and its axial displacement: (A) model of a very weakly cemented fractured rock mass and (B) axial displacement of the

regenerated rock mass; its unit is mm.

phase. Figure 8 depicts the mechanical properties of the particle
skeleton within the crushed rock. The amount of the contact force is
represented by the darker color of the skeleton force chain and the
thickness of the chain in the picture, and the darker the color, the
thicker the chain, which indicates that the contact force at that
position is bigger and vice versa. The skeleton force chain is not
constant; as the external load increases, the skeleton force chain
bearing the greater load will be the first to break due to stress
concentration, resulting in a decrease in the skeleton force chain
contact number. Finally, the skeleton structure bearing the load as a
whole is destabilized and destroyed, which is the primary cause of
damage within the broken rock mass. The skeletal force chain is
densely distributed around the four corners and sparsely distributed
in the center in the early stage of loading, indicating that stresses are
mostly focused around the four corners at the early stage of loading,
as shown in Figure 8A. Figure 8B shows that the number of skeletal
force chain contacts increases before loading to peak strength, the
contact force between the left and right sides increases, and the
bearing capacity gradually improves, indicating that the crushed
rock mass gradually shifts from carrying at the four corners to
carrying at the left and right sides before entering the peak stress.
When entering the peak loading period, the number of skeletal force
chain contacts reaches a maximum, and the skeletal force chains on
the left and right sides are thicker, darker, and more abundant, as
shown in Figure 8C, indicating that the stresses during the peak
strength period are primarily concentrated on the left and right
sides. The bearing capacity of the rock mass reaches a maximum at
this time. When entering the late peak period, the skeleton force
chain contact number decreases, and the central part becomes
thicker and darker, as shown in Figure 8D, indicating that when
entering the late peak period due to the over-concentration of stress
on the left and right sides, skeleton force chains undergo damage, the
contact number decreases, the bearing capacity decreases, and the
bearing on both sides gradually shifts to the central bearing.

In summary, the skeletal force chain’s thickness, number of
contacts, contact force magnitude, and distribution characteristics
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vary with the loading duration, and the skeletal force chain carries
the majority of the external load. The entire loading process can be
divided into four periods based on the distribution characteristics of
the skeleton force chain, namely, “early, peak strength, pre-peak
strength, and late peak strength,” corresponding to the regenerated
rock bearing changes of “four corners - four corners and two sides -
two sides - central.”

6.3 Damage features of regenerated rock
masses are simulated

In order to further explore the failure characteristics of
extremely weakly cemented regenerated rock mass, the PBM is
selected in this paper. The model size is 150 mm x 150 mm x
150 mm, and a radius of large particles of 0.005-0.007 is chosen to
simulate the damage from inside the regenerated rock mass using a
“clump” pentagon instead of the shape of the broken rock mass in
the section to further investigate the damaged form of the
regenerated rock mass. The data showed that the radius of
ordinary cement is 2-4 times that of ultrafine cement; the
particle size of gypsum and ultrafine cement is similar and in the
range 10-20 um. In ultrafine cement and gypsum cementing
materials with small particles of 0.0002-0.0004 um instead, the
volume ratio of large and small particles is 0.60 and 0.40 and 0.65,
and 0.35, respectively. Ordinary cement and laterite were substituted
with particles with radii of 0.0005-0.0007, and the volume ratios of
tiny and big particles were 0.50 and 0.50, and 0.55 and 0.45,
respectively. All the particles created followed a random
distribution with a porosity of 0.12. The number of particles for
superfine cement, regular cement, gypsum, and laterite particles
were 20,318; 15,016; 23,361; and 18,145, respectively.

The damage of the four cemented material specimens and PFC
simulation results, as shown in Figures 9, 10, show that the four
materials exhibit “X-"type tensile and shear damage, which is
consistent with the bearing trend of the skeleton force chain
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FIGURE 8

Distribution of the skeletal force chain throughout the regenerated rock mass for four distinct loading durations, and the unit of the skeletal force
chain is N: (A) early loading phase; (B) pre-peak strength period; (C) peak strength period; and (D) late peak strength period.
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FIGURE 9
Specimen destruction diagram of different cemented materials: (A) superfine cement; (B) ordinary cement; (C) gypsum; and (D) laterite.

Frontiers in Built Environment 12 frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2024.1207832

Wang et al.

10.3389/fbuil.2024.1207832

(a)

(b)

FIGURE 10
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Simulated fracture failure plots for different cemented materials: (A) superfine cement; (B) ordinary cement; (C) gypsum; and (D) laterite.
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FIGURE 11

Simulation of failure stress—strain curves for different
cemented materials.

“four corners - four corners and both sides - both sides - middle.”.
The fractures sprout and develop from the left and right sides of
the specimen at first, and the center of the specimen bears the
majority of the burden following the damage on both sides. On
one hand, this is due to the elastic-plastic material being readily
destroyed by tensile-shear force, and on the other hand, the
regenerated rock has poor cementation and extremely low
bearing capacity, making it prone to tensile-shear
rupture under load.

The stress—strain curves while modeling the fracture damage of
the regenerated rock are given in Figure 11. Based on the fine-view
parameters of different cementing materials, the compressive
strength of superfine cement is the highest, followed by
conventional cement, gypsum, and laterite, and the peak stress
and strain values at the peak are almost identical to the findings
of indoor testing. As a result, the order of cementing material
selection should be superfine cement, ordinary cement, gypsum,
and laterite with corresponding water—cement ratios of 0.7, 0.6, 0.6,
and 0.5, respectively, which serve as a reference for the cementing

material selection and water—cement ratios for the broken roof of the
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mining void area of 5304 working face and the mining void area of
5306 working face in the Zhoujing Coal Mine.

7 Analysis of the strength
characteristics of the regenerated
rock mass

7.1 Analysis of the fracture of the
regenerated rock mass

The analysis of electron microscope scanning results shows that
the cementing material acts as a cementing medium so that the
broken rock mass is bonded to form a bearing structure. However,
due to the low filling rate of cementing material, more internal pores,
and loose structure, the bearing capacity is weak, and the force is
easy to be destroyed again (Wang et al., 2019b; Zhao et al., 2021; Wu
et al., 2022). When combined with the PFC simulation of
regenerated rock damage, the extremely weak cemented rock
damage may be classified into three types: 1) cemented material
pulling shear damage, as shown in Figure 12A (CM stands for
cementing material); due to the small thickness of the cemented
poor bearing capacity, the force is easily destroyed; 2) damage along
the cementing surface of the cementing material and the broken
rock, as shown in Figure 12B, due to the rough surface of the
fractured rock and the poor filling rate of the cementing material,
resulting in a limited cementing region prone to tensile-shear
damage; and 3) damage along the unfilled area owing to very
dense contact between the fractured rock masses, resulting in the
failure to fill or extremely poor filling rate of the cementing material,
which is sustained solely by static friction between the rock masses
when subjected to stresses, as shown in Figure 12C.

7.2 Analysis of the bond strength of the
recycled rock mass

The foregoing study shows that the peak strength of the
regenerated rock mass is due to the cementation strength,
cohesion between the filling material and the rock mass, and
friction. The stress—strain curve given in Figure 2 shows that the
residual strength values of the same material with different
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Three forms of destruction of regenerated rock masses: (A) rupture along the cementing material; (B) rupture along the cementing surface between
the cementing material and the rock mass; and (C) rupture along the unfilled region between the rock masses.

water—cement ratios are essentially similar in the post-peak stage,
indicating that the cementing material has little influence on the
residual strength and that the residual stage is primarily supported
by the frictional effect between the rock blocks. Because the
cementation thickness is so thin, the cementation effect is
comparable to the cohesive effect of the filling material and the
rock mass and is referred to collectively as the bond strength. As a
result, the binding strength of the filler and the rock mass is defined
as the peak strength minus the residual strength after the peak (He
et al., 2018b), as shown in Equation 3:

0 =0, +0, (3)

where o is the peak strength of the regenerated rock mass; o, is the
bond strength between the filler and the rock mass; and o is the
residual strength of the regenerated rock mass, ie., the friction
strength. Peak strength versus water—cement ratio has a quadratic
function relationship, according to the fitted curve in Figure 2. Then,
their equations are as follows:

o= [A (w/co)’ + B(w/co) + D]O’C, (4)

where w/c is the water—cement ratio, o. is the standard compressive
strength of the filler, and A, B, and D are constants. If the friction
between the rock masses is represented by a laminated rock mass
subjected to shear force, ie., 05 = 75, the Mohr-Coulomb criteria
may be used to obtain the following equation:

— z“?:1 (Ts»i) (5)
*n(i=1,23.,n)
Toi = G + 0N U, (6)

where 7; is the shear strength of the regenerated rock mass, c is its
cohesion, oy is its normal stress, and u is its friction coefficient,
u; = tan ¢,. The binding strength equation between the filler and the
rock mass is produced by substituting Equations 4-6 into
Equation 3:

o, = [A(w/co)2 +B(w/cy) + D]*ac — ¢ —oN U (7)
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According to Equation 7, the water-cement ratio of the four
cementing ingredients and the compressive strength and bond
strength of the regenerated rock mass have a quadratic function
connection. The values of constants A, B, and D may be determined
using Equation 4 and the test data on the four cementing materials
from Section 2, and the results are given in Table 6.

The quadratic expression of the relationship between the
different water-cement ratios of the four cementing materials
and the compressive strength of the regenerated rock mass can
be obtained from the data given in the above table, and when these
values are input into Equation 7, the relationship between the bond
strength of the four cementing materials and the water—cement ratio
is derived as follows:

Ultrafine cement: o, = 70 [—1.457 (w/co)*

+2.2 (w/cy) — 0.616] — ¢; — oN ;.

Ordinary cement: 0, = 32.5[-7.492 (w/co)?
+8.654 (w/Co) - 2.181] —Cj — (TN,,'*M,‘.

Gypsum: 0, = 25[-8.22 (wlco)?
+9.866 (LU/C()) - 2706] —Ci — (TN,,'*M,‘.

Laterite: o, = 1.2[-8.75 (w/co)?
+9.042 (LU/C()) - 2042] —Ci — (TN,,'*M,‘.

7.3 Discussions

Due to the low degree of cementation and filling rate of the
fractured rock mass in this study, there are many pores inside and on
the surface of the very weakly cemented rock mass. A large part of
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TABLE 6 Test parameter values for the four cemented materials.
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Cementing Standard compressive Peak Water—cement A-value B-value D-value
material strength (o.)/MPa strength ratio (w/cq)
(or)/MPa
Ultrafine cement 70 12.51, 14.65, and 0.6, 0.7, and 0.8 —1.457 22 -0.616
14.75
Ordinary cement 32.5 8.87, 10.21, 0.5, 0.6, and 0.7 —7.492 8.654 -2.181
and 6.68
Gypsum 25 4.3, 6.36, and 4.31 0.5, 0.6, and 0.7 -8.22 9.866 -2.706
Laterite 1.2 0.21,0.35,and 0.28 04, 0.5, and 0.6 -8.75 9.042 -2.042

the mechanical vibration signal intensity emitted by cracks and
collisions inside the rock mass under load is weakened by the pores,
resulting in a low total number of events collected by acoustic
emission. Based on this, when calculating the acoustic emission
b-value, the sample window selection will be affected, and the low
number of events selected in the sample window will lead to an
increase in the error of the acoustic emission b-value. Due to the
limitations of the test conditions, only one acoustic emission probe is
used for data acquisition. If four acoustic emission probes are used,
we may be able to avoid the above-mentioned situation of low total.
The bond strength of the regenerated rock mass is analyzed in this
paper based on the stress-strain curve and the variation
characteristics of the peak strength, but it is unclear whether the
lateral deformation of the regenerated rock mass is the same for
different cementing materials or whether the lateral strain is related
to the bond strength of the regenerated rock mass. Only
3-4 water-cement ratio data were used in the paper to fit a
quadratic function to the peak strength, and the number of
parameter samples was somewhat inadequate, affecting the
applicability of the fitted equations but still reflecting the overall
pattern of the effect on the peak strength of the regenerated rock
mass based on the range of water—cement ratios used in this paper.
Furthermore, as the number of water—-cement ratio tests increases,
whether there is a Gaussian distribution law for the peak strength of
the regenerated rock masses with respect to the water—cement ratio
merits further investigation.

8 Conclusion

(1) According to uniaxial compression tests performed on
crushed rock from the four cementitious materials,
superfine cement has the highest compressive strength and
the best cementitious qualities, followed by conventional
cement, gypsum, and laterite. There exists a quadratic
function relationship between the variation characteristics
of different water—cement ratios of the four cementing
materials and the peak strength of the regenerated rock
mass, and the Mohr-Coulomb criterion can be used to
find the quadratic expressions of the bond strength and
water—cement ratio between the filling and the

fractured rock mass.

Acoustic emission is an effective technology for monitoring

crack activity and energy changes in rock mass. The initial

compaction period of ultrafine cement is the longest, and the
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cumulative value of pre-peak energy is the largest, indicating
that ultrafine cement has the most pre-peak energy storage
and better elastic performance. The b-value of acoustic
emission decreases sharply, indicating that the regenerated
structure is completely destroyed soon, and the dynamic
fluctuation in the overall increase in the b-value of acoustic
emission of ultrafine cement specimens is the largest. The
expansion of micro-cracks is the most stable.

The cementation interface area of the regenerated structure of
the extremely weakly cemented rock mass was tested by
scanning electron microscopy. The results show that there
are many pores in the regenerated structure rock sample of
extremely weakly cemented rock mass, and the gap between
the cementation interfaces is obvious, the structure is loose,
and the cementation is very poor. Under the action of load, it
is easy to produce the internal surface-surface sliding
instability failure of the regenerative rock sample, and the
shear failure occurs along the filling body area with
more pores.

The displacement of the top and bottom ends of the
regenerated substantial, the
displacement of the central section is minimal, as can be

rock mass is while
observed by the numerical simulation of four example
shattered  rock  blocks. The

sides—middle” force-bearing development is the cause of

“four  corners—two
the “X-"shaped damage features of the regenerated rock
mass. The regenerated rock mass had three different types
of damage, which were confirmed through the electron
microscope scanning test: 1) shear rupture along the
cementing material; 2) rupture along the cementing
interface between the cementing material and the rock
mass; and 3) rupture along the unfilled area.
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