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Abstract. The spatial size effect (SSE) of the broken-expansion mass is crucial in mining engineering, particularly with the
promotion of the 110/NO0 mining method. We analyzed the broken-expansion characteristics of bulking mass and introduced
the space ratio and SSE coefficient to understand the SSE of broken-expansion mass. The results and analyses show a clear SSE
in broken-expansion mass, and the suggested space ratio can be utilized to describe SSE. When the space ratio increases, the
initial (K1) and residual (Kr) broken-expansion factors increase, and the greater the space ratio, the more rapidly the increase. Ki
generally determines Kr, but the compression inhibits SSE. The proposed SSE coefficient can express the SSE and the
inhibition. Additionally, the SEE coefficient explains the SSE differentiation in the displacement characteristics. A larger space
ratio leads to a greater volume reduction. Meanwhile, the bulking samples show a growing compressive capacity, and it can
benefit from a smaller accumulation area. Compression failure in bulking mass is a dynamic process where structures change
from loose to firm. The upper samples fail and fill voids, and the lower samples adjust positions to prevent failure. Finally, the
discussion suggests the implications to the 110/N0OO mining method.
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1. Introduction

Broken-expansion characteristic of rock is a crucial
property in underground excavation and mining (Moosavi
and Ghadernejad 2021). For example, it is essential to
consider the broken-expansion characteristic of rock in
designing the support and understanding how the mine
pressure distributes in underground mining (Bednarek et al.
2020, Guo et al. 2024, Yavuz 2004). Meanwhile, different
mining and geological conditions can cause the spatial size
effects of broken-expansion mass, including the size
variations of the rock gravel and their accumulation area
(Das 2000). The spatial size effect can further change the
broken-expansion characteristics of rock mass (Fan and Liu
2017, Genis et al. 2018). In recent years, a novel non-pillar
mining technology with automatically formed entry of
110/N00 mining method prevails in China (He et al. 2021,
Zhang et al. 2020a), in which the broken-expansion mass
plays a vital role in relieving the mining pressure (Zhang et
al. 2020b, Zhang et al. 2023, Fu et al. 2024). Therefore,
whether it is from the mining basics or the engineering
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development, understanding the characteristics of broken-
expansion mass and its spatial size effect (SSE) is crucial in
underground excavation and mining engineering.

Some scholars have studied the broken-expansion
characteristics of rock through laboratory tests, numerical
simulations, or field tests. Ma et al. (2019) tested the
crushing behavior and seepage properties of bulking rock
gangue under compression. They examined how particle
size distribution and water content impact the crushing
behavior and seepage properties of the bulking rock
gangues. Guo et al. (2019) conducted a series of creep
compaction tests on crushed mudstones with different grain
compositions, and they discussed the influencing factors on
the compaction creep behavior of the bulking crushed
mudstone. Meng et al. (2021) used a particle discrete
element method to simulate the time effect of the bulking
coefficient of the broken rock under triaxial compression,
and they analyzed how the axial and confining pressure
influenced the bulking coefficient and the deformation
characteristic. Li et al. (2021) used the particle flow
simulation to conduct a study on the bulking rock and
analyzed the deformation and evolution of crushed gangue
when subjected to triaxial compression. Liu et al. (2021,
2022b) conducted experiments on the bearing
characteristics of bulking gangue, and they investigated the
relationship between the lumpiness, bulking factor, and
supporting force of gangue. The existing research has
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extensively reported the compaction characteristics and
behavior of bulking rock. As the 110/NO0 mining method is
widely applied in the underground mining, a series of study
regarding the broken-expansion mass is sparked. Wang et
al. (2021) examined the compression behavior of crushed
mudstones of varying particle sizes based on the scenario of
110 mining method. The study found that particle size
significantly affects the deformation and lateral stress
exerted on support structures, and the case of larger
particles shows better deformation resistance and stability
under pressure. Zhang et al. (2019) emphasized the positive
effect of broken-expansion mass after the roof presplitting
and mining. This approach allows the caved gangue to form
a natural rib and support structure for stabilizing the gob-
side entry and reducing mining pressure. However, the
existing study lacks the fundamental research about the
broken-expansion mass in the context of 110/NOO mining
method. Meanwhile, few studies focus on the SSE of the
broken-expansion rock mass. The size effect of rock has
been a challenging topic in rock mechanics and engineering
(Fakhimi and Tarokh 2013, Haeri et al. 2017, Haftani et al.
2014). This effect is no exception for broken-expansion
rock mass. Apart from the sample size, the accumulation
area probably has an influence. The accumulation area is a
necessary consideration because of the different mining
areas in practice (Fairhurst 2017, Wang 2014).

Nowadays, the provability of rock-like materials
facilitates the research of experimental rock mechanics
because it allows for the controlled replication of rock
properties and the predefined configuration of practical
scenarios (Gell et al. 2019, Pour et al. 2022). For example,
Chang et al. (2019) used the artificial rock-like material of
gypsum to investigate the strength anisotropy of rocks with
crossing joints, and they found that joint orientation
significantly influences the anisotropic strength of the rock,
with critical failure patterns closely associated with joint
intersection angles. Yang et al. (2021) conducted a model
experimental study about rock blasting by using the rock-
like materials of gypsum to simulate the rock and to
investigate the effects of in situ stresses on pre-splitting
blasting damage and strain development, and they found
that higher in situ stresses intensified blasting-induced
damage and strain accumulation, with stress orientation
significantly influencing fracture propagation patterns. Lee
et al. (2023) adopted the rock-like materials of concrete
with varying uniaxial compressive strength to investigate
the performance of a full-scale TBM during excavation and
illustrated the influence of material strength on TBM
efficiency and wear interacting with the excavated rock.
Moghaddam and Golshani (2024) conducted an
experimental study using the rock-like material of concrete
to investigate fracture propagation in the anisotropic rock
under cyclic hydraulic fracturing. They found that cyclic
injection reduced the breakdown pressure compared to
monotonic injection and generated more complex fracture
networks, which demonstrates the potential of hydraulic
fatigue to improve reservoir stimulation. The use of rock-
like materials in experimental rock mechanics allows for a
systematic study of mechanical behaviors, fracture
mechanisms, and the effects of specific parameters under

various conditions that are challenging to replicate with
natural rock samples.

To fundamentally understand the spatial size effect of
broken-expansion rock, this work conducts the
experimental study using rock-like materials and then
explores the broken-expansion characteristics of rock and
its SSE concerning the 110/NO0 mining method. We
propose the relevant parameters of SSE and then conduct
multiple compression tests on the bulking samples, as well
as considering different sample sizes and accumulation
areas. Based on the test results, we discuss the SSE on the
broken-expansion factors, compression displacement, and
mechanical failure characteristics. The findings are
expected to enhance understanding of the broken-expansion
characteristics and its SSE, which can help optimize the
application of the 110/N0OO mining method.

2. Spatial size effect (SSE) of broken-expansion
mass in different mining methods

The roof strata above the coal seam would break and
cave during mining. Generally, three zones are formed in
the traditional mining method. According to the strata
characteristics, the three zones are the caving zone,
fractured zone, and sagging zone. As shown in Fig. 1(a), the
immediate roof directly collapses after mining. The formed
bulking rock naturally piles up in the gob, causing its
volume to expand. As the strata collapse, the main roof
slides and rotates, and the overlying strata bend and
subside. The broken rock mass is compressed in the caving
zone.

The 110/N0O0 mining method cleverly uses the broken-
expansion characteristics of rock mass to achieve the
balanced underground mining. The broken-expansion mass
plays a vital role in mitigating the mining pressure to ensure
the safety of the automatically formed roadway. As shown
in Fig. 1(b), the height of the caving zone increases under
the roof-cutting effect. The caved rock mass fills the gob,
and the broken-expansion mass provides the natural support
to resist the overburden movement. The strata movement
becomes moderate after mining compared to the situation in
the traditional mining method (Zhang et al. 2020a).

The bulking mass resembles the granular material. The
accumulation height can exceed the initial thickness of the
overlying rock deposited. This expansion characteristics can
be expressed by the broken-expansion factor K

K=c-~—m (1)

where V' is the accumulation volume of the collapsed rock
mass; Vo is the original deposition volume of the immediate
roof; H is the accumulation height of the collapsed rock
mass; and Ho is the original deposition height of the
immediate roof.

Two states always exist whether in the traditional or
110/NO0 mining method because the broken-expansion
factor changes under the compression resulting from the
strata movement. Initially, the roof falls in the gob where



Spatial size effect study of broken-expansion mass using rock-like materials under the 110/NO0 mining method 443

Overlaying strata

Surfaoe'subsldence

Bending subsidence

(a) Traditional mining method

Overlaying strata

Roof overburden
Roof cutting

P

Broken-expansion mass

movement

(b) 110/NO0 mining method

Uniform surface subsidence

Cé\rllngb zone

Fig. 1 Schematic diagram of broken-expansion characteristics of rock mass during strata movement

rock blocks pile up disorderly. The accumulated rock mass
naturally stays without the top pressure. Afterward, the rock
mass in the caving zone is compressed with the strata
movement, so the broken-expansion factor decreases.
However, the factor can still be greater than 1 because the
pressure cannot be infinite, so the rock mass is impossible
to be compressed to the original height. Therefore, there are
two factors corresponding to the initial and final states, i.c.,
the initial broken-expansion factor K; and the residual
broken-expansion factor Kg

o (0] (2)
K, =Va  He
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where V; and Vr are the initial and residual accumulation
volume of the collapse rock mass; Vo is the original
deposition volume of the immediate roof; Hyand Hy are the
initial and residual accumulation height of the collapse rock
mass; and Ho is the original deposition height of the
immediate roof.

However, there are differences in the gob-roof fracture
between the two mining methods. The working face
experiences periodic mining pressure, and the roof breaks
successively while the roof fractures upon reaching its limit
span. As shown in Fig. 2, the fractured strata can be
considered as rock blocks with equal periodic lengths and
the boundaries of fracture. In traditional mining, the gob
roof typically fractures in an "O-X" pattern, as shown in
Fig. 2(a). However, roof cutting is implemented along with
the automatically formed roadway in the 110/NOO mining
method (Fig. 2(b)). This case causes approximately regular
square fractures within the roof, as verified by Liu et al.
(2022a).

Coal pillar

NN

Fractures,
Mining
\
A
Coal pillar

(a) Traditional mining method

Next mining face

Roof cutting line| ~ Fractures

Automatically :
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RVASTmvACY,
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Fig. 2 Schematic diagram of roof fracture characteristics
of gob in different mining methods

Additionally, the broken-expansion factors of Kj and Kr
differ from different mining geological conditions. The
conditions determine the direct variables influencing the
broken-expansion factor, such as the rock block size and
filling space. The mining area, i.e., filling space, is
particular for a specific site. When the rock block size
changes, the ratio between the block size and the space
length will change accordingly. This inevitably leads to a
change in the filling density, so the broken-expansion factor
changes. The 110/N00 mining method puts more emphasis
on the role of broken-expansion characteristics of rock mass
compared to the traditional one. For simplicity and



444 Pengfei Guo, Yongxu Zhao, Xingyu Zhang, Shiwei Deng, Xiaoyun Zhang, Haijiang Zhang, Zhikang Li and Manchao He

Length = M

Length = M Length = M
| I

Fig. 3 Schematic diagram of spatial size effect of rock

excluding other influencing factors in the context of
110/NO0 mining method, we assume square rock blocks
randomly fill in a container while considering the roof
fracture features in the 110/NOO mining method. As shown
in Fig. 3, the length of filling space is M. When the rock
block size decreases, the space occupied by the
accumulated rock blocks clearly changes. Therefore, the
occurrence of SSE is associated with changes in rock block
size. Similarly, when the filling space length M changes,
there also is SSE.

To quantify the influence of SSE, we define the space
ratio S determined by the space length M and the side length
L. The space ratio S can be expressed as

L
Y 3)

The space ratio S is influenced by the accumulation area
and the rock block size. Therefore, in the three-dimensional
space, the length M should be the minimum for the
accumulation area, and the side length L should be the greatest
for the rock block. Meanwhile, it suggests that smaller area
lengths and larger rock block sizes lead to a more pronounced
spatial ratio, therefore causing SSE. However, the space ratio S
is a static index that reflects only the initial state of the
accumulated rock. To better characterize the SSE of broken-
expansion rock mass, we propose the SSE coefficient C which
is defined as

AK
c AS @
where AK is the difference of broken-expansion factors as
the space ratio S changes gradually, and AS is the
corresponding difference in the space ratio. The SSE
coefficient C captures variations in the broken-expansion
factor driven by changes in the space ratio. As a dynamic
parameter, the coefficient C accounts for both the broken-
expansion effect and the influence of the space ratio.
Consequently, the SSE effect of broken-expansion rock
under varying space ratios can be effectively quantified
using the SSE coefficient.

3. Laboratory experiment

3.1 Material preparation

Rock-like materials are widely used in rock mechanics
tests because of their ease of use and controllability.

Table 1 Parameters of gypsum samples with different water-
plaster ratios

Compressive  Tensile Elastic

le?zltitre;tio strength strength ~ modulus PO;:Z(Z)H s
P /MPa /MPa /MPa
0.6 2.42 0.23 0.86 0.25
0.8 1.80 0.15 0.67 0.23
1.0 0.86 0.05 0.55 0.27

Fig. 5 Samples with different sizes

According to the test conditions and the documented
research, we selected the rock-like material of gypsum to
simulate rock to explore the broken-expansion
characteristics of rock and its SSE. The uniform
composition and availability of gypsum in controlled
experimental conditions allow for consistent and
reproducible results. Some research has demonstrated that
gypsum can show similar properties to rock as long as using
the proper ratios of water to plaster (Chang et al. 2019,
Discenza et al. 2020, Yang et al. 2021), by which the
gypsum is well-suited to simulating the brittle rock material
(Sarfarazi et al. 2021). Therefore, we first tested the
mechanical properties of high-strength gypsum with
different ratios of water to plaster and obtained the
parameters, as listed in Table 1.

According to the preliminary test results, the gypsum
had the peak strength therein while at a water-plaster ratio
of 0.6, so the samples were prepared with the ratio of 0.6:1.
We then maintained the prepared gypsum at 25°C for 28
days so that the gypsum can achieve the ideal mechanical
properties. As shown in Fig. 4, we employed different-size
molds to prepare the samples with varying lengths. Finally,
different-size cubic samples were sectioned, as shown in
Fig. 5.
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Table 2 Experimental parameters of group A (M =30 cm)
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Sample Al A2 A3 A4 AS A6 A7 A8 A9 A10
Size (L)/cm 2 3 4 5 6 7 8 10 12 15
Space ratio (S) 0.067 0.100 0.133 0.167 0.200 0.233 0.267 0.333 0.400 0.500
Total fill mass /kg 3 3 3 3 3 3 3 3 3 3
Table 3 Experimental parameters of group B (M =20 cm)
Sample Bl B2 B3 B4 B5 B6 B7 B8 B9 B10
Size (L)/cm 2 3 4 5 6 7 8 10 12 15
Space ratio (S) 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.5 0.6 0.75
Total fill mass /kg 3 3 3 3 3 3 3 3 3 3

(a) The larger one

(b) The smaller one

Fig. 6 Two containers with different accumulation areas
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3.2 Test scheme and equipment

According to the definition of the space ratio S, the
broken-expansion characteristics of rock relate to not only
the rock block size but also the accumulation area.
Therefore, we additionally designed the two containers with
different accumulation areas based on the different-size
samples. As shown in Fig. 6, the containers were made of
transparent polycarbonate. One is characterized by
dimensions of 30 cm x 30 cm % 30 cm (M = 30 ¢cm), and the
other is 20 cm x 30 cm x 30 cm (M = 20 cm) for
comparison.

Therefore, two groups of A and B, each with ten
samples varying sizes, are established using two containers.
Group A has a larger area than Group B. Tables 2 and 3
listed the experimental parameters of groups A and B. The
space ratios are calculated separately, and the total fill mass
is set as the same according to the mass conservation law.

bar: Lt‘bﬂ‘, ,5

'-------‘Filled samples ==—=eux.
. |

il'

Throughout the experiment, the indoor temperature was
maintained at 26°C, and the relative humidity was stabilized
at approximately 45%.

To ensure the test reproducibility and result reliability,
the tests for both groups were repeated three times under
identical conditions, with the average values serving as the
final results. Abnormal data were validated through
duplicate testing.

Fig. 7 shows an example of actual scenes when the 3-cm
length samples were filled in. In this experiment, we
dropped the samples freely from the same height to
simulate the real situation. The initial accumulation height
of the bulking samples was first measured. Then, the
bulking samples in the container were pressured using the
DRTB-1000 pressure test system. DRTB-1000 is a self-
developed triaxial stress test system, and the axial pressure
function is used in the test. The compaction was done by
moving the upper loading cylinder downward, and the load
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Table 4 Initial broken-expansion factors of K;

Size (L)/cm 2 3 4 5 6 7 8 10 12 15
Group A 2.1 2.17 2.25 2.31 2.35 2.67 3.23 4.04 4.7 5.81
Group B 2.17 2.25 2.36 2.75 34 3.58 3.76 4.23 4.68 5.05
was applied at a stress rate of | MPa/min. The loading was 60 rou A
kept for 150 s until the peak value reached 2.5 MPa. Each < ssl G[Eﬂﬁg
test was repeated three times for every size sample in the s sol
two groups, so the average value was taken as the result. 2 position T -2 Tl
O a5} (12, 4.68)
2
g 40t
4. Results and analysis g sl (6. 3.40)
g ?
o '
. . . , 5 30 *
4.1 Spatial size effect of initial broken-expansion g o !
characteristics Er Vo e
20f i i
Table 4 presents the initial broken-expansion factors for 12 3 4 5 6 7 _é 9 10 11 12 13 14 15 16
groups A and B. There is a positive correlation between Sizelem
. S L (a) Size
sample size and initial factors. As the sample size increased, o
the initial broken-expansion factor Ki increased as well. Group A
This phenomenon lies in not only the increased size of ey Group B i

samples but also the interstitial space due to the random
accumulation of samples.

Fig. 8 shows the variation curves of K; with the change
in size and space ratio. First, as shown in Fig. 8(a), although
K; both increased with an increase in size, there were
differences in the upward trends between groups A and B.
When the size increased to 4 cm in group A, K| rose clearly
but slew down at 6 cm. In group B, K did not clearly rise
until the size reached 6 cm and then increased obviously.
Therefore, there was an intersection between groups A and
B at the 12 ecm——position 1. As the sample size changed, the
accumulation area obviously influenced the Ki. When the
sample size was less than 12 cm, a smaller accumulation
area led to a bigger Kj. On the other hand, when the sample
size was greater than 12 cm, a larger accumulation area
resulted in a bigger Kj. However, there was not a clear rule
for describing the change. If the independent variable of the
size is changed into the space ratio, the curves are shown in
Fig. 8(b). When the space ratio was less than 0.2, i.e.,
position II, the two curves were close. As the ratio
increased, the Kj began to differentiate from each other, and
the difference was enlarged, especially starting from the
space ratio of 0.3. Therefore, the space ratio clearly
influenced Ki. This influence was comparatively weak when
the space ratio was less than 0.2. When the space ratio was
greater than 0.2, K increased obviously as the space ratio
increased. At the same time, the larger accumulation area
(group A) led to a more evident increase effect than the
smaller area (group B).

Based on the above results, we explored the impact of
spatial size on Kj using the defined SSE coefficient C (Eq.
4). As shown in Fig. 9, the SSE coefficient C; for the initial
broken-expansion characteristic was the dependent variable,
and it integrates the changes of broken-expansion effect and
space ratio. The size change was the independent variable.

The curve graph therefore synthesized the relation of the
three parameters. The two curves increased and then

()

%
50 Yy,
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40}
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30}

Initial broken-expansion factor (K))

25k (0.2, 2.36)
semm s == === Position I
(0.2, 2.35)
20
L L L L L L L ,
0.0 01 0.2 03 04 0.5 06 0.7 08
Space ratio

(b) Space ratio
Fig. 8 Variation of the initial broken-expansion factor
with the size and space ratio changes

declined, illustrating the SSE variation trend while the
sample size increased. The SSE was distinct when the
sample size varied in the large size (6—15 cm in group A and
4-12 cm in group B). Nevertheless, the accumulation area
still led to different responses. As the size was changed to
the large, a smaller accumulation area, i.e. group B, earlier
started to show a distinct SSE compared to group A.
However, with an increased sample size, the SSE of Group
A became stronger than that of Group B. Overall, the
average SSE coefficient of Group A was 7.43, bigger than
the 4.83 of Group B. According to these analyses, we can
easily understand why there is an intersection in Fig. 8(a)
when the sample size changed to the large, as well as the
differentiation phenomenon in Fig. 8(b) when the space
ratio increased.

4.2 Spatial size effect of residual broken-expansion
characteristics

The residual broken-expansion factor Kr is the other
crucial characteristic of broken-rock mass in underground
mining. After examining the initial factor Ki, we examined
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Table 5 Residual broken-expansion factors Kr

Size (L)/cm 2 3 4 5 6 7 8 10 12 15
Group A 1.18 1.22 1.26 1.3 1.34 1.67 1.89 2.56 2.8 3.13
Group B 1.21 1.28 1.34 1.73 2.21 2.34 2.45 2.6 2.76 2.93
20 - 35
o— Group A ¥ +— Group A
G e +— Group B 5 o~ GroupB
= 16 A Rl (12,28) g
o pes Position I i
% 14 - ‘5 25l gu:/.-.\g*.:. 6)
g 12l J . g kaa . @ (10, 2.56)
% 10 4 N % 20} H
& st AN/ .. _. _Averageof GroupA=7.43 E #
% j mrmimimimifomimemimicf N verage of Group B 2 483 % "l 1"‘_,3' 4 ot
2] i W, . S o - S ol :
0 L L s f L L L " N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
2-3 3-4 45 556 67 78 8-10 1012 1215 Sizelem
Size change/cm (a) Size
Fig. 9 The variation of C; while changing the sample size 2 * > Group A
5 +— Group B s @
S 30 e
s o¢e .
5 0.333,256) ‘>“ -
the residual factor Kr by compacting the broken-expansion " —
rock mass according to the test scheme. Table 5 shows the ? 0 Poston ¥ = s 22
residual broken-expansion factors for the different sample 2 {
sizes of groups A and B. Compared to the initial factors K, Er o1/
the residual factors Kr would decrease after the E e 02, 1.34)
compression. Similarly, the factors Kr increased as the “I

sample sizes increased, which is identical to the general
variation trend of K.

Fig. 10(a) shows the variation curve of the residual
broken-expansion factor Kr when the sample size increased.
Compared to Ki, Kr presented a similar trend. Whether in
groups A or B, their initiation points for rapid growth did
not change, and the values of Kg are close and even the
same, with a value of 1.34 in this case. Meanwhile, the
increase of Kr in group B also slew down at the size of 6
cm, so there was also an intersection in the latter half of the
curves. While observing the variation curve of Kr with the
change of the space ratio (Fig. 10(b)), we can still find a
similar overall trend to that of Kj. Whether in groups A or B,
they rapidly increased starting from the space ratio of 0.2,
and a differentiation emerged in the second half. Therefore,
Ki generally determines Kr in terms of the SSE. However,
some changes should be noteworthy. In Fig. 10(a), the
intersection, i.e. position III, moved forward to the range of
the 10-12 cm compared to that in Fig. 8(a), i.e. position I.
In Fig. 10(b), the differentiation between the curves of
groups A and B narrowed compared to that in Fig. 8(b). For
example, at the space ratio of 0.5, the difference value was
0.53 for Kr and less than 1.58 for Kj. Furthermore, the
starting point of differentiation for Kr moved farther than
that for Kj, i.e., the position V was relative to the position II.
This series of differences illustrates that the compression
inhibited SSE.

The SSE coefficient C can intuitively explain the
inhibition effect. Fig. 11(a) shows the variation of Cr as the
sample size gradually changed. The overall variation was
similar to that of C; (Fig. 9), presenting a trend of increasing
and then decreasing. However, the variation amplitude
shrunk, especially for group A. The average value of group

0.0 0?1 0?2 0‘3 0‘4 0‘5 UIG UI7 UTS
Space ratio
(b) Space ratio
Fig. 10 Variation of the residual broken-expansion factor
with the size and space ratio changes
14
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23 34 45 526 67 T—8 810 1012 1215
Size change/cm

(a) Cr

_ 20
It Cof group A
el L C, of group B
G 15} —+— CyofgroupA
% b Cy of group B
5
S 12
2 Il @,
2 10}
8
8 °r
S
o O
N
@ 4t
=
T 2t
(% E
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(b) C1 and CR
Fig. 11 The variations of SSE coefficients as the sample
size gradually changed

A was reduced by 42.7% from 7.43 of Ci to 4.26 of Cg,
and the average value of group B decreased by 33.1% from
743 of Ci to 426 of Cr. Fig. 11(b) summarizes the
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Table 6 Summary test results of group A

n dexesize/ om 2 3 4 5 6 7 8 10 12 15
S 0.067 0.1 0.133  0.167 0.2 0233 0267  0.333 0.4 0.5
Ki 2.1 2.17 2.25 231 2.35 2.67 3.23 4.04 4.7 5.81
Kr 1.18 1.22 1.26 13 1.34 1.67 1.89 2.56 2.8 3.13
Vi% 43.8 43.8 44 43.7 43 375 415 36.6 40.4 46.1
Hi/mm 80 82 85 88 89 101 122 153 178 220
Hr/mm 45 46 48 50 51 63 72 97 106 119
D/mm 35 36 37 38 38 38 50 56 72 101
Table 7 Summary test results of group B

Indonss Sizefem 3 4 5 6 7 8 10 12 15
S 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.5 0.6 0.75

Ki 2.17 2.25 2.36 2.75 34 3.58 3.76 423 4.68 5.05

Ki 121 1.28 1.34 1.73 221 2.34 245 2.55 2.8 2.93

Vi% 442 43.1 432 37.1 35 34.6 34.8 38.5 41 42
Hy/mm 123 128 134 156 193 203 214 240 266 287
Hg/mm 69 73 76 98 126 133 139 145 159 167
D/mm 54 55 58 58 67 70 75 95 107 120

variations of Ci and Cr for groups A and B. Whether in
groups A or B, the SSE coefficients mostly reduced from C;
to Cr. The reduction in group A was more significant than
that in group B. The most considerable decrease in group A
occurred when the sample size changed from 7 to 8 cm, and
the reduction value was 10. In group B, the greatest
reduction occurred when the sample size changed from 5 to
6 cm, and the reduction value was 3.4. Meanwhile, this
reduction was not apparent in the small size of the sample
(2-5 in group B and 2-7 in group A), mainly due to the
subtle SSE. Therefore, the inhibition to SSE was more
evident in the case with a more extensive accumulation
area, and this inhibition would be amplified when the
sample size was large.

4.3 Compaction characteristics of broken-expansion
rock mass

Tables 6 and 7 separately summarize the test results of
groups A and B. §'is the space ratio (Eq. (3)). V denotes the
change rate between Ki and Kgr, and it is calculated via
KI - KR

x100% . D is the displacement when the samples
|

were compacted, and it is calculated from Hi—Hg. As the
sample size increased, the variation trend of V' showed an
increase followed by a decline. This phenomenon
corresponds to the previous analysis—because of the
change in SSE coefficient C. It is noteworthy that D
generally increased with the evolution of the sample size,
which illustrates that the individual compaction differed
with regard to SEE.

Fig. 12 presents the stress-displacement curves of groups A
and B about the ten individual tests. The curves help
understand the compaction process of samples when the
loading increases. Curves are differentiated regarding the
different sample sizes. For group A (Fig. 12(a)), the
displacement curves were close when the sample size was 2—7
cm. If the size continued to change to 8 cm, the curve
differentiation was apparent. This situation can be explained by
the SSE coefficients of C; and Cr, in which the difference
between Ci and Cr was significant compared to the others—
referring to Fig. 11(b). For group B, the curves of 2-5 cm were
close. When the size changed to 6 cm, the differentiation
clearly existed. Similarly, the difference between Ci and Cr at
5-6 cm for group B was larger than the others. Meanwhile, an
apparent differentiation also existed from 8 to 10 cm in group
B. Although the difference between Ci and Cr was not as large
as the case of 5—6 cm, the change of the space ratio contributes
too. The change of the space ratio for 8-10 cm was greater
than that for 5-6 cm. Eq. (5) helps the understanding, and it
can be derived from Egs. (2) and (4).

AD=H_AS(C, —Cy) 5)

where AD is the displacement difference. The product of
Ci—Cr and AS matters. Combined with Fig. 11 (b), we can
quickly grasp the reasons for the curve differentiations.
Given an exact change in the space ratio, the Ci and Cr
difference decides the compaction displacement’s SSE.
Therefore, the coefficient C expresses well on the SSE.
Observing the curves, we can identify three stages: rapid
compaction, slow compaction, and compacted stabilization.
The rapid compaction occurs first because of ample space
among the samples that can be compressed quickly under the



Spatial size effect study of broken-expansion mass using rock-like materials under the 110/NO0 mining method 449

I IO o m 2¢cm
120 ; !
——3cm
110 : i e dom
100 i : ——5cm
E 90 - i i —+—6cm
2 80} —+—7cm
E 70 —+—38cm
§ 60 | —e—10cm
Tu:). 50 | ——12cm
0 4l ——15cm
30 i
20 I : Rapid compaction E Group A
10 b II: Slow compaction i
ol i II: Compacted stabilization : -

L L L
0.0 05 1.0 1.5 20 25 3.0 35

Stress/MPa
(a) Group A
130 - ' .
I ! o ! il 2cm
120 | i
110 - i
100 | i
e I ;
£ 90
€ 80}
Q
£ 70}
3
g 6or
& 50t
Q 4}

30
20 -
10

I: Rapid compaction

II: Slow compaction

i i
LOm: Compacted stabilization :
i 1

0.0 0.5 1.0 15 2.0 2.5 3.0 35

Stress/MPa
(b) Group B

Fig. 12 Stress-displacement curves of groups A and B

pressure. The displacement in stage I accounted for around
70% of the total. Then the slow compaction follows, in which
the space had been contracted. Interestingly, regardless of
sample sizes or groups, all curves entered stage II at 0.4 MPa,
about one-sixth of the material’s compressive strength. In the
stage II, the displacement accounted for 30% of the total
displacement. All curves approximately ended at 2.0 MPa,
which is around five-sixths of the material’s compressive
strength. Finally, the compacted stabilization (stage III came
when the bulking samples reached a new equilibrium, and the
displacement no longer increased obviously, though the
loading became greater. Compared with the curves in a certain
group, the larger sample size resulted in a greater displacement,
indicating that a greater spatial ratio leads to a more substantial
volume reduction. Correspondingly, the curves for large-size
samples are steeper than the other curves.

If comparing with the curves of the same sample size but in
different groups, we found a larger compression displacement
in group B than in group A. While comparing groups A and B
with the same block size, group A had a smaller space ratio
than group B, i.e., Sa<Ss. A larger space ratio leads to more
vertical space formed among the samples, so compressible
space increased in the rapid compression stage of group B.
Judging from the horizontal comparisons, we acknowledged
that, in stage I, the displacement for all curves in group B was
correspondingly greater than those in group A.

26
2cm
24} - 3cem Group A
22F _—w—4em
20 —+—5cm
18 ——6cm :
S 16+ —+«—7cm
S 14 ——8cm f
@ 4
@12 —— 10cm /¢
= —~—12cm !
» 1.0} [
——15cm '
08| /-
06 ol
04+ g
0.2+
00 1 1 L 1 1 1 1 1 1 1 )
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Strain
(a) Group A
26
2cm
24} o Group B !
22} I
——4cm Y
20F e 5em l
18 —+—6cm !
g 1.6 F —e—7cm J'
=14 ——8cm f
§ 12f —+—10cm ! ;7
= -
& 1oL ——12cm f
08l —— 15cm ,,'/
0.6 | /,/
04f &,
0.2+
00 1 1 1 1 1 1 1 1 1 1 ]
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Strain
(b) Group B

Fig. 13 Stress-strain curves of groups A and B

4.4 Mechanical and failure characteristics of broken-
expansion rock mass

To further study the mechanical characteristics of broken-
expansion rock mass and its SSE during the loading, we
obtained the stress-strain curves of groups A and B, as shown
in Fig. 13. As the strain increased, the stresses of all curves
increased linearly and then rose exponentially. The linear
increase segment corresponded to stage I of the rapid
compaction (Fig. 12), where the bulking samples were loosely
stacked to be compacted. The exponentially increase segment
included the stages II and III, where the bulking samples were
closely contacted. The results indicate that the broken-
expansion rock mass has a growing ability to withstand
compression. This compressive capacity would be clearly
strengthened after going through a relatively slow linear
increase. According to the test results, the turning position is
located in the strain between 0.24 and 0.35. In addition, the
mechanical characteristics showed SSE whether in the
different sample sizes of a group or the same size sample in
different groups. First, in a specific accumulation area, i.e., a
certain group in the test, the curve differentiations did not show
a definite rule with the sample size change. For group A, the
12-cm sample first entered the exponential increase segment
while the 15-cm sample was the last. For group B, the 7-cm
sample first entered the exponential increase segment while the
2-cm sample was the last. Therefore, the sample size can affect
the duration when the bulking rock rebalances, but there is no
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regular correlation between them. If comparing the curves in
two groups, we can discover that the curve differentiation of
group B was smaller than that of group A. The turning position
in group B was located in the strain between 0.24-0.31, while
the strain was between 0.25-0.35 in group A. Overall, the
comparison illustrates that a smaller accumulation area is more
beneficial to the increase of compressive capacity or the
rebalance of the broken-expansion rock mass under
compression.

The curve trend of stress-strain is closely related to the
dynamic characteristics of bulking samples during the
compression. Fig. 14 shows the examples and the scenes in
different states when the bulking samples were compressed. As
shown in Fig. 14(a), the samples were randomly stacked in the
initial state. Three contact forms were identified, including the
point, line, and surface contact. When the samples in the initial
state were loaded, the block failure and the self-adjustment
occurred. As shown in Fig. 14(b), the upper samples were
compressed to fail, and the lower samples spontaneously
adjusted their positions to prevent the failure. The point-contact
failure was the most severe, and the sample was broken into
smaller blocks and pieces. Line-contact and surface-contact
failures were moderate, with several penetrated cracks at most.
This stage corresponded to the linear increase segment of the
stress-strain curve. The failure and adjustment made the
bulking samples compact, and a higher-strength structure
formed. As shown in Fig. 14(c), since the samples adjusted
their positions and the broken parts filled the space, the
structure was characterized by more surface contacts among
samples.

Table 8 Physicomechanical parameters of tested limestone

Density Compressive Elastic modulus  Poisson’s
3 strength .
(g/cm?) (MPa) (MPa) ratio
2.26 13.5 19.7x103 0.2

Compression

H%HI :

W G7;

@_
e
s S ¥

(b) Experiment scenes
Fig. 15 Experiment design and materials

The structure became firmer than before, and the stage
corresponded to the exponential increase segment of the stress-
strain curve.

Therefore, the compression failure of the bulking samples
was a dynamic transformation. The point and line contacts
were transformed into the surface contacts, and the structure
was transformed from loose into firm. During this course, the
upper samples failed and filled into the void, and the lower
samples spontaneously adjusted their positions to prevent the
failure. Finally, the bulking samples were compacted to a high-
strength body resistant to compression.

5. Discussion
5.1 Calibration

To calibrate the tested results and their practical
meaning, we selected the limestone with a 3-4 cm grain
size to replicate the compression experiment. The basic
parameters of the limestone are listed in Table 8. The
container was a cylindrical structure made of 45# steel. As
shown in Fig. 15(a), the cylinder had a diameter of 20 cm
and a height of 40 cm. The top cover was 10 mm thick with
a diameter of 19 cm.

A total of 9-kg limestone gravel was added to the
container, and the top cover was placed on the gravel. We
then placed the container in the loading machine of DRTB-
1000 test apparatus. The loading rate was 0.5 MPa/min, and
the maximum pressure reached 13.5 MPa. The pressure was
not kept until the vertical displacement changed less than
0.1 mm within 30 s. At this moment, the compressed gravel
was considered as in a stable state. As shown in Fig. 15(b),
the top space height was changed from 150 mm to 225 mm
after the test. The bulking limestone was compressed from
the initial height of 240 mm to the final height of 165 mm.
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Fig.16 Experiment results

The compression displacement was 75 mm.

Fig. 16 shows the experimental results with regard to
stress-strain and stress-displacement characteristics of the
bulking limestone gravel. As shown in Fig. 16(a), the three
stages of rapid compaction, slow compaction, and
compacted stabilization can be identified, which is identical
to the stress-displacement characteristics in Section 4.3. The
deformation in stage I accounted for 70.5% of the total
displacement, corresponding to the result of ~70% in
Section 4.3. In addition, the stress reached 2.5 MPa at the
end of stage I, which is 18.5% of the compressive strength
of the limestone. This result is likely close to the one-sixth
reported in Section 4.3.

Meanwhile, Fig. 16(b) shows the stress-strain curve
when the limestone gravel was compacted. Similarly, the
curve increased linearly and then went up exponentially.
The fitting results showed R?=0.9973 in the linear increase
segment while using the linear function, and R?>=0.9960 in
the exponential increase segment while using the natural
exponential function. This increasing trend is the same as
the trend shown in Section 4.4.

Therefore, although there may be differences in the
absolute value, the trend is consistent while using the well-
prepared gypsum samples to simulate the bulking rock
mass. The value differences were mainly due to the
variation in strength between the limestone and the gypsum.

Fig. 17 shows the characteristics of the limestone gravel
before and after the compaction. Fig. 17(a) shows that the
irregular rock gravel was randomly stacked. After the
compaction, the bulking rock was severely broken at the
top, as shown in Fig. 17(b). This failure characteristic was

ck at the top &
-

(b) Compacted state
Fig. 17 Compaction failure -characteristics of the
limestone gravel

consistent with the result in Section 4.4. Observing the top
gravel after the compaction, we could find the three failure
forms of the point-, line-, and surface-contact failure,
corresponding to the results in Section 4.4. In addition, the
space ratio was in the range of 0.15-0.2 in this experiment.
We could obtain Ki=1.89 and Kr=1.30 based on the
experiment data. According to Table 7, when the space ratio
was 0.15-0.2, the average K; and Kr were 2.31 and 1.30.
Therefore, the Kr was the same. The difference in K was
mainly due to the shape of objects. The limestone was
rugged and irregular while the gypsum sample was
regularly cubic. The sharp-edged samples would result in a
higher Kj, so the K of the gypsum sample was bigger than
that of limestone. However, the Kr was the same because of
the similar trend during the compaction. Therefore,
although some absolute values differed, the overall pattern
was consistent during compaction. Because the gypsum was
casily molded, this advantage helps block out many
distractions so that we can focus on the SSE effect of
broken-expansion rock mass. The above comparisons
demonstrate the rationality and present limitations of
replacing rock gravel with gypsum sample in this study.

5.2 Implications to 110/N0OO mining method

The 110/NOO mining method utilizes the volume
increase effect caused by broken-expansion mass to achieve
mining compensation (He ef al. 2021). A generalized
formula yields the desired broken-expansion volume AVg:

AVa=(K-DH.A (6)

where K is the broken-expansion factor, Hc is the roof-
cutting height, and 4 is the mining area.

Therefore, if in a specific site, we should adjust the
cutting height Hc to achieve a desired volume A}z, and the
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broken-expansion factor K and the mining area 4 possibly
vary significantly in different sites. First, according to the
results in Sections 4.1 and 4.2, the factors K; and Kgr
increased as the block size L and the space ratio S increased,
and the broken-expansion factors increased more evidently
when the accumulation area M increased. These rules
suggest that having a larger mining area is advantageous for
implementing the 110/NO0 mining method. This would
allow us to lower the height of the roof cutting. While a
larger accumulation area may result in greater effects of
broken-expansion factors, observations in Section 4.4
indicate that the compressive capacity of the bulking mass
is better during compaction in a smaller accumulation area.
In this case, the support effect of the broken-expansion
mass is more prominent.

In addition, Section 4.4 states that when the upper
samples fail, they fill voids in the lower samples while the
lower samples adjust their positions to prevent failure. This
phenomenon tells that the compressive strength of the caved
upper strata within the mass is important for supporting the
bulking mass. When the broken-expansion mass is
compressed under the mining pressure, its compressive
capacity can increase exponentially, as shown in Section
4.4. These results confirm the natural support effect of the
broken-expansion mass. Therefore, it is feasible that the
110/NO0 mining method utilizes the broken-expansion
effect of caved roof to mitigate the mining pressure from
strata movement.

6. Conclusions

The broken-expansion mass performs a crucial role in
the 110/NOO mining method. This work employed the rock-
like material to study the spatial size effect (SSE) of
broken-expansion mass via laboratory tests. The space ratio
S and SEE coefficient C were first defined to quantify and
characterize the SSE. We then examined the SSE on the
initial (K7) and residual (Kr) broken-expansion factors. Both
the factors increase as the sample size and the space ratio
increase, and this increase can be enlarged while the sample
size and the space ratio become great. Compared to the
sample size, the space ratio is better for observing the SSE
of the broken-expansion factors. The space ratio of 0.2 is
the turning point where the factors start to increase rapidly
in this study. A larger accumulation area can lead to a more
evident increase effect. Generally, K; determines Kr in
terms of SSE, but the compression shows an inhibition to
SSE. The inhibition is more noticeable when the sample
size and the accumulation area become larger. The SSE
coefficient C helps explain the inhibition because Cr
reduces from Ci. The SSE coefficient C also describes the
SSE wvariation trend well as the sample size increases.

Based on the SSE of the broken-expansion factors, we
observed the displacement, mechanical, and failure
characteristics of bulking samples during their compactions.
First, the SSE of displacement characteristics is distinct.
The SSE coefficient can express the difference in
displacement characteristics between sample sizes. When
the difference between C; and Cr is significant, the

displacement differentiation by different sample sizes
clearly exists, and the change of space ratio contributes too.
Additionally, there are three stages involved in the
compaction process: rapid compaction, slow compaction,
and compacted stabilization. During the rapid compaction,
one-sixth of the material’s compressive strength is
responsible for around 70% of the total displacement. The
remaining five-sixths of the strength causes the rest 30%
displacement in the slow compaction stage. If a larger space
ratio is used, more vertical space can be created, leading to
a more significant reduction in volume.

Furthermore, the stress-strain curves indicate that a
linear increase segment corresponds to the rapid
compaction stage, followed by an exponential increase in
the latter two stages. The broken-expansion mass shows a
growing compressive capacity during the compaction,
which can benefit from a smaller accumulation area. The
point-, line-, and surface-contact failures are observed
during the compression. The compression failure is
essentially a dynamic process, in which the point and line
contacts are transformed into the surface contacts, and the
structure is changed from loose into firm. The upper
samples fail and then fill voids while the lower samples
spontaneously adjust their positions to prevent failure.
Eventually, the bulking samples are compacted into a high-
strength body resistant to compression.

Finally, we compare and analyze the results of the tests
conducted on gypsum and limestone gravel samples. Both
samples have similar compaction trends and characteristics,
including compression displacement, mechanical, and
failure characteristics. Although there may be differences in
the absolute values due to the different strengths and
shapes, the overall trends remain consistent. Meanwhile, the
gypsum sample has the advantage of easy molding to
facilitate studying the SSE effect of broken-expansion rock
mass
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