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Abstract Rocks have different fracture development mechanisms under different circumstances with
or without pressure, and under different triaxial confining pressure functions. it is important to research
the influence between the development process of internal crack and external factors including different
tectonic stress, different water pressure, different pressure rate and so on,realize the randomness and
Non — random of crack development, and research the specific development mechanism of crack under
a single impact factor.
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Introduction

In most rock engineering projects, crustal rocks stay in geological environments with fully
coupled stress, flow, temperature, and chemical fields for long. In mining and slope engi-
neering projects, the coupling between flow and stress fields is the primary factor controlling
the behavior of rock masses. For example, stress field variations can change fractures in a
rock mass, such as deformation and growth of pores and fractures, and thereby alter rock
permeability and the state of water flow through the rock mass. Meanwhile, changes in
fractures can drive the water within them to in turn affect their evolution(Zhang Youtian
et al. 2005).The interaction between a rock mass and the water flow in it is referred to as
flow-stress coupling.

Rock damage and failure resulting from artificially induced variations in tectonic stress can
lead to flow field changes, which have been found as a major cause of engineering accidents
and geohazards in practice(Zhu Zhende et al. 2005). Research on development of rock frac-
tures can offer insights into floor rock deformation, damage, and failure as well as geological
environments featuring macroscopic coupling. From the perspectives of stress-flow field
coupling and engineering practice, the mechanism responsible for fracture development
should differ depending on whether there is hydraulic pressure and on the level of confining
pressure. Therefore, studying the process of fracture development under varying tectonic
stresses, hydraulic pressures and compression rates to determine if fracture development is
stochastic or not and the specific mechanism of fracture under the influence of each single
factor is of great significance.

Lomize’s classical cubic law (Lomize G1951)which deals with the process of water flow in a
single fracture, provides a theoretical basis for research on fracture flow. Louis and other
scholars (Louis,C et al. 1975)have revised the cubic law through a lot of experiments to
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broaden its range of applications. Modern-day technological advancements, especially the
combination of computer technology and rock mechanics testing equipment, enable more
accurate and comprehensive experimental research into the characteristics of flow in rock
in complete stress-strain process. Using electro-hydraulic servo control stiff testing ma-
chines, researchers (GAO Yubing et al. 2016)investigated how the permeability of rock un-
der given confining and pore pressures varied with increasing axial compression through-
out the process of rock deformation and failure. Other researchers(Purcell W,R et al. 1949)
provided systems and methods for flow-creep coupling testing with improved experimental
equipment, and experimentally investigated the creep behavior and permeability of rocks
that underwent long-term flow-stress coupling. These studies revealed the characteristics of
creep failure and the patterns of permeability variation, which provide a basis for research
on long-term stability of rock engineering projects. Oda et al.(Oda et al. 2002)analyzed the
damage growth in Inada granite and changes in its permeability using the crack tensor con-
cept and conducted transient pulse tests on samples that had been damaged by triaxial
compression. The test results demonstrate that permeability tensor can be accurately for-
mulated by microstructural parameters (damage). The results of the analysis suggested that
the permeability of the sample subjected to stress high enough to cause failure was 2 to 3
orders of magnitude higher than that of intact granite. All of these studies provide useful
references for research into mechanisms responsible for fracture development in floor rocks
under the influence of flow-stress coupling.

Analysis of the pattern of stress distribution in a mine floor along the direction
of advance of a coal face

Jacobi, a scholar from former West Germany, treated floor strata as a homogeneous elastic
body and then simulated and calculated the stress distribution under coal pillars and un-
der coal blocks being extracted. This section describes theoretical calculation of mining-in-
duced stress distribution in a floor along the direction of advance of a coal face using stress
increment. Fig. 1 illustrates the distribution of abutment pressure in coal and rock masses
along the direction of advance of the face.
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Fig.1 Distribution state of mining abutment pressure
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Assume that the distribution pattern and level of abutment pressure at the coal face are con-
stant, and the face’s position relative to the x-axis remains unchanged, which means that the
abutment pressure and the x-axis, moves horizontally along the y-axis as the face advances.
Let y denote the distance traveled by the face along the y-axis. The coordinates of M in the
new coordinate system are (m-y, n). Eq. (1) can be rewritten as follows:
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The results of calculation can be used to determine the three stress components (XXX)
resulting from the abutment pressure increment at M (x, 100) as the face moved forward
from 140 m behind M to 260 m in front of it. The horizontal line containing point M, given
by y=100, was used as the survey line. Eight points were selected from the line, including
M1 (40, 100), M2 (35, 100), M3 (30, 100), M4 (25, 100), M5 (20, 100), M6 (15, 100), M7
(10, 100), and M8 (5, 100). The pattern of variation in vertical stress was then derived by
substituting the coordinates of these points into Eq. (1) Eq. (1).

According to the results, the stress concentration factors at depths of 5 m, 10 m, 15 m, 20
m, 25 m, 30 m, 35 m, and 40 m in the floor were 2.2, 1.93, 1.73, 1.57, 1.45, 1.35, 1.27, and
1.22, respectively, indicating that the stress concentration factor in the floor decreased with
increasing depth. The ratios of vertical stress values at these points to the initial stress were
0.05, 0.1, 0.17, 0.2, 0.24, 0.29, 0.33, and 0.37, respectively, suggesting that the degree of
stress relief in the floor decreased with increasing depth of burial.

Permeability of fractured floor rocks

Transient measurement of rock permeability was carried out using the testing system. It is
called Electro-Hydraulic Serve controlled Rock Mechanics Testing System, purchased by China
University of Mining and Technology from the U.S. instrument manufacturer MTS. The equip-
ment is an advanced rock mechanics testing system for laboratory use. Equipped with three in-
dependent closed-loop servo control systems (axial compression, confining pressure, and pore
water pressure), it can perform uniaxial (compression) test, pseudo triaxial (compression) test,
true triaxial test, pore water pressure measurement, and penetration test. Besides, it can apply
loading with different waveforms and at different rates. The vertical compressions on rock and
coal samples under test were imposed by the MTS815.02 Electro-Hydraulic Serve controlled
Testing System. The displacement and loading rate were kept constant during loading. The sys-
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tem was also responsible for collecting real-time data about the vertical loads and deformation
experienced by the samples. Fig. 2-4 illustrates how the permeability coefficients of sandstone

and mudstone varied with triaxial compression under different confining pressures.

Fig. 3 Penetrating Equipment Is Working
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Fig. 4 Relationship between permeability and triaxial compression for sandstone and mudstone
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Microscopic analysis of permeability of fractured floor rocks using CT scanning

A micro/nano CT scanning test was carried out using nanoVoxel-3502E (Fig. 5), a test sys-
tem produced by Sanying Precision Motion Control (Tianjin) Technology co., LTD. It has a
resolution of 0.5 um and allows for nondestructive testing. 3D representations of the sam-
ples’ interior structures were achieved with this system.
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Fig. 5 Schematic of the test system Fig. 6 Picture of samples

This section studies the samples taken from the floor strata in a coal mine operated by God
Warburg Hiller Energy Corporation based on local geological conditions, with a focus on
calculation of the samples’ porosities and pore volumes and radii, frequency statistics, and
extraction of 3D data such as the numbers of pores and throats, pore-to-throat ratio, and
areal porosity. Pores in these samples were quantitatively analyzed using the ball-and-stick
theory (Fig. 7).

Fig. 7 Schematic of the ball-and-stick

In order to study the mechanism of fracture development on a microscopic scale, we planned
to first calculate theoretical hydraulic stress, investigate permeability variation with hydrau-
lic stress by rock mechanics testing, and then compare the results with the microscopic per-
meability under different stress conditions obtained from real-time scanning. However, due
to the extra high precision of the instrument, we encountered many difficulties in improving
the instrument. The compression equipment was damaged by excess pressure and is now
under repair. The research team is currently trying to develop a real-time Nano-CT scan-
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ning test scheme that applies to water-rock coupling conditions and can offer resolutions
required for industrial CT scanning. Main results achieved are presented to demonstrate
our research progress.

The test scheme encompasses the following steps: micro/nano-scale scanning of the sand-
stone and mudstone samples, soaking the samples in water for four hours, taking them out
for scanning again, soaking the sandstone samples in water for 2 hours and scanning them
again. It intends to investigate the influence of water on fractures.

Result analysis: Statistics on pores in mudstone before and after soaking.

Table 1 Statistics on pores in mudstone before and after soaking

Pore volume interval um?® Number of pores Total pore volume um?
Before soaking After soaking Before After soaking
soaking

0—2.00x10* 3876 5.60x107 5.40x107
2.00x10*—5.00x10* 3620 3455 1.28x108 1.22x108
5.00x104—1.00x10° 3953 3290 2.89x108 2.42x108
1.00x105—5.00%10° 6629 6522 1.51x10° 1.50x10°
5.00x105—1.00x10° 1585 1541 1.11x10° 1.09x10°
1.00x10°—5.00x10° 1605 1616 3.26x10° 3.24x10°
5.00x105—1.00x107 168 167 1.16x10° 1.16x10°
1.00x107—5.00x10" 80 87 1.47x10° 1.55x10°
more than 5.00x107 7 10 7.72x108 1.20x10°

Table 2 Statistics on pores in tight sandstone before and after soaking

Total Maximum Average .
Poro- . . Maximum pore Average pore
) number  equivalent equivalent 3 3
sity X . volume/pm volume/pm
L of pores diameter/um diameter/um
Quantitative
analysisof  oh 1.632% 85993  3340.72 88.00 1.95x101 1.29x108
pore size
4h  1.010% 55503 1054.2 87.9 6.13x108 9.44x10°
6h 0.713% 35109 923.35 94.58 4.12x108 1.05x10°

The analysis reveals that the mudstone’s porosity increased with the duration of soaking.

The numbers of small pores, ranging between 0-1.00x106 um3 in volume, decreased after
4 hours of soaking. The numbers of large pores, ranging from 1.00x106 to 5.00x107 um3 in
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volume, did not change or increased as the duration of soaking increased. Fractures in the
mudstone gradually disappeared during soaking.

The statistics on the sandstone’s porosity before and after soaking are presented below. As
shown in the figure, after soaking, small pores in the sandstone decreased in both number
and total volume, while large pores increased in both number and total volume.

Based on the data from the scanning test, a numerical model was constructed to simulate the
flow through it. The permeability coefficient predicted by the model was 15.3x10-9 mes-1.

Conclusions

The three-dimensional rock stress at a selected position was theoretically calculated. Rock
permeability values under different 3D stresses were measured by rock mechanics testing
and the patterns of permeability variation with stress were analyzed. After that, micro/nano
CT scanning was performed on the rock samples to examine the statistical regularity in pore
and throat data and their relationships with the flow through the rocks.

(1) A semi-infinite elastic mechanical model for determining stress distribution in a mine
floor was created by additional stress calculation. Triaxial compressions at different loca-
tions in the floor were theoretically obtained. The results show that the degree of stress relief
decreased as the burial depth increased.

(2) Arock mechanics test was performed on the rock samples using MTS815.02 Electro-Hy-
draulic Serve controlled Rock Mechanics Testing System. The test results reveal the pattern
of permeability variation with and the ratio of confining pressure to axial compression.

(3) 3D representations of test samples’ interior structures were realized by micro/nano CT
scanning. Quantitative analysis and space inversion of pores within the samples were per-
formed using the ball-and-stick theory.
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