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Abstract: The shear failure of surface methane capture borehole (SMCB) is the main cause of shortening life cycle
of SMCB but lack of lithological analysis. In order to improve the stability of SMCB and improve efficient drainage
period, it is of great significance to investigate the lithology performances for shear failure of SMCB. Based on the
direct shear tests and geological method, the results shows that the shear displacement increases as the grain size
decreases. Mechanical jump occurs at the lithological boundaries, which is mainly determined by the composition of
rock specimens. The cohesion is the mainly possible reason for the step change of shear strength. Lithology with high
quartz and low clay may effectively improve shear strength and failure resistance. Boreholes drilled into the weaker
siltstone and mudstone sections may potentially experience preferential damage due to the larger shear displacement
and shear strength. Protective measures at these sections may improve the stability of the borehole casing. The
probing data where it was found that boreholes closure validated the prediction.
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1 Introduction

Drawing surface methane capture borehole (SMCB) around a coal panel is effective method to reduce the
methane content of the coal seams [1-3]. SMCB is completed prior to the face retreat and extract the methane in the

affected area by coal mining. To date, SMCB has already been extensively used in many coal fields such as Huainan,
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Huaibei, Yangquan and Tiefa in China where the permeability of coal reservoirs is rather low, and a great amount of
methane with high concentration [4]. However, when a working face passes near a SMCB, the borehole is likely to
become deformed or even damaged, and the production of the borehole would drop greatly and even emthane
drainage may be suspended (Fig. 1), causing a huge economic loss [5]. For example, 12 of 22 SBCMs in the Huainan

coal field ceased to produce gas as a result of borehole failure, adversely affecting the extraction efficiency [6].
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Fig.1. Shear failure of methane capture borehole (t, horizontal shear stress; J, shear displacement; d, shear field).

To reduce the probability of borehole failure, previous researches on borehole failure mainly focused on
evaluating drilling design, including the well construction and trajectory, casing material, drilling fluid and typically
assuming that the rock material is isotropic, linear elastic and homogeneous in deformability and strength[7-9], and
extending analyses to anisotropic strength of lithology [10-13] and geostress [14-16].Borehole failure is also
influenced by the chemical-mechanical or physical-mechanical interactions between clay minerals and drilling fluids
as well as groundwater [17, 18], but these effects may be applied to improve drilling methods and maximize the
effectiveness of drilling [19-21].

Despite the recent progress reviewed in the stability of hydrocarbon wells, relatively fewer results are available
to define stability under the influence of overlying strata movement [22]. One reason is that the importance of coalbed
methane reservoirs has only become an important issue relatively recently [23]. However, the estimation of stability

for boreholes piercing mining strata may play an important role in improving the performances of boreholes.
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Researchers have conducted many studies about coal mining factors [24, 25], geological conditions of overburden

[26, 27], failure modes of the borehole casing during mining [28], examination of shear failure through applying

shear stress on the well material [26, 29-31] and computational modellings for predicting the stability of well during

the extraction life of an active coal panel [5, 28, 32, 33] and the influence of topographic and lithology performance

on shear deformation in overburden [22, 34]. Three typical failure modes of the borehole casing were classified, and

the tensile and shear failure were thought to be the most common failure modes [28].

Due to the different lithology of the overlying strata, the acting force and shear displacement exerted on the

borehole is greatly different. Despite the recent contributions, few analyses exist on the lithology influence on shear

failure for SMCB piercing mined coal seams due to experimental difficulties with overlying strata movement and

shear displacement in geological conditions. Accordingly, in this paper, direct shear tests of lithological specimens

were performed to analyze the change of shear stress on the shear displacement in order to verify the results of the

lithology performances for shear failure. Moreover, abundant mechanical parameters are used to justify the results

obtained by using the method of direct shear tests and indicate the effect of overlying strata lithology on the possible

shear location of the borehole. Therefore, we use this analysis to predict vertical locations where the borehole is prone

to fail or more specifically disruption by shear offset with lithology.

2 Experiments and methods

2.1 Specimen preparation

For the shear tests, the rock specimens were taken from a borehole in coal-bearing strata in Huainan mining area,

Anhui Province, China. In order to understand the shear strength of lithological geology, the utilized specimens

include coarse sandstone, medium sandstone, fine sandstone, siltstone and mudstone, which are the most

representative and natural lithology types without obvious macroscopic cracks. In addition, it is difficult to collect

core samples about structural plane to define their truly mechanical parameters through experiments. Thus, only 25


https://doi.org/10.20944/preprints201907.0045.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 July 2019 d0i:10.20944/preprints201907.0045.v1

specimens in 5 groups were performed using the direct shearing machine.

These core samples were properly packed, and then were sent to the laboratory immediately after classification

and packing. During the sample preparation process, core samples with a diameter of 50 mm were cut at a ratio of

1:1 in the aspect ratio in accordance with the GB/T 50266-2013. After cutting, each surface of all samples was ground

to ensure a flat surface. Fig 2 presents parts of specimens before and after direct shear tests, and apparent shear failure

planes occurred in the middle of the specimens after completed tests. The sample number shown in Table 1 is provided

as follows: the first digit indicates the rock lithology, and the second digit indicates the sequential number of the

specimens in each group.

Fig. 2 Parts of specimens before and after direct shear tests.

2.2 Tests apparatus

In this study, the direct shear tests on core specimens were performed using a multi-functional testing machine

and manufactured in the State Key Laboratory of Geohazard Prevention and Geoenvironment Protection of Chengdu

University of Technology, China. Despite it would be more accurate to measure shear strength of soil using tri-axial

apparatus with considering the applying confinements in the field, the direct shear apparatus was considered adequate

to respond to the desired results of shear behavior about the lithological aspects.
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Fig.3 shows the direct shear test apparatus to examine failure behavior of lithology instead of applying shear

stress on the well material. Two hydraulic jacks controlled by pressure oil pumps are fixed in the top and right side

of the stiff loading frame, respectively. The maximum loads provided by the two hydraulic jacks are 294 kN and 490

kN with oil cylinder maximum trip of 60 mm, respectively. The device has lower and upper shear boxes equipped

with one row of ball bearings. The lower shear box is fixed, and the upper shear box can produce dislocation. The

upper and lower shear rings are placed in the inner hole of the shear box which is consisted of four surface ground

steel. Appropriate size and shape of shear rings are designed (Fig.3d).

Measured data from 8 channels can be collected simultaneously. The sensors and the other instruments were

calibrated as required before each sample was tested. The range of pressure sensor and displacement is 0-40 MPa and

0-50 mm with a resolution of 0.01 MPa and 0.01 mm, respectively.

Vertical actuator

Horizontal actuator

Ball bearing

/[/ Upper plate

[T “J—_Middlc plate

Fig.3 Test system of specimen in direct shear test (a, Direct shear test apparatus; b, Lower shear box; ¢, Upper shear

box; d, shear rings; e, Experimental device; f, Ball bearings).

2.3 Test procedure

In this study, the testing procedure followed the Chinese standard GB/T50266-2013. Five specimens in each

group were applied with normal stress of 2, 3, 4, 5 and 6 MPa, respectively. The usual test procedure adopted for

conducted direct shear tests calls for a constant normal load (CNL) to be applied with the horizontal load being

gradually increased until sliding takes place. The test process includes two main steps: (1) load the initial normal
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stress to the desired value at a loading rate of 0.08 kN/s; (2) load the shear stress until the failure of specimen occurs

with a constant shear speed of 0.2 mm/min. In the process of direct shear, the rock would dilate when it was destroyed,

then the tested data of the normal stress may be inconsistent with the set normal stress. In these tests, the shear

displacements and loads in the normal and shear directions were recorded automatically throughout the test.

2.4 Estimating method of shear strength

The volume of the standard specimen was calculated by measuring the cross-sectional area and height of the

sample, then the mass of the specimen was weighed. The density of the rock block can be obtained by using the

relationship between volume and quality. The normal stress and shear stress can be calculated by the following

formula respectively:

_(,-150)%S, +G (0
Sj

Lo =1)xS, (2)
S

]

Where, o is the normal stress, MPa; I,, set pressure value of normal cylinder, MPa; /5, initial normal pressure applied
on the sample, MPa; 1,9, piston area of normal cylinder, m?; G, total weight of iron and ball bearing, MN; S; , shear
area of the sample, m?; 7, shearing strength, MPa; I,, maximum value of shear load, MPa; Sj ,piston area of shear
cylinder, m?.

One many now use the Mohr-Coulomb criterion (Eq. (3)) to express the peak and residual shear strengths versus
the normal stress as shown in Fig. 4 according to the obtained cohesion and friction angle:

T=c+ o, tang (3

wheret, ¢, g, and ¢ are shear strength, cohesion, normal stress and friction angle, respectively [35].

The applied experimental data used in this study, such as Poisson’s ratio, elasticity modulus, compressive
strength, tensile strength, angle of internal friction and cohesion were collected from the results of tests and

measurements of core samples. Microscopic examinations were used for petrographic analysis based on the
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polarizing microscope, scanning electron microscope equipped with a ZEISS SIGMA system.

3 Results and discussions

3.1 Shear failure characteristics

Peak and residual tests were carried out for each sample according to the test program. Tests in residual state

were conducted to estimate the residual shear strength parameters. Results of all direct shear tests on rock specimens

are summarized in Table 1. Although the experiments were carried out carefully according to specific methods, some

tested parameters were of poor quality and omitted for the heterogeneity of rocks, such as 1-2, 3-3, 3-4 and 5-4

specimens in Table 1.

Table 1 Direct shear testing results for rock specimens.

Lithol Group Sample Bulk density Normal stress Peak shear Yield shear Residual shear
itholo
v ID ID (g/cmd) (MPa) stress (MPa) stress (MPa) stress (MPa)
1-1 5.11 23.4 18.72 4.86
1-2 2.3 19.74 15.79 5.89*
Coarse
1 1-3 2.58 3.07 18.63 14.9 4.09
sandstone
1-4 4.09 21.1 16.88 5.7
1-5 5.92 25.76 20.61 6.68
2-1 2.05 14.15 11.32 3.86
2-2 3 16.97 13.58 3.56
Medium
2 2-3 2.55 4.15 15.48 12.38 4.39
sandstone
2-4 5.14 17.99 14.39 6.5
2-5 6.49 21.89 17.52 8.52
3-1 2.07 16.79 13.43 9.32
Fi 3-2 3.25 19.73 15.78 9.17
ine
3 3-3 2.65 4.35 21.18 16.95 7.11*
sandstone
3-4 5.37 21.44 17.15 5.71*
3-5 6.16 27.25 21.8 15.59
4-1 2.32 10.24 8.19 4.62
4-2 3.14 8.11 6.48 6.58
Siltstone 4 4-3 2.65 1.23 8.75 7 5.49
4-4 5.06 18.56 14.85 8.39
4-5 6.23 19.15 15.32 10.86
5-1 2.12 6.46 5.16 4.67
5-2 3.35 7.29 5.83 5.68
Mudstone 5 5-3 2.65 5.05 7.73 6.18 5.92
5-4 5.2 26.71* 21.37 9.09
5-5 6.19 11.09 8.87 8.11
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Note: *, invalid data.

For each test specimen, graphs of shear stress versus shear displacement were plotted. As illustrated in Fig. 4,

all curves have similar trend that the shear stress level dropped to a residual state after the peak strength. The shear

displacement of most specimens increases with an increasing shear stress, showing a large slope. After the shear

stress reaches the peak strength, the shear stress decreases dramatically as the shear displacement increases. However,

some specimens show a significant increase of shear displacement with slowly increased shear stress at the initial

stage, such as 3-2 and 4-3 specimens.

The shear curve increases significantly after the shear displacement reached a certain value (about less than 0.5

mm to 1.0 mm) until the peak stress is reached, and a change of shear stress occurs at the peak. The slope of the curve

changes from positive to negative with a noticeable trend, indicating obvious brittle failure characteristic of the

lithological specimens with a release of cohesion. As the displacement continues, the shear stress falls to a certain

residual value that then remains constant, even for larger shear displacements. The residual stress varies greatly,

generally about 21%-78% of the peak stress. It indicates that the specimen has been completely destroyed, but still

has a certain load capacity under external force.

In addition, five different normal stress levels were considered to study the effect of normal stress on the shear

behavior of rock samples. The peak shear strengths of five lithology groups follows an increase with the increasing

of normal stress. According to the data obtained from 5 groups of direct shear test results, the relationship between

the peak shear strength and normal stress expressed by the Mohr-Coulomb criterion, Eq. (3) are plotted as shown in

Fig. 5.
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Fig. 4 Shear stress-shear displacement curves of rock specimens under different normal forces.
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Fig. 5 Shear strength curve of the specimens (Group 1, 1=14.23+1.83c, R?>=0.88; Group 2, t=11.00+1.51c, R>=0.80; Group 3,
1=12.17+2.150, R*=0.85; Group 4, 1=4.22+2.43c, R?=0.82; Group 5, 7=4.01+1.05c, R?>=0.58).
3.2 Influence of lithology on mechanical parameters

Fig. 6 shows that the residual strength of the specimens with different lithology was substantially smaller than
the peak strength. With the lithology changes from coarse sandstone to mudstone (the grain size changes from coarse
to fine), the magnitude of peak shear stress strength and yield shear strength takes on reducing trends, which is most
obvious from siltstone to mudstone as shown in Fig. 6.

Coarse-grained lithology has a larger stress drop than fine-grained lithology. Generally, the process of stress
drop is essentially a process of gradual penetration of fracture surface. However, as shown in Fig. 5, there is no
significant change in the friction angle of all specimens, indicating that the crucial change of peak strength and yield
strength is mainly caused by cohesion. The change of stress drop values with lithology indicates that the cohesion
changes from large to small when the lithological grains change from coarse to fine. With the change of lithology,
the more the clay content is, the more the strength is reduced. The drop value has a certain relationship with the
cohesive force [36]. Compared with lithology composed of fine grain size, lithology with coarse grain has smaller

residual shear strength but larger peak shear strength.
10
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Fig. 6 Variation of shear strength showing influence of lithology geology.

By comparing the relationship between peak shear stress and shear displacement under different normal stresses
(Fig. 7), it can be found that the peak shear stress generally shows a decreasing trend corresponding to the increasing
shear displacement with the decrease of clastic grain size of rock composition under a given similar normal stress.
When the normal stresses are 2, 3, 5, and 6 MPa, the change of the shear stress vs. lithology curves indicates that the
peak shear strengths of the specimens follows an decrease with decreasing grain size of changing lithology. In
addition, the shear displacements increases gradually from coarse sandstone to mudstone. Thus, the variation of the
shear strength and displacement with different lithology specimens indicates that grain size of different lithology has
an important effect on shear strength. The smaller the grain size of lithology, the smaller the peak shear stress and the
larger the shear displacement. Namely, the rock with small grain composition tends to give priority to shear failure

with large shear displacement, such as mudstone or siltstone.
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Fig.7 Variations of the peak shear stress and shear displacement vs. lithology geology with normal stresses of 2, 3, 5 and 6 MPa.

In order to better understand the mechanical properties of different lithology geology, about 330 tested
mechanics parameters of coal-bearing rock samples were collected from Huainan mining area, China. Fig. 8 depicts
the main mechanical parameters of these lithology samples. The lithology geology changing from medium sandstone
to fine sandstone, siltstone and mudstone, namely, the decrease of the grain diameter, shows a step drop of mechanical
parameters when the lithology changes, which behaves as grain diameter softening [37]. As data shown in Fig.8, The
mechanical parameters of rock samples, such as compressive strength, tensile strength, cohesion and elastic modulus
have two obvious changes on the boundary of medium and fine sandstone, fine sandstone and mudstone. It is evident
that medium and fine sandstone has the same mechanical parameters (Fig.8), which is not expected due to the change
in lithology. This may be related to the fact that the cement of medium and fine sandstones is mainly quartz with
grain-supported texture. The mechanical parameters of medium sandstone are relatively discrete (Fig.8), which
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indicates that the increasing of quartz may be limited to improve the mechanical strength of rocks in the study area.

If these samples are classified as medium-fine sandstone, siltstone and mudstone, the average values of some

mechanical parameters of them are summarized in Table 2. Taking medium-fine sandstone as the datum, the cohesion

of siltstone and mudstone decreases by 44% and 67%, the elastic modulus by 47% and 70%, the compressive strength

by 42% and 65%, the tensile strength by 51% and 69%, and the Poisson's ratio increases by 9% and 12%, respectively.

However, the poisson ratio goes up step by step and the friction angle has no obvious change.
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Fig. 8 Variation of some mechanical parameters from collected 330 samples (ID 1-34, medium sandstone; ID 35-107, fine sandstone; ID

108-206, siltstone; ID 207-330, mudstone).

Table 2 Average values of mechanical parameters obtained from collected 330 samples.

Friction Cohesion( Elastic modulus Poisson's Compressive Tensile strength
Lithology geology )
angle(°®) MPa) (10°’MPa) ratio strength (MPa) (MPa)
Medium--fine
38.6 10.7 234 0.2 54 2.52
sandstone (107)
Siltstone (99) 39.1 6 12.5 0.22 31.1 1.23
Mudstone (124) 377 3.5 7.1 0.25 18.9 0.77

3.3 lithology performances for shear failure of SMCBs

Based on the statistical results shown in Fig. 8 and Table 2, the siltstone and mudstone composed of fine particles

have generally lower shear strength than the medium-fine sandstone (Fig. 9a). There is no obvious change in the

internal friction angle of different lithological samples, suggesting that the shear strength and shear displacement are

mainly determined by cohesion of them. When the grain size of rock mineral composition increases to the sand-size,

the lithological rock has high mechanical strength because of their mineral composition of single-crystal quartz (Fig.
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Fig. 9 Lithology performances for mechanical parameters caused by mineral compositions (b is modified from Meng et al., 2000).

In addition, some factors such as cementation also play an important role in the mechanical properties of rock

shear. The observed particle-supported sandstone sample generally shows high mechanical strength with siliceous

and ferruginous cementation (Fig.10a). However, the siltstone and mudstone, mainly composed of clay and sliced

mica, have low mechanical strength for their developed inter-fracture and weak stiffness. Compared with sandstone,

mudstone has high clay content with poor argillaceous cementation (Fig.10b). The clay minerals by X-ray diffraction

analysis is 59.0%, and the proportion of kaolinite and the mixed layer of illite and smectite in clay minerals can reach

40% or more [38]. As shown in Fig. 10c, a large amount of flaky clay minerals in the mudstone samples can be

observed by scanning electron microscopy. The flaky texture with weak interlayer mechanics interaction provides

the possibility of microscopic shear and slippage.

Thus, the mineral composition and cement of mudstone can significantly weaken its mechanical strength. To

sum up, with the decrease of the grain diameter of lithology rocks (lithology geology from sandstone to mudstone),

decreasing quartz and increasing clay minerals are the important factors for the decrease of shear strength and

cohesion, which further leads to weakening of shear strength of lithology rock. Therefore, the lithology performance

with varying shear mechanical parameters has significantly effect on the sequence and location of potential shear
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failure for SMCB in drilled strata.

Fig. 10 Thin-sections and SEM photomicrographs showing diagenetic minerals of sandstones and mudstones in coal-bearing strata in

Huainan mining area. (a) Sandstone displays the wide array of medium-grained quartz with approximately 80% of the rock composition.

The majority of framework grains showing porous cementation. Minor amounts of siderite cements quartz grains. Detrital silty mudstone

grain is present in small quantities as a matrix within the grain-supported sand. Cross-polarized light. (b) Silt-bearing mudstone showing

a majority grains are silt-grained and clay, about 10% and 90%, respectively. The detrital composition is mainly quartz with a small

amount of feldspar. Minor amounts of the detrital grain size is 0.08 mm. Cross-polarized light. (c) SEM photomicrograph showing

relatively textural, flaky clay minerals of mudstone.

Moreover, there may be many failures for methane capture borehole around the panel because of mining. The

lithology performance and possible optimal location of shear failure is analyzed, but other factors such as geological,

structural plane and dip angle may affect the lithology performance for shear failure. The cohesion of structural plane

is generally 0.005-1.0 [39], which shows significant difference compared to rocks. In a conventional way, the thick

interlayer will decrease the shear strength of structural plane, and increased filling particles implies decreased shear

strength. As for the mudstone interlayer, the increase of water content will also cause an obvious decrease of the

cohesion and friction coefficient of the structure surface [40].

The conclusions are reasonable and coincide with the engineering practice. Fig.11 displays stratigraphic sections

of the overlying strata in some damaged boreholes induced by shear failure, and these sections are mainly mudstone,
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siltstone and lithological boundaries. Compared with the failure of rock masses of different lithology geology, the
driving force required for generating slippage and instability along the structural surface is smaller, and the shear

failure caused by structural plane is more preferential.

0 10 20m
— .
= —  Failure surface -———-  Coal [
= Bedrock surface swwwwwm Clay &£ = =1

s — Mudstone £=——=—

Sandy mudstone f=
Siltstone 1

' % Fine sandstone +—
690m == 365m=——] 462n——1 565m——] 429mi==— 461m . PO SRR e oyl B

@ ® ® ® ® ®

Fig. 11 Stratigraphic sections of the strata in some damaged boreholes in the Huainan mining area (Modified from [41]).

However, the shear failure of casing is affected by overlying strata movement, mining engineering and
geological conditions, etc. Tested mechanical properties are related to physical properties of rock mass such as water
content and porosity, as well as the processing and loading of specimens. The lithology performance for shear failure
of SMCB is only obtained from the tests carried out with few specimens in this paper, and the conclusions still need
to be further studied.

4 Conclusions

In this study, the direct shear test under constant normal condition was carried to investigate the shear responses
of lithology specimens. The effects of the displacement and shear strength on the lithology performance and shear
failure possibility of specimens are highlighted. Several conclusions are drawn as follows:

(1) Lithology specimens show that the shear strength linearly increases with the increase of initial normal stress.
Nearly all specimens of shear stress show the tendency to increase first and then decrease as the shear displacement
increases, indicating obvious brittle failure characteristics.

(2) With the lithology changes from coarse sandstone to mudstone (the grain size changes from coarse to fine),
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the shear stress has obvious trend of decreasing with significant shear displacement. Therefore, in the section of
siltstone, mudstone and structural plane with weak mechanical properties, the casing is more likely to undergo shear
displacement to shear failure. Protective measures at these sections may improve the stability of the borehole casing.
(3) The jump of the rock mechanics properties at the lithological boundaries is in response to the changes of

lithological grain size, which is mainly determined by the composition of rock specimens. The cohesion is the main
reason for the step change of shear strength. The lithology sections which have low content of quartz and high content
of clay, may be have poor shear strength and failure resistance, and they are the highest possible failure sections of
the borehole from the surface to the coal seam.
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