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ABSTRACT 

Weak shale roof falls have long been the main cause for fatalities 
in underground coal mines. Moisture-induced swelling is one of 
the root causes for the degradation of roof shales. In this study, 
slake durability tests are conducted on shale samples collected 
from Illinois basin coal mines, and different levels of durability 
are analyzed according to Gamble slake durability classification. 
There are two main mechanisms influencing the shape of retained 
fragments after two cycles of wetting and drying: mechanical 
abrasion and swelling pressure. A prototype optically based shale 
swelling apparatus is designed and manufactured for the shale 
free-swelling measurement. The experimental results suggest that 
swelling pressure tends to deteriorate shale laminations. Moisture­
induced swelling of the No. 6 roof shale from Bear Run Mine was 
measured under I 00% relative humidity condition. The measured 
swelling strain normal to beddings is - 5 to 7 times greater than the 
swelling strain parallel to beddings. This suggests that interlayer 
expansion plays a key role in moisture-induced swelling. Cracks 
induced by swelling pressure tend to occur along the bedding plane 
and lead to shale deterioration. 

INTRODUCTION 

Background 

Ground falls have long been the cause for nearly 50% of all 
fatalities in underground coal mines and continue to be one of the 
greatest safety hazards in underground spaces. Among the various 
ground fall hazards, roof failure takes up 23% of total fatalities in 
underground coal mines, of which 13% are due to skin failure and 
10% are due to massive roof falls (Mark, Pappas, and Barczak, 
2011). Roof failures associated with weak shales are summarized 
in previous studies (Malinda and Mark, 201 O; Aughenbaugh 
and Bruzewski, 1973; Bajpayee, Pappas, and Ellenberger, 2014; 
Murphy, 2016). For mine roof instability and failure, two aspects 
can explain the failure mechanism of weak roofs. One is the 
elevated stress concentration in lateral direction due to the mining­
induced excavation and its stress redistribution around the mine 
opening (Song and Stankus, 1997; Fan and Liu, 2017; Hill, 1986). 
The other mechanism is the passive stress-relief due to the strength 
weakening induced by the ambient moisture and temperature 
fluctuations during a period of time. Shale is moisture sensitive 
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and presents a lower durability if it is exposed to a highly humid 
environment for a long time, thus leading to roof deterioration 
and instability in underground coal mines (Aughenbaugh and 
Bruzewski, 1976; Stateham and Radcliffe, 1978; Chugh and 
Missavage, 1981; Klemetti, Oyler, and Malinda, 2009). It is well 
known that shale is a clay-bearing sedimentary rock and that clay 
minerals are water sensitive. The moisture uptake for shale will 
induce the micro-deformation of a shale matrix, thus the structure 
and strength of shale is a function of time and intensity of moisture 
exposure. All mine engineers notice moisture-induced shale 
deterioration; however, the underlying mechanism(s) are still not 
fully understood due to the complexity of geophysical-chemical 
water-shale interactions (Huang, Aughenbaugh, and Rockaway, 
1986; Hensen and Smit, 2002; Diaz-Perez, Cortes-Monroy, and 
Roegiers, 2007). The coal mining industry is still in the process of 
finding a technically sound, cost-effective technology to prevent 
this unexpected and unpredictable shale roof failure. Therefore, 
understanding how the moisture-sensitive shale responses to 
various ambient moisture and what role exposure duration plays 
in shale roof failure is key to prevent unexpected roof incidents, 
which will lay the foundation for the long-term roof support design 
and ground control management. 

Literature Review 

The influence of water content on mechanical properties of 
shale has been extensively studied. Steiger and Leung (1989) 
shows that uniaxial compressive strength of dry shales can be 2-10 
times higher than wet (native state) samples containing moisture. 
The results of mechanical tests on shale and clay-bearing rocks 
show that strength and stiffness reduce with increasing water 
content (Lashkaripour and Passaris, 1995; Van Eeckhout, 1976; 
Martin, 1966; Schmitt, Forsans, and Santarelli, 1994; Tata!, 2013; 
Seedsman, 1987; Vales et al. , 2004; Erguler and Ulusay, 2009; 
Vergara and Triantafyllidis, 2016). Several mechanisms for shale 
weakening are mentioned in the literature, attributing the reduction 
of strength in the presence of moisture to some potential factors, 
such as the following: 

• reduction of fracture energy (Van Eeckhout, 1976) 
• clay swelling (Huang, Aughenbaugh, and Rockaway, 1986; 

Sherwood and Bailey, 1994) 
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• frictional reduction and corrosive deterioration (Van Eeckhout, 
1976; Martin, 1966) 

• pore pressurization and capillary suction (Schmitt, Forsans, 
and Santarelli, 1994) 

• ionic diffusion (Talat, 2013). 

One of the main mechanisms of shale weakening is due to 
clay swelling. Shale contains hydrophilic clay minerals for 
which water shows a strong affinity. The shales imbibe the water, 
resulting in the clay swelling, which significantly contributes to the 
deterioration of shale roofs. Two types of swellings get involved 
accordingly: crystalline swelling due to matric suction and osmotic 
swelling ( double layer swelling) due to osmotic suction. Matric 
suction results from capillary phenomenon and surface adsorption 
effect and is a function of moisture content, while osmotic suction 
is associated with the concentration of exchangeable counterions in 
clay-water system (Rao, Thyagaraj, and Rao, 2013). 

In this study, seven types of shale samples from two coal 
mines located in the Illinois basin and one Marcellus outcrop 
are tested to determine the geomechanical properties, such as 
mineral composition, slake durability indices, and moisture­
induced swelling. Different shales and their sensitivity to water 
are discussed, and mechanisms for different types of retained 
fragments are analyzed through slake durability tests. An optically 
based prototype experimental apparatus is designed to measure the 
time-dependent swelling due to moisture uptake. The mechanisms 
of swelling and the presence of cracks are also analyzed. 

LABORATORY TESTS 

Shale Sample Collection 

The coal-bearing rocks in the Illinois Basin shown in Figure 
are of Pennsylvanian age and were deposited dating back to 

about 325-290 million years ago, covering 36,800 square miles 
in Illinois, 6,500 square miles in southwestern Indiana, and 6,400 
square miles in western Kentucky (Hatch and Affolter, 2002). The 
study includes the laboratory measurements on seven coal mine 
shale rocks collected from the Illinois basin and one Marcellus 
shale collected from Pennsylvania. The two coal mines are Bear 
Run Mine located at Carlisle, Indiana, and Wildcat Hills Mine 
located at Equality, Illinois (Figure 1). The Marcellus shale is 
collected from the outcrop of the middle Devonian Marcellus 
Formation at Frankstown, PA (coordinates: N40"26'00", 
W78°20'28"). Rock samples from the two mines were collected 
from actively mined areas, which are relatively fresh and well 
preserved at a proper temperature and humidity conditions. All 
collected rock samples are listed in Table 1. Bear Run Mine coal 
seams and roof and floor rocks are shown in Figure 2. 

Mineral Composition Characterization 

X-ray Diffraction (XRD) measurements were conducted for 
rocks A-H to characterize and quantify the mineral composition for 
each sample. Figure 3 shows X-ray diffraction graphs for rocks A 
and C. Table 2 details the major minerals distributed in the tested 
rocks. These results show that quartz, illite, albite, muscovite, 
clinochlore, and dickite make up the whole mineralogical 
compositions for rocks A, C, and E (No. 7, No. 6, and No. SA roof 
shales) from Bear Run Mine. Rock G (Herrin No. 6) shows many 
different mineralogical compositions. It contains halloysite, 
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Table 1. Summary of the shale samples. 

Location Mine 
Rock 
Code 

A 

B 

Bear Run C 
Carlisle, Mine 
Indiana (Surface 

Mine) D 

E 

F 

Wildcat 
Equality, Hills Mine 

G 
Illinois (Underground 

Mine) 

Frankstown, Marcellus 
H 

PA Outcrops 

lilHTU..KY 

_f.i; · - - Tll fNtS<il:r! - ----

Rock Type 
Coal 
Seam 

Roof 
No.7 

Shale 

Roof Fire 
No.7 

Clay 

Roof 
No.6 

Shale 

Floor 
Shale 

No.6 

Roof 
No.SA 

Shale 

Roof 
No.5 

Shale 

Roof Herrin 
Shale No.6 

Outcrop -
Shale 

Pennsylvanian rocks 

0 City 

! ~ ~; State boundary 

River, lake, or reservoir 

Sumpling location 

IL 

INDEX MAP 

c====c===i~ f.ll[S 

?=r==:''il /JlOMEli, j 

SC,, LE 

Figure 1. Sampling location from Illinois basin coal mines (Map 
is cited from [281). 

muscovite, pyrite, montmorillonite, and dolomite but contains no 
albite, clinochlore, or dickite. Rock D (No. 6 floor) also has 
different mineralogical composition compared to rock A, C, and E. 
It contains palygorskite, chlorite, pyrite, and calcite but contains no 
clinochlore or dickite. Rock B (No. 7 roof fire clay) contains a 
relatively high percentage of halloysite (24%), 1.2% of kaolinite, 
0.2% of muscovite, and 0.2% of palygorskite. Rock F (No. 5 roof 
shale) contains 2.4% of pyrite and no illite. Rock H (Marcellus 
shale) contains 60.1% of quartz, 17.4% of illite, 3.1% Muscovite 
and 19.3 ofphengite. 

Slake Durability Test 

The slake durability test (SDT) is an effective way to measure 
the durability of shale and clay-bearing rock samples as a function 
of cyclic wetting and drying and to examine the resistance to 
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Figure 2. Bear Run Mine coal seams and roof/floor rocks. 

weakening and disintegration (Franklin and Chandra, 1972). This 
testing method is recommended by the International Society for 
Rock Mechanics (Franklin, 1979) and is standardized by the 
American Society for Testing and Materials. The result of slake 
durability test (ASTM D4644-16, 2016) for Rock Types A-H is 

shown in Figure 4. According to the Gamble slake durability 
classification (1971) shown in Table 3 and the slake durability 
index, after the second cycle 1,

12
, Rock D (No. 6 floor shale) and F 

(No. 5 roof shale) have a very high durability, with the ~12 up to 
99.4 and 99.3, respectively. Rock A (No. 7 roof shale), E (No. 5A 
roof shale), G (Herrin No. 6 roof shale) and H (Marcellus outcrops) 
have a medium high durability. C (No. 6 roof shale) has a medium 
durability. B (No. 7 fire clay) has a very low durability with 1,

12 

equal to zero. 

Each piece of fragment collected for the SDT is intact and 
roughly equidimensional, following the ASTM standard. In SDT 
tests, retained fragments for rocks are shown in Figures 5 and 6. 
Experimental results show that retained fragments of rock B (fire 
clay) appear to be highly laminated flakes after the first cycle of 
wetting and drying as shown in Figure Sb. This could be attributed 
to the swelling pressure by water absorption. Since the laminated 
flakes could hardly bear any abrasion or further swelling-induced 
pressure, there are no retained fragments after the second cycle 
of ten-minute rotation in the water trough. The high percentage 
of halloysite and small amount of kaolinite, muscovite, and 
palygorskite could be the cause of the extremely low durability 

Table 2. Mineralogical composition of shale samples based on XRD analysis(%). 

Rock Type Minerals Content% Rock Type Minerals Content% 

Quartz 26.6 Quartz 17.3 

Illite-2Ml(NR) 29.9 Illite-2Ml(NR) 27.7 

No.7Roof Albite 9.9 No.SA Roof Albite 3.4 

Shale (A) Muscovite-IM 12.3 Shale (E) Muscovite-IM 21.2 

Clinochlore 11.7 Clinochlore 14.7 

Dickite-2Ml 9.7 Dickite-2Ml 15.7 

Quartz 40.6 Quartz 17.5 

Illite-2Ml(NR) 18.6 Albite 10.9 

Dickite-2Ml 15.2 Muscovite- IM 38.9 
No.7Roof 

Halloysite- l 4A 24 
No.5 Roof 

Clinochlore 24.8 
Fireclay (B) Shale (F) 

Kaolinite-2M 1.2 Dickite-2Ml 5.2 

Muscovite-3T 0.2 Pyrite 2.4 

Palygorskite 0.2 Muscovite-2M 1 0.3 

Quartz 14.2 Quartz 22.5 

Illite-2Ml(NR) 21.5 Illite-2Ml(NR) 37.3 

Albite 2.7 HerrinNo.6 Halloysite-14A 14.8 
No.6 Roof 

Muscovite-IM 29.3 Roof Shale Muscovite-3T 6.3 
Shale (C) 

(G) Pyrite 4 Clinochlore 28.9 

Dickite-2Ml 3.4 Montmorillonite 11 

Dolomite 4.2 

Quartz 24.3 
Quartz 60.1 

Illite-2Ml(NR) 29.3 

Albite 1.2 
Illite-2M2(NR) 17.4 

No.6 Floor Muscovite- IM 8.7 Marcellus 
Shale (D) Palygorskite 17.9 Outcrops (H) 

Muscovite-2M 1 3.1 
Chlorite 12.6 

Pyrite 4 
Phengite 19.3 

Calcite 2 
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Figure 3. X-ray diffraction graphs for Rock A (Bear Run Mine 
No.7 Roof Shale) and Rock C (Bear Run Mine No.6 Roof Shale). 

Table 3. Gamble slake durability classification. 

% Retained after One % Retained after 
Group name 10-min Cycle (Dry Two 10-min Cycle 

Weight Basis) (Dry Weight Basis) 

Very high 
>99 >98 

durability 

High durability 98-99 95-98 

Medium high 
95-98 85-95 

durability 

Medium 
85-95 60-85 

durability 

Low durability 60-85 30-60 

Very low 
<60 <30 

durability 

of rock sample B (No. 7 roof fire clay). Retained fragments after 
the second cycle for rocks A, C, D, E, F, G, and H are shown in 
Figure 6. For rocks D and F, retained specimens remain virtually 
unchanged. While retained fragments for rocks A, C, E, G, and 
H contain both large and small fragments. Specifically, after two 
cycles of wetting and drying, retained fragments of rocks A, C, 
and E have round-shaped comers and flake-shaped pieces. The 
round-shaped comers are due to mechanical abrasion, while the 
flake-shaped pieces result from failure of the laminated layers due 
to internal swelling pressure. Retained fragments of rocks G and H 
have irregular shapes, containing bulky, flaky, and needle pieces, 
which are due to the collective effect of mechanical abrasion and 
swelling pressure. 
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Figure 4. Slake durability index. 

Figure 5. Slake durability test for Rock B (Fire Clay): (a) before 
the test; (b) after the first cycle. 

Figure 6. Retained fragments of rock A, C, D, E, F, G and H after 
the second cycle of SDT. 

SWELLING STRAIN TEST 

In the study, an optically based strain measurement apparatus 
is designed and manufactured for the water-vapor-induced shale 
swelling strain. Based on the preliminary results, the proposed 
optically based technique shows some advantages compared to 
the conventional strain-gauge-based swelling strain measurement. 
First, the optically based apparatus can measure much smaller 
samples with dimensions ranging from hundreds of micrometers 
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to a few millimeters, which significantly shortens the water vapor 
equilibrium time. With a millimeter scale shale sample, it only 
takes a few hours to achieve the equilibrium. Secondly, moisture­
induced micro-cracks due to clay swelling could be captured 
by a digital microscope, which does not cause false strain due to 
cracking. Lastly, no water gets involved during the whole process 
of the specimen preparation, avoiding the pre-existing swelling 
strain induced by water absorption during coring, cutting, and 
grinding processes. 

Description of Optically Based Experimental Apparatus 

The optically based experiment apparatus, shown in Figure 7, 
includes a few subparts (from left to right): 

• dry air blower consist of an air blower pump and the desiccant 
• humidifier, 
• moisture mixing chamber 
• high-resolution digital microscope 
• relative humidity meter. 

The desiccant works to supply air with zero relative humidity, 
while the humidifier can provide water steam with 100% relative 
humidity. The flow rates of the air blower pump and the humidifier 
are both adjustable. The use of air blower pump in conjunction with 
the humidity meter makes it adjustable for the relative humidity in 
the chamber and stable at a designated value ranging from 0% to 
100%. The humidity meter was placed at the outlet of the chamber 
to monitor and record the relative humidity and temperature. 

The chamber (Figure 7) is made of a high-strength 
polycarbonate material with a transparent window that allows 
direct observation of the swelling strain during moisture absorption 
by the digital microscope. The sample jack inside the chamber is 
customized by the machine shop and is able to control the height of 
the sample at any level within the chamber. A thin plate with 
several uniformly distributed holes serves as the airflow distributor 
to achieve the evenly distributed airflow inside the chamber. At the 
middle of the base, there is a drilled hole that allows the drainage of 
condensed water. 

Figure 7. Optically-based experimental apparatus. 

The digital microscope can be handheld or mounted on a 
stand. The magnification range is from 20x to 220x. Different 
magnifications have different working distances, ranging from 
4 mm to 60 mm. This is achievable through vertical movement 
controlled by a fine-focus adjustment knob shown in Figure 7. 
The adjustable horizontal arm has a 7-inch range with 360-degree 
rotation, and optional arm attachments are available that increase 
the effective range of motion. These combined features provide 
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complete command and control of microscope orientation and 
positioning for maximum productivity and ease of use. 

A USB cable connects the digital microscope to a computer, 
powering the device and providing built-in lighting. For 
measurements, the software, along with the digital microscope, 
enables the user to capture images of the object and read the actual 
size conveniently. Verification of the digital microscope and the 
software is conducted by taking a snapshot to a standard ruler 
shown in Figure 8. The relative error is 0.48%, which is reliable 
and acceptable. 

1 

3 
4 

3 
Figure 8. Verification of the digital microscope. 

Shale Specimen Preparation 

Four cuboid specimens (each edge is - 2 mm- 8 mm) were 
prepared from No. 6 roof shale Bear Run Mine at Carlisle, Indiana. 
Each specimen was cut very carefully using a dry, slow rock saw. 
The cut specimen was then hand-grinded by using fine sandpapers. 
During the whole process of specimen preparation, there was no 
water involved to avoid any pre-existing swelling strain due to 
water absorption during coring, cutting, and grinding process. No 
pre-existing cracks or faults on the surfaces of four specimens 
were observed before the swelling tests. The four specimens 
were prepared from the same single piece of shale rock, which 
means that the four specimens had the same mineral properties. 
Two specimens (#1 and #2) were placed in the chamber to probe 
the surfaces parallel to the bedding planes, while the other two 
specimens (#3 and #4) were tested for the surfaces perpendicular 
to bedding planes. The prepared specimens are shown in Figure 9. 

Measurements of Swelling Strain With Continuous Water 
Moisture Uptake 

Time-dependent swelling of specimens (No. 6 roof shale) 
under 100% relative humidity was continuously monitored by the 
optically based experiment apparatus. Images were captured by 
the digital microscope to measure the areal strain for specimens #1 
and #2 and linear strain for specimens #3 and #4. Since surfaces of 
the specimens are not perfect rectangles, the polygon measurement 
feature was used to measure the areal changes parallel to the 
bedding planes for specimens #1 and #2 (Figure 10a and b), 
while linear deformations normal to beddings were measured for 
specimens #3 and #4 (Figure 1 Oc and d). 
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Figure 9. Four specimens (No.6 roof shale) prepared for the test. 

Figure 10. Snapshot by digital microscope and measurement of 
dimension: (a) specimen #1, (b) specimen #2, (c) specimen #3, (d) 
specimen #4. 

Areal strain is defined as the change in the plane surface area 
divided by its original area (A) with its dimension of a xb. 

_ M _ (a+6a)(b+ M)-ab _ 6a M _ 
6 s - - - = - + - - 6a + 6b 

A ab a b (1) 

Assuming the surface parallel to the bedding plane is isotropic, 
according to the equation above, the linear strains parallel to the 
bedding planes for specimens #1 and #2 are f-1=f-

0
=f-1,=f-/2 . 

The linear strains (f-,,) normal to bedding plane for specimens #3 
and #4 are defined as the change in normal length of the sample 
divided by its original normal length. Two edges normal to bedding 
plane were measured to obtain an average value, defining the linear 
strain normal to bedding plane. 
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Experimental Measured Strain Results and Discussion 

Figures 11 and 12 show the results of linear strains parallel and 
normal to beddings. Swelling strains under l 00% relative humidity 
come to 5.0% (#1) and 3.4% (#2), 25.1 % (#3) and 22.5% (#4). 
These results suggest a strong swelling potential for the No. 6 roof 
shale subject to water vapor uptake. The uptake of water vapor into 
shales, either by matric suction or by osmotic suction, results in 
the net matrix swelling strain. From the results, it was found that 
the final equilibrium can only be achieved in hundreds of minutes. 
This short equilibrium time is attributed to the high ratio of surface 
area to volume for this study, which allows the fast equilibrium 
diffusion in the sample. This is an advantage for the optically 
based measurement since the traditional shale core swelling strain 
is measured on large specimens using strain gauge, which takes an 
extensive amount of time to achieve the final equilibrium. 
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Figure 11. Linear strain parallel to bedding for specimens #1 
and #2. 
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Figure 12. Linear strain normal to bedding for specimen #3 
and #4. 

As expected, the swelling strain normal to beddings is - 5-7 
times greater than the swelling strain parallel to beddings, 
suggesting that the interlayer expansion plays a key role in the 
moisture-induced swelling. This can also lead to shale deterioration 
along the bedding plane (Figure 13). Specifically, no cracks were 
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observed on surfaces parallel to beddings for all the specimens. 
As shown in Figure 13, however, water-absorption-induced cracks 
were observed on the surface normal to beddings for specimen 
#3 after 60 minutes and #4 after 228 minutes. Since the swelling 
measurements are conducted under unconfined conditions, the 
effect of the mechanical abrasion involved during the slake 
durability test can be excluded. Therefore, the effect of swelling 
pressure on unconfined shale samples contributes exclusively to the 
crack initiation and propagation. 

Figure 13. Moisture-induced cracks along bedding plane 
observed on the surface of specimen #3 and #4. 

DESIGN CONSIDERATIONS 

Deterioration of roof shales occur over time and may induce roof 
falls in underground coal mines due to the weathering behavior of 
weak roof shales and their moisture sensitivity. Some means were 
employed for underground coal mines in Illinois basin to avoid roof 
falls and maintain a long-term roof stability such as installation of 
humidity monitoring and controlling systems, coated protection 
with sealant, installation of roof screens and roof bolts and so on. 

Typical roof falls in underground mines can be summarized 
as three types based on the destructiveness: skin failure between 
anchor points, roof fall without bolt failure and roof fall with 
bolt failure. 

As the shale roofs contain laminated layers, the cracks could 
occur along the bedding planes in humid environment, causing 
the layer separation within shale mass. The possible consequence 
could be skin failure at non anchorage zone. In this case, it is 
recommended to cut the contact between shales and air as soon 
as possible after caving. For example, using artificial sealant to 
protect the roof shale from moisture, such as shotcrete, gunite, tar 
and polymeric (Gurgenli, 2006), or installing wire mesh at crucial 
positions. Also, leaving thin roof coal as a sealant is proposed 
by engineers. This solution, however, still takes the risk of roof 
coal fall. 

At the location where the roof bolts are not fully grouted with 
resin or concrete, roof fall without bolt failure sometimes occur. 
Since moisture in the air could migrate along the hole of roof bolt 
system, moisture could easily penetrate through bolted interval 
and deteriorate weathered strata beyond anchorage zone, leaving 
the height of roof fall equals to the bolt length. Therefore, the 
installation of fully grouted roof bolts can reinforce weak roofs 
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much more efficiently. Besides, another effective way is to install 
longer roof bolts or cable bolts, since longer supports are able to 
anchor in stronger rock strata. 

As it is discussed in the swelling strain test section, the 
maximum moisture-induced shale strain could be as much as 
25.1 %, which indicates a strong swelling potential of shale and its 
high sensitivity to moisture. This experiment is conducted under 
unconfined condition and it demonstrates the obvious swelling in 
the direction perpendicular to beddings. However, in most cases, 
the deformation of roof shale is always confined by bolts. Instead 
of swelling along the bolt, the moisture-induced swelling will 
passively increase the anchor force supplied by the bolt, which can 
easily cause the failure of the bolt and consequently lead to sever 
roof falling accidents. In this situation, a relative small anchor 
force is recommended in order to offer more capacity to release the 
moisture-induced swelling stress. The selection of anchor force is 
crucial to support design. Too small anchor force cannot fully exert 
considerable influence within the roof. 

Before making a final support design, engineers should acquire 
the basic test data of shale roof, such as the UCS, BTS, PLT, 
slake durability and moisture-induced swelling strain test. If the 
initial strength of shale roof is very weak or/and the moisture has 
a significant influence on its strength, there will be a great chance 
that the bolt only strengthens the rock in a limited region due to 
the difficulty in constructing the force anchor within weak roof. 
Increasing the bolts density should be considered according to the 
basic mechanical tests and moisture-strain test of roof shale. The 
experimental study in this paper is able to offer the fundamental 
information for roof control and support design. However, more 
information should be acquired in order to optimize the long-term 
roof support design. Besides, to characterize the stress evolution 
and time effect of shale sample under confined condition with the 
influence of moisture also plays a key role for the long-term roof 
support design and roof control. 

SUMMARY AND CONCLUSION 

From the preliminary laboratory measurements and analyses, 
some main conclusions and summaries are as follows: 

1. The slake durability test is an effective way to test shale 
resistance to weakening and disintegration and to examine 
mechanisms of disintegration. The higher the SDT index, 
the higher the durability. The shapes of retained fragments 
are influenced by both mechanical abrasion and swelling 
pressure. Swelling pressure tends to fail the specimen along 
the laminations. 

2. The optically based swelling apparatus is designed and 
manufactured to measure the water-absorption-induced shale 
strain. It is effective and straightforward and only requires 
hundreds of minutes to achieve the final equilibrium condition. 

3. Swelling strain normal to beddings is - 5-7 times greater 
than the swelling strain parallel to beddings, concluding that 
the interlayer expansion plays a key role in the moisture­
induced swelling. 

4. Cracks induced by swelling pressure occur along the bedding 
plane for the No. 6 roof shale under 100% relative humidity, 
leading to shale weakening and deterioration. 
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