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There are seven coalfields spread across Malawi, with four coalfields of bituminous coal located in the
Northern Region where underground mining is done. One of the major challenges facing these coal mines is
occurrence of hanging roof falls after the rainy season. It was clarified that the humidity was highest in April
and May underground and that tensile strength of roof rocks decreased with environment humidity. To
evaluate the extent of weakened zone around the roadways with time, water vapour diffusion in coal bearing
rocks; arkose sandstone and fine-grained sandstone from Mchenga and Kaziwiziwi underground coal mines
in the Livingstonia coalfield; was studied aiming to clarify the influencing factor of roof falls and to propose
countermeasures against the roof falls. Rock samples from the mine were oven dried at 80°C for seven days,
jacketed using heat shrinkable tubing and oven dried again for three days. The specimens were then treated
in high humidity achieved by pure water in isothermal condition (22°C) in accordance with ASTM E96/E96M-
16 water method. For comparison, Japanese Neogene tuffaceous Kimachi sandstone was also tested
following the same procedure. The results of diffusion coefficient evaluations and numerical simulation will
be shown.
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1. Introduction

Moving from being an agro-based economy, Malawi has ventured into mining as its alternative economic driver towards the future.
There are seven coalfields spread across the country, with four coalfields of bituminous coal in the Northern Region. Currently, four
underground coal mining operations are running with additional two open pit mines in these coalfields. One of the major challenges
facing these mines is occurrence of hanging roof falls during the rainy season. Potential roof falls in underground coal mines are one
of the most significant hazards for miners. Roof falls can threaten miners, damage equipment, disrupt ventilation mechanisms and
block installed emergency escape routes. For example, in the mine accidents recorded, on 1 November 2012, death of two miners and
injury of other two was reported at Kaziwiziwi Coal Mine. In a previous study (Yasidu et al., 2017); the authors found that there were
more severe accidents in May when the air humidity was the highest. In the study, the effect of humidity on strength of rocks in the
underground coal mines in Malawi was clarified that the indirect tensile strength decreased with increase in humidity. Mchenga
arkose sandstone indicated high sensitivity of 62% to humidity levels, a figure which was greater than sensitivity of Neogene
tuffaceous Kimachi sandstone of Japan at 55.2%. This was attributed to clay mineral content of illite and zeolite in the rocks,
respectively.

Chugh and Missavage (1981) studied the effect of moisture in strata control in coal mines. They summarised that moisture gain
and moisture loss in mine rock is related to seasonal changes in absolute humidity of mine air. Water vapour from surrounding air of
certain relative humidity enters the material or structure and is then transported by diffusion through the pore system of the material
and adsorbed on the surface of the material (Keppert et al., 2016). In another research by Fujii et al. (2011) steel-arch removal test
was carried out on a roadway at Kushiro Coal Mine, Japan in May, 2006. Initially, there was no large roof fall, even after 15 steel
arches were removed. The unsupported span reached 16 m without large roof falls, except for rather small falls of loosened rocks that
were as large as tens of centimeters. A few months later, in August and September, humid summer air flowed into the site and
dripping water was seen on the rock surface. Then, several large rock falls, as large as 2 m occurred and it was estimated that the rock
mass was weakened by the humid-air inflow and the large-scale roof falls were induced. It is likely that the roof rocks are weakened
by the humid air and also fall in the mines in Malawi as the case study reveals. To investigate the extent of weakened zone of rocks
around the roadways with time, the influencing factor for roof rock collapse and the countermeasures against the same more deeply,
evaluation of diffusion coefficient and numerical simulation are required.

This paper describes the evaluation of water vapour diffusion coefficient in roof sandstone from Mchenga and Kaziwiziwi coal
mines and results of basic simulations on the vapour migration into the roof rock.

2. Rock samples

Medium to coarse-grained arkose sandstone (arkose sandstone), ultra-fine to fine-grained sandstone (fine-grained sandstone) from
Mchenga coal mine and Kaziwiziwi mine were used for the experiments. Mchenga coal mine (S10°42'55", E34°9'14") and
Kaziwiziwi mine (S10°42'29", E34°9'50"), are located in the target area hosting the Livingstonia coalfield. The mines use room and
pillar mining method. The pillar dimensions in Mchenga mine are 10 m x 10 m while in Kaziwiziwi mine measure 12 m x 12 m. The
coal seam thickness ranges from 0.7 m to 3 m in Mchenga coal mine and 1.7 m to 2.3 m in Kaziwiziwi coal mine.

Stratigraphically, the area is composed of Karroo System strata (Permo-Carboniferous to Lower Jurassic) preserved in a number of
N-S trending basins and down-faulted troughs that display faulted relationship to the underlying Precambrian to early Palaeozoic
Basement Complex, mainly composed of paragneisses, granulites and felsic to ultramafic (meta-) igneous intrusive rocks. The basal
beds of the succession consist of conglomerates and sandstones referred to the Dwyka (Carboniferous) and lower Ecca series
(Permian). These are overlain by a sequence of carbonaceous shales and coal seams commonly called Coal Measures of lower Ecca
series (Permian) (Cooper and Habgood, 1959). The roof stratum mainly consists of sandstone and shale of the upper Ecca group
(Permian) (Figure 1).

From the analysis of the thin-sections, the Mchenga arkose sandstone showed a rich content of carbonate minerals and biotite. The
matrix minerals included illite, cryptocrystalline siliceous minerals and carbonate minerals. On the other hand, the Mchenga
fine-grained sandstone showed an argillaceous part lamination, a conspicuous black thick band. The matrix minerals included illite,
goethite, coaly substances and opac minerals. Scanned images of the arkose sandstone showed no obvious open pore spaces (Figure
2). The surface exhibited a uniform colour and texture. As for the fine-grained sandstone, there were patches of different colours
which could indicate different textures.

&R - R EBEE Vol.4 (2017) No.2 (Fk - #LIR)



3. Method
Four sets of 10 cylindrical rock specimens (i.e. 40 specimens in total); measuring 30 mm in both length and diameter, were cut
from blocks of the four types of rocks. The specimen ends were polished to a flatness of 0.02 mm.

Fig. 1 Rock samples from Mchenga coal mine (a) arkose sandstone (b) fine-grained sandstone; and Kaziwiziwi coal mine (c)
arkose sandstone (d) fine-grained sandstone

Fig. 2 Scanned images of specimens (a) Mchenga arkose sandstone (b) Mchenga fine-grained sandstone. The arrow length is 2mm.

3+ 1 Experimental setup

Specimens were oven dried at 80°C for a period of seven days. The dry specimens were jacketed with heat shrinkable tubing and
were dried again in the oven at 80°C for another three days. After oven drying, dry weight of the specimens was measured using a
balance with 1 mg resolution, and recorded.

Following that, the specimens were treated in high humidity (98%) achieved by pure/distilled water in accordance with the water
method of ASTM E96/E96M-16. Subsequently, hourly measurements and recording of change in weight of the samples was carried
out using a balance to determine the rate of water vapour movement through the specimen from the controlled atmosphere. Air-tight
containers were used to maintain the applied humidity levels on the specimens (Figure 3).

This experiment setup was maintained in isothermal condition of 22°C in the laboratory for a period of 30 days.

. Qi 4w [
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Fig. 3 Jacketed samples in air-tight containers with pure water (a) arkose sandstone (b) fine-grained sandstone.

&R - RMEBESE Vol.4 (2017) No.2 (% - ALiIR)



3+ 2 Evaluation
Vapour diffusion can be represented by Fick’s law as:

20 o %0 W
ot Y %

where D, (m?s) is the diffusion coefficient, 6 (kg-m™) is the vapour density and x (m) is the distance along the longitudinal sample
axis. Assuming 6, is applied at both ends of specimen at t = 0 and solving equation (1), the following equation is obtained:
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Let Am, A and | be the change in mass (kg), sectional area (m?) and specimen length (m) respectively.
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4. Results and Discussion
4 -1 Masschange
Figures 4 and 5 show results of measurement of mass of specimens in this study. The mass increased rather rapidly in the initial
stage and then almost converged. It was noted that arkose sandstone specimens generally had higher values of mass change as
compared to other fine-grained sandstones for the Mchenga rocks.
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Fig. 4 Mass variation against time for Mchenga rock samples (a) Mchenga arkose sandstone (b) Mchenga fine-grained sandstone.
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Fig. 5 Mass variation against time for Kaziwiziwi rock samples (a) Kaziwiziwi arkose sandstone (b) Kaziwiziwi fine-grained
sandstone.

4 - 2 Water vapour diffusion coefficients

Water vapour diffusion coefficient was calculated using equation (2). The gradient, « was calculated as the gradient of regression
line from the In d(dm/dt) -t graph ignoring the initial flat part. Average diffusion coefficient for Mchenga arkose sandstone was 1.02
x10° m?s™, while it was found to be 1.20 x 10”° m?.s™* for fine-grained sandstone (Figure 6). For Kaziwiziwi arkose sandstone and
fine-grained sandstone, the average diffusion coefficients were 1.12 x 10° m?s™ and 0.60 x 10° m*s? respectively (Figure 7).
Diffusion coefficient value for sandstone is in the range of 1.60 x 10® m?.s to 3.45 x 107 m?.s™ (Keppert et al., 2016). The values of
D, from Malawi coal mines are smaller than the published results by orders of 2 and 3.

5. Vapour migration into the roof rocks

To get a better insight of the behaviour of the water vapour diffusion around the roadways in the underground coal mines, a
numerical simulation of one-dimensional water vapour diffusion into a rock mass with sandstone was carried out using
two-dimensional FE code. The FE code was originally built for heat analysis. However, replacing temperature and A/(p-C ); where 4,
p and C are heat conductivity, density and specific heat respectively; by vapour density and D, respectively, vapour diffusion can be
calculated (equation (1) above).

A simple two-dimensional finite element mesh was generated, 0.1 m x 5 m (100 triangular elements, 102 nodes), as shown in
Figure 8. The rock mass consisting of Mchenga arkose sandstone was assumed to be homogeneous, isotropic and completely dry at
the initial condition. With water vapour diffusion coefficient D, as 1.02 x 10° m?-s%, and by setting density, p as 2,200 kg-m*, / as
0.0018 J-s:m™-K™ and C as 800 J-kg™*-K™; a vapour density, 6, (10 kg-m™) was applied at the lower boundary at time t > 0.
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Fig. 6 Mass change of specimens as a function of elapsed time (a) Mchenga arkose sandstone (b) Mchenga fine-grained sandstone.
The thick black line gives the average slope of the graphs to calculate average diffusion coefficient.
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Fig. 7 Mass change of specimens as a function of elapsed time (a) Kaziwiziwi arkose sandstone (b) Kaziwiziwi fine-grained
sandstone. The thick black line gives the average slope of the graphs to calculate average diffusion coefficient.

From the numerical model, delayed diffusion of water vapour into the dry roof rock was simulated (Figure 9). The difference
between the peak humidity and peak accident occurrence may be explained by giving vapour density variation in the calculation for a

longer period of time.

6. Conclusion
The water vapour diffusion coefficient of roof rocks from underground coal mines in Malawi was determined. Mchenga arkose
sandstone had a diffusion coefficient of 1.02 x 10 m2.s™ which is almost the same as that of fine-grained sandstone (1.20 x 107
m?-s%). As for Kaziwiziwi rock samples, arkose sandstone had twice higher diffusion coefficient of 1.12 x 10° m?.s™* than 0.60 x 10°®
m?-s™* for fine-grained sandstone. It was confirmed that FEM for heat analysis can represent gradual water vapour migration into the
rocks. Giving humidity variation in the calculation will explain the delay of peak accident occurrence from the highest humidity.
Furthermore, 2-D analysis may explain the extent of weakened zones around a roadway in underground coal mines in future.
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Fig. 8 Finite element mesh configuration used in numerical simulation. The top and side boundaries are insulated.
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Fig. 9 Simulated results of water vapour diffusion into dry roof rock: (a) after 1 hour (b) after 120 hours.
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