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ABSTRACT

The petroleum reserves are one of the major source of energy for both developed and
developing nations, and the depletion of existing resources has increased the need for the alternative
energy sources to petroleum. Therefore, the oil/gas shales are emerged as a viable substitute, due
to the improved technologies such as hydro-fracturing. The oil shale is an unconventional resource,
which is formed due to the simultaneous deposition of the fine-grained mineral debris and organic
matter. The extraction process involves borehole construction, fracturing, injection to achieve
communication, heating the formation at 300 to 400 °C, and fluid migration at the underground
location. Therefore, the understanding of petrology, physical properties, permeability and
mechanical properties of shale rocks at high pressure and temperature is very important for the
effective recovery of shale oil/gas. Hence, the oil shale rock from the upper Assam region is
considered for the present work. To understand the temperature effect, the investigation is
performed on the oil shale samples which are thermally treated at a temperature between 100 to
800 °C.

The investigation related to physical properties suggests that the saturated water content,
effective porosity and sonic wave velocity of oil shale decrease with increase in anisotropic angle.
This variation is observed due to the fine laminated structure of the rock. The investigation related
to the effect of thermal treatment on the physical properties revealed that the dry density and sonic
wave velocity of oil shale decrease with increase of thermal treatment from 300 °C to 600 °C.

The petrographic investigations of oil shale rocks suggest that these rocks contain clay size
particles. The inorganic matrix consists of quartz silt (Q), kaolinite, illite, pyrite, plagioclase, K-
feldspar, mixed calcite, and siderite. It is observed that these rocks contain the thin laminated
structure of micron thickness. Presence of irregular shaped micro level voids (V) and internal
cracks (IC) along the grain boundaries are also observed. Furthermore, it is observed that the oil
shale from Assam contains 10-17% extractable organic matter. The change in color of the oil shale
from dark grey at 100 °C to red at 600 °C is also observed. The change in the color is due to the
thermal decomposition of the ferrous minerals. The investigation through XRD suggests that the
dehydration takes place up to 400°C. Further, the dehydroxylation of illite and kaolinite takes place
up to 600°C, and due to this the kaolinite is decomposed to amorphous metakaolin, but the illite is
stable at this temperature. The transition of a quartz to p — quartz is observed at 600°C temperature.
The SEM analysis shows that the frequency of cracks increases with increase in thermal treatment.

The engineering behaviour of oil shale is investigated by considering strength anisotropy.
The specimens are prepared at 0°, 30°, 45°, 60° and 90° orientation angles. The effect of foliation

plane (fp) and loading angle on the tensile strength of oil shale rock is examined. It is observed that
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the tensile strength is maximum for foliation angle (¥) of 90°, and minimum at 30°. It is found that
the Brazilian strength increases as the B increases from 0° to 90° for the 0° . The investigation
shows that the tensile strength is a function of both ¥ and . It is also observed that the axial point
load strength increases with increase in loading angle. Further, the investigations related to
diametral case suggest that the diametral point load strength decreases with increase in loading
angle.

It is found through experimentation that the permeability of oil/gas shale rock is a function
of porosity (), pore compressibility (Kp), effective stress (cefr) and permeability at the surface (ko).
It is noticed that the hydraulic conductivity (K) and permeability (k), for all anisotropic angles,
decrease as confinement pressure increases. It is also found that the hydraulic conductivity and
permeability values decrease as the anisotropy angle varies from 0° to 90°. The effect of 3 angle on
permeability is observed due to the laminations, which allows the water to permeate at a higher rate
through them. Further, the applicability of the power law and exponential model of stress-
dependent permeability is investigated, and the required modifications are carried out to
incorporate the anisotropic effect.

The uniaxial and triaxial testing is conducted on the samples after thermal treatment at 100,
300, 450 and 600 °C for 16 hours. It is found that the compressive strength is maximum for § = 90°
and minimum at 3 = 30° in all the cases of thermal treatment. The thermally treated oil shale rock
shows plastic — elastic — plastic behaviour at 300, 450 and 600 °C. The Young’s modulus Et is
maximum at = 0° and minimum at = 30°. It is also observed that the E: value decreases as
thermal treatment temperature changes from 300 to 600 °C. It is also noted that the Poisson’s ratio
decreases as thermal treatment temperature changes from 300 to 600 °C. Therefore it can be
concluded that increase in crack volume and alteration of mineralogy with temperature affected the
strength of the rock. The oil shale rock shows “Shoulder type” anisotropy due to the presence of
single set of lamination of foliation plane. The temperature effect on strength is investigated
through thermal degradation ratio, which is the ratio of uniaxial compressive strength at  angle
after thermal treatment at T °C (ocpr) to uniaxial compressive strength at B angle after thermal
treatment at 100 °C (ocp100). It is observed that with increase in temperature, the thermal degradation
ratio decreases for all angles of f.

The failure strength (o1) of thermally treated oil shale is determined as a function of confining
pressure (o3) and orientation angle (). The experimental investigation suggests that the failure
strength and Young’s modulus vary non-linearly with the confinement stress. It is observed that
the variation of cohesion and friction angle with orientation angle is similar to the strength
anisotropy behaviour. Further, the material constants of Ramamurthy et al. (1988) criterion and

modified Hoek-Brown criterion for thermally treated oil shale rock are investigated. The predicted
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strength values through both the criteria show good agreement with experimental values at 100 °C.
But the predicted values for 450 and 600 °C from Ramamurthy et al. (1988) do not match with the
experimental values. Whereas, the number of triaxial tests for modified Hoek-Brown failure
criterion is very large. Therefore, the above strength criteria are modified by introducing the

thermal degradation ratio (Rct) in equation.

The Rer values (;Ci) can be calculated by performing unconfined compressive strength test at 3
cf100

= 0° anisotropy angle. The coefficient of correlation r? calculated for the modified criterion show
that the proposed criteria fits well with the experimental values. The considerable amount of
improvement is observed in the r? value for Ramamurthy et al. (1988) criterion.

Finally, the values obtained through physical, mineralogical and mechanical testing of oil
shale rock can be used for the investigations of well bore stability. Further, it can be concluded that
the strength and deformation behaviour of rocks is dependent on both in-situ stress state and
temperature conditions. The modified equations proposed for the strength prediction of thermally
treated anisotropic rocks in the present research can be used for the proper engineering designs and
long term stability assessment of deep underground structures, such as underground caverns for
storage of radioactive waste, boreholes for oil/gas production, and wells for injection of carbon

dioxides, etc.
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