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1-Introduction

Brittleness is one of the critical parameters in rock engineering, which affects the drillability of the rocks
in various geotechnical projects such as tunnels, caves, dams, oil and gas wells, road trenches, and building
stone quarries. Therefore, investigating the drillability of the rocks before drilling operations can
significantly help in planning and managing the implementation of geotechnical projects, saving time and
the cost of exploration operations.

Several researchers have investigated the relationship between rotary drilling ability and different
geomechanical characteristics of rocks (Selim and Bruce, 1970; Selmer-Olsen and Blindheim, 1970;
Schmidt, 1972; Pathinkar and Misra, 1980; Rabia and Brook, 1980; Howarth and Rowland, 1987; Thuro
and Spaun, 1996).

In previous research, the drillability mass rocks or laminated rocks were investigated. Regression
equations have been developed using geomechanical characteristics such as uniaxial compressive and
Brazilian tensile strengths, hardness, density modulus of elasticity and shear, ultrasonic wave velocity, and
brittleness index. However, more limited research has been carried out to investigate the drillability of
various rocks from the brittleness index. On the other hand, one of the essential parameters in the drillability
of laminated rocks can be the orientation and spacing of laminations in them. Researchers in previous
studies have not considered this issue. Therefore, in the present research, by selecting two laminated
sandstone samples (with different lamination intervals), their drillability has been investigated based on the
brittleness index, considering the orientation and spacing of lamination intervals.

2-Material and methods

In the present research, two samples of laminated sandstone were identified during several stages of field
visits to the Rabat Namaki area in the north of Khorramabad (Khoramabad-Alshatar road route), Lorestan
province. Cylindrical cores were prepared from rock blocks according to B of 0°, 30°, 45°, 60° and 90°,
Using a coring machine. Here, B is the angle between the lamination and loading direction in uniaxial
compressive strength. It is used in Brazilian tensile strength tests (Fig. 1). These tests were performed at
different s on the cores prepared from sandstone samples. Based on the results, the brittleness index of the
samples was calculated at the corresponding PBs. Finally, the anisotropy of uniaxial compressive strength
and Brazilian tensile strength has been investigated. In addition, using the rock drillability classification
proposed by Altindag (2010), the drillability of the samples was evaluated based on the brittleness index,
considering the orientation and spacing of lamination distances.
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3-Results and discussions

Figure 2 shows the anisotropy of the uniaxial compressive strength of the samples. An asymmetrical
shoulder-type curve was obtained in the thin laminated sandstone, and the minimum uniaxial compressive
strength (35.58 MPa) was obtained at = 30°. The maximum values of uniaxial compressive strength for
this sample at = 0° and B = 90° are equal to 53.44 and 63.62 MPa, respectively. At B = 60°, the anisotropy
curve shows an almost linear shape, and the value of uniaxial compressive strength at this B is equal to
62.63 MPa. In contrast, a U-type anisotropy curve is obtained for the uniaxial compressive strength of thick
laminated sandstone. The minimum (41.76 MPa) and maximum (67.24 and 85.44 MPa) uniaxial
compressive strength values in this sample were obtained at § = 30°, f = 0° and B = 90°, respectively.

Lamination plane Loading direction Lamination plane Loading direction

Fig. 1. Schematic diagram showing the lamination angle () (a) uniaxial compressive strength sample and (b) Brazilian
tensile strength sample.
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Fig. 2. Changes and classification of the samples’ UCS in the various lamination angles () (ISRM, 2007).

Figure 3 presents the change in the Brazilian tensile strength of the samples in various Bs. The results
show that increase of B from 0° to 90°, the Brazilian tensile strength of the samples increased with an almost
linear trend. In thin laminated sandstone, Brazilian tensile strength has increased from 3.51 to 6.87 MPa,
and in thick laminated sandstone from 4.49 to 9.60 MPa.

According to Fig. 4, the samples are in various categories of drillability according to their B. As 3
increases from 0° to 90°, the drillability of the samples changes from "very easy" to "easy" and "easy" to
"difficult” for thin laminated sandstone and thick laminated sandstone, respectively. By comparing the
drillability of the samples at a specific B, it is concluded that the overall drillability in thin laminated
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sandstone is always one level lower than in thick laminated sandstone. For example, at f = 30°, thin
laminated thin sandstone and thick laminated thick sandstone are categorised as "very easy" and "easy"
drillability, respectively. Alternatively, at B equal to 60°, they are categorised as having "easy" and
"moderate” drill ability.
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Fig. 3. Changes of the samples BTS in the various lamination angles (B).
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Fig. 4. Drillability classification of the studied sandstones based on their brittlness index (B) acoording to Altindag
(2008).

4- Conclusion

- The changes of uniaxial compressive strength as a function of B in laminated thin sandstone and
laminated thick sandstone are in the form of asymmetrical shoulder and U-shaped curves, respectively.
In these curves, the minimum and maximum uniaxial compressive strength were obtained at B equal to
30°, and 0° and 90°, respectively.

- With the increase of § from 0° to 90°, the Brazilian tensile strength of the samples showed an increasing
trend. Comparison of the results showed that at a certain J, the laminated thick sandstone always had a
higher Brazilian tensile strength than that laminated thin sandstone. This issue is caused by the different
lamination spacing in them, which plays an important role in the failure load of the samples, and
therefore the value of Brazilian tensile strength.
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- The direction and spacing of lamination played a significant role in evaluating the drillability of the
samples. Generally, with the increase of B from 0° to 90°, the drillability changed from "very easy" to
"easy" and "easy" to "difficult"” for laminated thin sandstone and laminated thick sandstone,
respectively. On the other hand, at a certain f, the drillability in laminated thin sandstone is always
easier than that laminated thick sandstone. Lamination panes in rocks act as weak panes that facilitate
drilling in them. The results showed that the lesser spacing between the lamination planes in the sample,
the easier it will be to drill.
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0° 53.44 3.51 9.7
. . 30° 35.58 4.67 9.1
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60° 58.29 6.11 13.3
90° 63.62 6.87 14.8
0° 67.24 4.49 12.3
] ) 30° 41.76 6.23 114
Laminated thick | 5. 54.13 7.03 13.8
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60° 67.92 8.31 16.8
90° 85.44 9.60 20.3
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Fig. 6. Variation of the axial compression stress (o1) needed to cause failure a laminated rock sample as a function of the
lamination angle (B) [modified after Jaeger and Cook (1979)].
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Fig. 9. Changes and brittleness description (B) of the samples in the various lamination angles (B) acoording to Altindag
(2008).
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Fig. 10. Drillability classification of the studied sandstones based on their brittlness index (B) acoording to Altindag
(2008).
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