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Rock abrasiveness is an important factor affecting the tool's lifetime and efficiency in breaking a rock.
Characterizing rock abrasiveness helps in the design, optimization, and mean-life prediction of tools. X-
ray diffraction, cast thin section analysis, and CERCHAR abrasiveness tests were performed on 18
different sandstones to characterize rock abrasiveness and explore new methods for characterization.
The relationship between the mineral composition and microstructure of sandstone and abrasiveness
was investigated. The results show that different structural maturities have varying effects on abra-
siveness. In addition, the higher the structural maturity, the more the abrasiveness. Furthermore, in
sandstones of the same structural maturity, the abrasiveness increases with equivalent quartz content
(EQC). The texture coefficient (TC) and CERCHAR abrasiveness index (CAl) of sandstones with the same
structural maturity showed a good linear relationship. Moreover, the correlation coefficients considering
the combined parameters are above 0.85. Therefore, obtaining the microstructure and mineral compo-
sition of sandstone can effectively characterize rock abrasiveness. It also provides a new method for
predicting the abrasiveness of the rock in the well.

© 2023 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rock abrasiveness is the ability of a rock to wear tools. The
CERCHAR test recommended by International Society for Rock
Mechanics and Rock Engineering (ISRM) is one of the most com-
mon methods for assessing rock abrasiveness. Researchers test
different rock parameters to understand the factors affecting rock
abrasiveness and study the relationship between each parameter
and the CERCHAR abrasiveness index (CAI), which provides a
theoretical basis for predicting rock abrasiveness [1]. However, due
to its density and the complexity of its own mineral composition,
the abrasiveness of different sandstones is also very different,
resulting in the difficulty of predicting the abrasiveness of sand-
stone [2,3].

In order to understand the influence of the physical parameters
of the rock itself on its abrasiveness, many researchers have done
related studies and experiments. For example, the relationship
between rock acoustic velocity and its abrasiveness: Omer Mundul
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used the P-wave velocity of rocks to predict their CAI values [4].
Khandelwal et al. uncovered a good linear relationship between P-
wave velocity and CAI values when the P-wave velocity was in the
interval of 1,490—6,221 m/s [5]. Mehrbod Khoshouei et al. predict
rock abrasiveness by processing sound and vibration signals
generated during drilling [6]. At the same time the influence of
macroscopic physical strength and abrasiveness of rocks has been
studied: Aemail founded a significant dependence of the CAI value
of rock on its hardness [7]. Zhang et al. experimentally established
that the weighted mineral hardness of a rock can be a good rep-
resentation of its CAI value [8]. CAI also significantly increased
when the uniaxial compressive and tensile strengths of andesite
was increased [4]. Ko et al. experimentally found the uniaxial
tensile strength of metamorphic rocks to have a significant linear
relationship with the CAI values [9]. Studies have also found a link
between the CAI values of rocks and porosity, when the degree of
porosity was high [10,11]. Teymen's extensive tests on 80 rocks
yielded a significant linear relationship between basic rock me-
chanical properties and CAI values [12]. In addition to the above
physical parameters, another physical parameter of the rock - the
mineral composition - also affects the CAl value of the rock from the
level of microstructure. Some researchers have suggested using
quartz content to predict the CAI value [13,14]. However, Ko et al.
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take the opposite view, they believe that the CAI values predicted
by the quartz content are not accurate [9]. Suana and Peters used
thin section observations to obtain an equivalent quartz content
(EQC) to predict rock CAI values [15]. Plinninger et al. concluded
that the EQC has a good linear relationship with CAI [16]. Lee et al.
also founded that the EQC of specific rocks can affect their CAI
values [17]. Alber's study of EQC and CAI of four different rocks
found no necessary relationship between them [10]. Zhang et al.
derived a linear relationship between CAI values and EQC and
quartz content for granites and limestones [8]. In addition, many
researchers have suggested multiple linear regression to investi-
gate the combined effect of multiple factors on rock abrasiveness.
Plinninger et al. proposed predicting CAI values of rocks using
petrographic and mechanical property parameters [16]. Similar
conclusions were derived by Ko et al., in 2016 [9]. Omer Mundul
also mentioned that compared to the effect of individual parame-
ters, the combined physical and mechanical properties of the rock
significantly influence the CAI value [4,18,19]. Ali Farhadian et al.
focuses on developing fast and reliable correlations for predicting
Rock abrasivity index (RAI) and uniaxial tensile strength of Iranian
granite building stones using P-wave velocity and Schmidt hammer
rebound [20].

At present, there are studies on the microstructure of rocks that
have stopped at some mineral species or structures and lack the
relationship between the overall microstructure of rocks and their
abrasiveness. For example: Tapponnier and Brace suggested small
changes in the microstructure of rocks leading to significant
changes in their behavior under applied stresses [21]. Beste et al.
experimentally concluded that the boundaries and microfractures
of grains in rocks could accelerate wear on metallic materials, the
larger the quartz grains, the greater the wear [22]. At the same time,
Yarali et al. and Et and Tugrul found a good linear relationship
between the average particle size of quartz grains and CAI [23,24].
Suana and Klaus suggested that grain size affects CAl values [15,25].
Omer Mundul suggested that opaque minerals and plagioclase size
can significantly affect CAl values [4]. On the other hand, Fowell and
Johnson experimentally obtained the tool wear rate as a function of
the CAI value for rocks with high CAI [26]. Guangzhe Zhang et al.
founded that the abrasive behavior is significantly affected by the
microstructure of the rocks, such as grain size, porosity and mineral
composition, especially the amount of hard or abrasive minerals
within the rock [27]. Kavosh experimentally found no significant
linear relationship between TC and CAI values [28].

The mineral compositions and microstructure of rocks signifi-
cantly affect abrasiveness, which cannot be effectively character-
ized by the EQC or microstructure parameters alone. Therefore, this
study aims to characterize the abrasiveness of sandstone using X-
ray diffraction experiments that can quickly obtain the EQC of rocks
and microstructural parameters obtained after microscopic obser-
vation through cast thin sections. This method not only can quickly
indicate the influence of rock microstructure on its abrasiveness,
but also provides a new way of predicting the abrasiveness of
downhole rock debris.

2. Materials and methods
2.1. Samples

The experimental samples were selected by identifying and
screening the weathering degree, transport, and deposition of the
surface structure of sandstone samples from outcrops in different
areas. Samples of structural maturity that have been identified in
previous papers are screened and collected. Among them, struc-
tural maturity refers to the degree to which the detrital sediment is
close to the wultimate structural characteristics under the
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transformation of weathering, transport and sedimentation. Three
different sandstone groups with low (numbered S1—S6), medium
(S7—-S13), and high structural maturity (S14—S18) were selected
[29]. The sandstone samples of the three groups were cut into
¢ x h =50 x 30 mm cylindrical pieces according to the ASTM
D7625-10 recommended standards [30] (Fig. 1).

2.1.1. Experimental method

The CERCHAR abrasiveness test of the rock is carried out first.
The CERCHAR abrasiveness test was performed using the modified
West's (1989) design [1]. The modified CERCHAR rock abrasivity
tester was developed by Jinan Hengfa Instrument Equipment Co.
Ltd. (Fig. 2a). The grinding standard was ISRM recommended
Rockwell hardness of 55, DIN 115CrV3. The experimental sample is
described in the previous paragraph. The results of the test per-
formed as recommended by ISRM [1] are shown in Fig. 2b. The
average measured diameter (d) from five tests was obtained to
calculate the sandstone CAL

CAI=d x 10 (1)
Where CAI is the CERCHAR abrasiveness index, dimensionless; d is
the measured diameter, unit/mm.

Casting thin section test on the completed rock after completing
the abrasiveness test, that is, thin sections of rock impregnated with
colored epoxy, can highlight the microcracks. Therefore, the spec-
imens were impregnated with blue epoxy after thermal treatment.
The saturated disc rock samples helped distinguish the pores and
fractures from the rock matrices. A thin section of size
25 x 0.03 mm, obtained after leveling, lapping, and polishing was
then imaged under single and orthogonal polarizations using a
KMX-RT polarizing microscope manufactured by Guangzhou
Yuexian Optical Instrument Co., Ltd. In addition, a A-compensation
plate was inserted into the microscope to compensate for the op-
tical range difference of the orthogonal polarization images and
better distinguish the edges of rock grains. The resulting dispersion
reduction made the rock grains appear as colored stripes, allowing
a more convenient identification and segmentation of rock particle

50mm

Fig. 1. Preparation of standard rock samples, (a) sandstone and; (b) standard samples.

Fig. 2. CERCHAR abrasiveness test, (a) abrasiveness tester; (b) test results.
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boundaries. The generated images were then identified and
segmented for mineral grain contours using Image] software, a
public java-based image processing software developed by the
National Institutes of Health.

The final experiment was an X-ray diffraction (XRD). Some of
the rock samples were crushed, ground, and then screened with a
sieve to extract powder samples with grain sizes less than 20 um.
The Ultima IV series of combined multifunctional X-ray diffrac-
tometers manufactured by Suzhou Dehui Scientific Instrument Co.,
Ltd was used to analyze powder samples by X-ray diffraction to
determine their mineralogical composition.

3. Result and discussion
3.1. Experimental RESULT

3.1.1. Mineral compositions

The results of XRD are shown in Fig. 3. The mineral compositions
of sandstones with low structural maturity are relatively similar,
with a quartz content of approximately 50%, feldspar between 30%
and 50%, clay, and other mineral debris (such as dolomite, calcite)
constituting the remaining. The mineral compositions of sand-
stones with medium structural maturity vary, with quartz content
distributed between 30% and 70%, feldspar between 20% and 60%,
and traces of clay and other mineral debris. The mineral composi-
tion of sandstone with high structural maturity is mainly quartz
(65.6%—95.7%), with fewer debris grains such as feldspar and clay.

Rosiwal introduced the concept of grinding hardness of minerals
in 1896 [31]. The grinding minerals related to quartz were obtained
through subsequent studies [32,33], and EQC was calculated using
Eq. (2). The EQC of the 18 sandstones varied from 48.2% to 95.7% in
this experiment (Fig. 3). In the low structural maturity sandstones,
the variation in EQC was minimal (58.33%—69.19%) because of the
similar mineral compositions. In contrast, the EQC of medium and
high structured maturity sandstones vary widely between 48.5% to
86.49% and 64.8%—95.7%, respectively, because of variations in the
mineral compositions.

EQC=Q + Y Ry, 2)
i=1

where Q is the quartz content in the rock, g; is the mineral content
of class i, n is the mineral type, and R; is the mineral Rosiwal
grinding hardness value of class i [34] (Table 1).
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Fig. 3. Mineral composition and equivalent quartz content (EQC) of sandstone, Qtz:

quartz, Kfs: potassium feldspar, Ab: plagioclase, Clays: clay content, Others: other
mineral fragments.

442

Petroleum 10 (2024) 440—445

3.1.2. Texture coefficient

The single and orthogonally polarized images of each group of
sandstone were identified and segmented using the Image] soft-
ware. The grain area (A), grain perimeter (P), Feret diameter, par-
ticle aspect ratio (AR), particle angle (#), and form factor (FF) of each
completed segmented particle (Fig. 4) were quantified and
measured. AR and FF were calculated using Egs. (3) and (4),
respectively. Finally, the data obtained from the measurements are
counted, and the texture coefficient (TC) is calculated using Eq. (5),
proposed by Howarth and Rowlands in 1987 to characterize the
overall geometry of rock grains under the microstructure [35]. In
Table 2, the variation in the TC of sandstones from three different
maturity groups is from 0.711 to 1.584, which is below 2. This is in
accordance with the range given by Howarth and Rowlands.

dg

AR=

(3)

where d; and dy are the maximum and minimum Feret's diameter.

Table 1
Rosiwal mineral grinding hardness values, Qtz: Quartz, Fld: Feldspar, Amp:
Amphibole, Py: Pyrite, Sid: Siderite, Dol: Dolomite, Cal: Calcite.

Qtz
100

Fld
31

Sid
5

Dol
3.7

Cal
3.6

Mineral Amp

31

Py
31

Clays
0.21

R

/

Circumscribed

circle Circumscribed

rectangle

Fig. 4. Maximum and minimum Feret's diameter (length, width) of grain, grain angle.

Table 2
Microstructure parameters, A: Area, P: Perimeter, L: Feret's diameter, FF: Form
factor, AR: Aspect ratio.

N A/mm? P/mm L/mm FF AR TC

s1 0.008 0.401 0.132 0.572 1.680 1.411
S2 0.007 0.340 0.130 0.691 1.875 1.044
S3 0.032 0.698 0.261 0.659 1.881 0.892
S4 0.019 0.420 0.163 0.677 1.894 0.824
S5 0.007 0.302 0.119 0.671 1.981 0.711
S6 0.004 0278 0.095 0.624 1.753 1.168
S7 0.005 0.266 0.092 0.615 1.718 1.256
S8 0.047 0.906 0.312 0.630 1.686 1.148
S9 0.034 0.777 0.273 0.618 1.806 1.189
S10 0.038 0.825 0.535 0.620 1.699 1.272
S11 0.028 0.719 0.242 0.596 1.753 1.277
S12 0.255 0.634 0.238 0.670 1.853 0.977
S13 0.038 0.829 0.300 0.612 1.907 1.058
S14 0.032 0.750 0.270 0.622 1.835 1.13
S15 0.054 1.012 0.339 0.570 1.737 1.356
S16 0.018 0573 0.199 0.615 1.698 1.289
S17 0.055 1.058 0.330 0.542 1.564 1.584
S18 0.006 0326 0.119 0.637 1.894 1.099
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47 x A
=2t (4)
B No 1N
TC*AW(—NO N R AR ><AF1) 5)

where AW is the mineral filling factor, Ny and Ny are the number of
particle AR below and above the preset value of 2, respectively, FFy
is the arithmetic mean of all particle discriminable shape factors,
AR is the arithmetic mean of all particle discriminable Ars and AF;
is the particle angle factor calculated using Eq. (6).

B (6)

Me

Il
—_

AF, =

where N is the total number of grains, x; is the number of angular
differences in each category and i is the weighting factor of each
category.

3.1.3. Abrasiveness of sandstone

The results of CERCHAR abrasiveness tests for sandstones with
three different maturities are shown in Fig. 5; the CAI values vary
from 0.39 to 3.83. The CAI values of sandstone with low, medium,
and high structural maturity were distributed between 0.39—1.25,
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Fig. 5. Results of CERCHAR abrasivity test.
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1.74—2.47, and above 3.16, respectively, as shown in Fig. 6. Thus, the
CAI values of sandstones increase with structural maturity. More-
over, the higher the structural maturity, the higher the
abrasiveness.

Correlation of sandstone abrasiveness with mineral composition
and TC.

The tested sandstone mineral compositions and TCs were
correlated with CAI to investigate the relationship between CAI and
mineral compositions and microstructures. Linear regression using
Eqgs. (7)—(9) (Fig. 6a) reveals that the EQC of sandstone shows a
positive linear relationship with the CAI values. The results reveal
that the CAI values were significantly influenced by EQC but with
some dispersion. With the increase of structural maturity of the
microstructure of sandstone, the influence of EQC on its abrasive-
ness is gradually decreasing.

Sandstone with low structural maturity:

CAI = 0.08EQC — 1.02 (R2 :0.69) (7)
Sandstone with medium structural maturity:

CAI=0.01EQC + 1.5 <R2 - 0.29) (8)
Sandstone with high structural maturity:

CAI=0.01EQC + 2.53 (R2 :0.13) (9)

The effect of EQC on different structural mature sandstones is
discrete and may be influenced by the microstructure of the
sandstone grains. Therefore, the TCs of the three groups of sand-
stones were correlated with the CAI values using Eqs. (10—12). The
results (Fig. 6b) show that in the same structurally mature sand-
stone, sandstone CAI values increased with increasing TC and have
high correlation coefficients. It can be found that under rocks with
different structural maturity, the abrasiveness of the rock increases
with the increase of EQC, although some linear relationships are
more discrete, it can still be seen that the abrasiveness of the rock
will be affected by EQC, and as a whole, with the increase of the
structural maturity of the rock, the influence of EQC on the abra-
siveness is gradually decreasing. Therefore, we can conclude that at
the microscopic level, the microstructure of the rock has a greater
influence on abrasiveness than EQC. The higher the structural
maturity of the rock, the less clay heterogeneous groups in their
microstructure, the higher the proportion of wear minerals, and the
arrangement of mineral particles in the microstructure of rocks
with high structural maturity will become more compact, the
greater the energy required to break the arranged structure, which

= Low structural maturity N = Low structural maturity b
» Medium structural maturity o Medium structural maturity
4}t » High structural maturity . 4} a High structural maturity N
T s---C7 R=0.84
3 R=0.13 3t
< L - < L)
Q ° o oo mm" 777 - & ::’/.6 R
2 -meT R’=0.29 2F - R*=0.77
A e-—m
1 %7 1F -
s R=0.69 T R’*=0.87
0 0
40 50 60 70 80 90 100 06 08 1.0 12 14 1.6 1.8
EQC TC

Fig. 6. Linear regression plots of sandstone parameters with different structural maturity versus CAI values, (a) EQC vs. CAI values; (b) Texture coefficient (TC) vs. CAI values.
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also causes them to cause greater wear on tools, that is, the higher
abrasiveness of the rock.
Sandstone with low structural maturity:

CAI=1.15TC - 0.31 (R*=0.87) (10)
Sandstone with medium structural maturity:

CAI=2.03TC — 0.18 (R2 - 0.77) (11)
Sandstone with high structural maturity:

CAI=1.29TC + 1.8 (R2 =0.84) (12)

Multiple regression analysis helps characterize the combined
effect of rock properties on the CAI values. The correlated multiple
linear regression using Eqs. (13—15), were performed separately for
sandstones of different structural maturities. The combined effect is
more significant than individual parameters on CAI values, with
correlation coefficients higher than 0.85 in the three groups. Thus,
the combined properties can better characterize the standstone's
abrasiveness.

Sandstone with low structural maturity:

CAI=0.87TC +0.02EQC — 1.3 <R2 =0.85) (13)

Sandstone with medium structural maturity:

CAI=1.8TC + 0.007EQC — 0.3 <R2 :0.89) (14)

Sandstone with high structural maturity:

CAI = 1.14TC + 0.006EQC + 1.5 (R2:0.93) (15)

4. Discussion

Quartz is considered the main abrasive mineral in rocks. The
higher the quartz content, the greater the rock's abrasiveness.
However, the influence of other minerals on rock abrasiveness,
especially hard minerals such as feldspar and pyroxene, can no
longer be ignored. Some studies suggest a linear relationship be-
tween EQC and CAI values, whereas others hold the opposite view,
they argue that CAI values are not influenced by EQC. The con-
flicting results probably stem from the different microstructures of
the rocks. In this study, the EQC of each group of sandstones with
different structural maturity levels was linearly regressed against
the CAI values. Compared with the EQC of medium and high
structural maturity sandstones, the EQC of low structural maturity
sandstones displayed a good linear relationship with the CAI values

tz
S5 = b S8
Il Ab
[]Clays
B Others

13.2%

21.5%

9.2%

20.28%

7.6%

48.5% 44.96%

EQC=58.33

28.97% - Others

EQC=59.68
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with high correlation coefficients (Fig. 6a). Moreover, regardless of
similar mineral compositions, S5, S8, and S16, with low, medium,
and high structural maturities, had varying CAI values of 0.39, 2.26,
and 3.37, respectively (Fig. 7). The results suggest that the CAI
values are influenced by the EQC and microstructure of the sand-
stones. This conclusion is supported by the results presented by
Omer Mundul in 2017 [4].

The microstructure and mineral composition of rocks determine
their behavior under applied stress [4]. Most studies on the
microstructure and abrasiveness of rocks are based on rocks with
different lithologies and conclusions obtained from one or several
specific mineral grains. Rostami et al. experimented on several
different sandstones and andesites and found no significant influ-
ence of TCs on the CAI values [28]. In this study, three groups of
sandstones with different structural maturity levels were investi-
gated. A significant linear relationship with a high correlation co-
efficient between the TC and CAI values for each group of mature
sandstone structures was obtained. The higher the standstone's
structural maturity, the greater its abrasiveness (Fig. 6b). We
conclude that the microstructure of sandstone can influence its
abrasiveness.

Small changes in the microstructure of rocks can cause
significant changes in their behavior [4]. Owing to the
complexity of geological properties and the simultaneous in-
fluence of multiple parameters on rock behavior, determining
the influence of individual parameters is challenging. Hence,
some scholars have studied the impact of multiple property
parameters of rocks on CAI values (Table 3). This study focuses
on the combined effect of multiple factors on CAI values and
provides a new method for predicting rock abrasiveness based
on their EQC and TC. Multivariate analysis using TC and EQC of
three different groups of sandstones with different maturities
characterized the CAI values with higher accuracy than indi-
vidual factors. The correlation coefficients of the three different
multivariate linear regression equations were higher than 0.85,
representing the reliability of the equations compared to
existing studies.

Table 3

Multiple regression equations, E: Young's modulus; EQC: equivalent quartz content;
UCS: uniaxial compressive strength; BTS: Brazilian tensile strength; Vp: P-wave
velocity; Q: quartz content; Bs: brittleness value.

Lithology Equation R?
Sedimentary rocks CAI = 0.164E x EQC + 0.925 [16] 0.52
Metamorphic rocks

Igneous rocks

Volcanic rocks CAI = —0.54 — 0.000242UCS — 0.000448E 0.93

+ 0.733Vp + 0.0449BTS [4]
CAI = 1.636 — 0.0009Q + 0.0169UCS-0.089B;  0.73
+ 0.1958BTS [9]

Metamorphic rocks
Igneous rocks

Il Qtz

] K fs S16
I Ab

[]Clays

Bl Qtz
[ Kfs
B Ab
[ Clays

8.1% __ 21.3% [ Others

10.8%

7.79%

4.3%
1% 55.5%

EQC=64.8

Fig. 7. Mineral compositions of S5, S8, and S16 samples and their EQC.
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Conclusions

XRD tests, thin section identification, and CERCHAR abrasive-
ss tests were performed on 18 sandstone samples to study the

effects of mineral composition and microstructure on the CAI
values. The following conclusions are drawn:

(1) The structural maturity of sandstone affects the CAI value
differently; the higher the structural maturity, the stronger
the abrasiveness. The CAI value of low, medium, and high
structural maturity sandstone is less than 1.5, between 1.5
and 2.5, and greater than 3.0, respectively.

(2) A new method for characterizing the abrasiveness of sand-
stones using their mineral composition and microstructure is
proposed. In sandstones with the same structural maturity,
the abrasiveness of sandstones can be predicted using the
microstructural parameters TC values and EQC's of sand-
stones; and a prediction model for abrasiveness of sand-
stones at different structural maturity was developed with
correlation coefficients above 0.85.

(3) This study allows XRD and CTS of the block in the well and
associated rock chips that cannot be tested for CERCHAR
abrasiveness to obtain their equivalent quartz content and TC
to predict their CAI values.

(4) The conclusions reached in this study are limited to rocks of
the same structural maturity, and more factors need to be
considered for predicting the abrasiveness of rocks with
different structural maturity, which is the next step in the
work plan.
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