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a b s t r a c t

Elastic anisotropy of shales is critical to accurate constraints for rock physical models, quantitative
interpretation and hydraulic fracturing. However, the causes of elastic anisotropy of shales are very
complicated, and the understanding of how multiple influence factors affect the elastic anisotropy of
shales is still not clear. Hence, the orthogonal experiment, as an effective multiple factors experimental
method, is adopted in this study to analyze the effect of multiple factors for shale elastic anisotropy.
Three factors, clay content, organic matter (OM) content and compaction stress are selected as inde-
pendent variables, the orthogonal test table L16(43) with four levels for each factor is adopted. According
to the designed orthogonal table, sixteen artificial shales are constructed based on the cold-pressing
method, and all the dry artificial shales are measured by the ultrasonic measurements. The influence
of each factor on the elastic anisotropy and the sensitivity orders of three factors are obtained using the
range analysis. The orders of sensitivity for selected factors follow the sequence clay
content > compaction stress > OM content for velocity anisotropy parameters. The compaction mech-
anism of artificial shales is also discussed by the compaction factor, which are positively correlated with
the velocity anisotropy parameters. The clay platelets orientation distribution function (ODF) of samples
is evaluated by a theoretical model, the ODF coefficients are significantly affected by the clay content and
compaction stress, and W200 are much more sensitive to these factors than W400. The results can provide
a critical rock physics basis for quantitative interpretation and reservoir prediction of the low-maturity or
maturity shale reservoir.
© 2023 The Authors. 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

Elastic anisotropy of shales is critical to accurate constraints for
rock-physical models, quantitative interpretation and hydraulic
fracturing (Allan et al., 2015). The presence of the clay mineral and
kerogen can significantly affect the intrinsic elastic anisotropy of
shales (Vernik and Nur, 1992; Sayers, 2013; Sondergeld and Rai,
2011; Vasin et al., 2013; Pan et al., 2018). Clay mineral, as the
main component of shales, can affect the intrinsic elastic properties
via the clay type, volume content, and the orientation distribution
(Mondol et al., 2007, 2008; Voltolini et al., 2009; Sayers et al., 2015;
Gong et al., 2020; Ding et al., 2021). Clay platelets in shales tend to
display obvious alignment during the diagenetic process due to
.

y Elsevier B.V. on behalf of KeAi Co
their layered structure (Moyano et al., 2012), causing complex
variations for elastic anisotropy of shales (Kawamura and Ogawa,
2004; Sayers and den Boer, 2019). Although several theoretical
and experimental studies have been investigated the influence of
clay on the shale elastic properties and provided qualitatively
convincing results (Vernik and Liu, 1997; Hornby, 1998;Wenk et al.,
2007; Sarout and Gu�eguen, 2008; Sayers, 2013; Gong et al., 2020),
the effect of clay mineral is still not well explained due to its
complexity.

Organic matter (OM) is a crucial variable that affecting the
intrinsic anisotropy of shales, which can affect the elastic properties
via the type of OM, volume content and thermal evolution degree
(Bandyopadhyay, 2009; Prasad et al., 2011; Sayers, 2013; Zargari
et al., 2013; Yenugu, 2014; Li et al., 2015; Zhao et al., 2016; Xie
et al., 2019). Clarifying the correlation between the OM and
elastic properties of shales is pivotal to understand the induced
mechanisms of anisotropy and can provide potential relationship
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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for indication of “sweet spot” from seismic data. However, quan-
titatively characterizing the shale elastic anisotropy is still chal-
lenging because the properties of OM vary significantly according
to their origin such as thermal evolution degree and distribution.

Due to multiple influence factors caused by the complex
multicomponent in natural shales, it is impossible to separate and
individually investigate the effect of these parameters such as clay
and OM content on the intrinsic elastic anisotropy of shales.
Therefore, most of experimental studies on elastic anisotropy of
shales are conducted on artificial shales to separate and investigate
effects of these parameters individually (Luan et al., 2016;
Altowairqi et al., 2015; Beloborodov et al., 2016, 2018; Xie et al.,
2019; Gong et al., 2020). The artificial shales can overcome sub-
stantial limits on measurements due to the limited available
quantity, strong heterogeneity, chemically and mechanically
unstability of natural shale samples. However, previous artificial
shales mainly focused on the effects of single variable such as the
OM content, clay type and content, which are inconsistent with the
multiple influence factors for the elastic anisotropy of shales. Note
that the influence factors of shales anisotropy can be affected by
each other. For example, compaction and diagenesis can reduce the
porosity, and alter the alignment of clay minerals and OM (Wang,
2002; Yang and Guo, 2020). The understanding of how multiple
influence factors affect the elastic anisotropy of shales is still not
clear.

As an effective multiple factor experimental method, the
orthogonal design test is adopted in this study to analyze the effects
of multiple influence factors for intrinsic elastic anisotropy of
artificial shales. Three factors, clay content, OM content, and
compaction stress are selected as independent variables, and
sixteen artificial shales are constructed based on the orthogonal
experimental. The impact of the selected influence factors on the
elastic anisotropy of artificial shales are analyzed, and the influence
factors are ranked by the range analysis. The ODF of clay platelets is
also derived to quantitatively characterize the impact of the
alignment of clay platelets on the elastic anisotropy for the artificial
shales. The results can help to understand how multiple influence
factors affect the elastic anisotropy of shales and may be used to
estimate how the elastic anisotropy evolve due to burial of the low-
maturity or maturity shale reservoir.
2. Sample preparation and measurements

For Yanchang shales in the Ordos Basin, OM is in a stage of low-
maturity and illite is the dominant clay mineral, which is a major
shale oil reservoirs in China (Kun et al., 2020; Ding et al., 2021).
Natural shales are mainly composed of clay minerals, quartz, car-
bonate minerals and organic matter, which constitute more than
95% of shale, and these components are responsible for its major
properties (Wang, 2002; Sone and Zoback, 2013; Luan et al., 2016;
Gong et al., 2020). However, it is extremely difficult to separate and
investigate the effect of these multiple influence factors individu-
ally for natural shales due to their complex multi-component.
Therefore, the artificial shales are constructed in this study to
simulate natural shales, which allow parameters such as the
component and compaction to be controlled.

To simulate the Yanchang shales, the quartz, illite, calcite and
OM are chosen to construct the artificial shales. The OM are
extracted from natural rocks to ensure the properties of artificial
shales agree with the natural shales. Type II kerogenwith relatively
low vitrinite reflectance (Ro ¼ 1.2) are extracted from natural rocks
to ensure the properties of artificial shales agree with the natural
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shales. The purity of illite meets the requirements of the experi-
ment from the X-ray diffraction analysis (Gong et al., 2020). How-
ever, the accurate elastic properties of clay minerals and OM is still
a long-standing problem although several studies published some
data. Quartz and calcite are the common brittle minerals in shales,
the bulk and shear moduli of quartz is K ¼ 37 GPa, m ¼ 44 GPa,
K ¼ 76.8 GPa, m ¼ 32 GPa, while K ¼ 37 GPa, m ¼ 44 GPa,
K ¼ 76.8 GPa, m ¼ 32 GPa with calcite, respectively (Mavko et al.,
2020).

As an effective multiple factor experimental method, the num-
ber of experiments can be reduced by utilizing an orthogonal array
(Xi et al., 2019; Yao et al., 2021). Taking a 3-factors 3-levels design as
an example, the number of tests can be effectively reduced from 27
to 9 as shown in Fig. 1. Therefore, the orthogonal design is adopted
to investigate the influence of multiple factors on the elastic
anisotropy of artificial shales. As mentioned above, the main in-
fluence factors are clay mineral, OM and the platelet-shaped pores
which can be affected by the compaction and diagenesis. Therefore,
three factors, the clay content (factor A), OM content (factor B), and
the compaction stress (factor C) are selected as independent vari-
ables, each factor has four levels (Table 1). The detail orthogonal
experiment table is L16 (43), which adopts constant calcite content
and the interchange between increasing OM content and
decreasing quartz content for each case (Table 2). Based on the
orthogonal experiment table, sixteen artificial shales each with
different compaction stress, clay and OM content are constructed.

The artificial shale samples are constructed by cold-pressing
method (Gong et al., 2020). Firstly, the powder mixture is mixed
in a ball mill to ensure a homogeneous composition, and then
homogeneous powder is mixed with liquid adhesives to simulate
the cementation of natural shales. Secondly, the powder-adhesive
mixture is stuffed into a specially designed mold and is undergo-
ing a certain uniaxial effective stress for more than 100 h, then
could be removed from the mold (Fig. 2a). The more details pro-
cedure can be found in Gong et al. (2020). To further reduce the
influence of epoxy resin on physical and elastic of artificial rocks, 3%
epoxy resin are used, which is less than the weight content used in
Gong et al. (2020).

The porosity and bulk density of dry artificial shales are obtained
by He pycnometry and envelope-volume determination, respec-
tively. The velocities of dry artificial shales are measured by the
ultrasonic transmission test at the room condition using 0.5 MHz P-
and S-wave transducers. The homogeneity and transverse isotropy
of the artificial shales constructed by our method have been vali-
dated in previous studies, and the details can be found in Luan et al.
(2016) and Gong et al. (2018). Since full stiffness constants of arti-
ficial shales should be measured in three directions: normal and
parallel to bedding, and at an angle 45� to bedding. Therefore,
sixteen artificial shales are cut at 45� with respect to the bedding as
shown in Fig. 2b. Then the velocities in three directions can be
obtained based on the ultrasonic measurements, and the mea-
surements error is be less than 1%. Note that the artificial shales are
firstly heated to 70 �C for more than 48 h to get the “relatively” dry
samples, and then are placed in the room condition for 24 h to
contain about 2e3% water to compensate the influence of water
loss from clay dehydration on the damage to the rock framework.

The scanning electronmicroscopy (SEM) observations of sample
A13 are obtained using an FEGQuanta 200F and reveal considerable
texture with layering of clay mineral, the laminated structures of
artificial shales can be found visually from fresh surfaces (Fig. 3).
Due to the uniaxial effective stress are applied during the con-
struction process, the structure of the artificial shale reveals that



Fig. 1. The sketches for (a) uniform and (b) orthogonal experimental designs. The red spheres represent the tests for uniform experimental design and the orange spheres represent
the tests for orthogonal experimental design in 3-factors 3-level design.

Table 1
The selected influence factors with four levels. As independent variables, factor A
and factor B is the clay and OM content, respectively, factor C is the compaction
stress.

Level Factor A, % Factor B, % Factor C, MPa

1 20 4 75
2 30 6 100
3 40 8 125
4 50 10 150

Table 2
Orthogonal experiment table L16 (43) with three factors and four levels. As inde-
pendent variables, factor A and factor B is the clay and OM content, respectively,
factor C is the compaction stress. A1eA16 represent the sample (test) number.

Sample Factor A, % Factor B, % Factor C, MPa Quartz, % Calcite, %

A1 20 4 75 60 16
A2 20 6 100 58 16
A3 20 8 125 56 16
A4 20 10 150 54 16
A5 30 4 100 50 16
A6 30 6 75 48 16
A7 30 8 150 46 16
A8 30 10 125 44 16
A9 40 4 125 40 16
A10 40 6 150 38 16
A11 40 8 75 36 16
A12 40 10 100 34 16
A13 50 4 150 30 16
A14 50 6 125 28 16
A15 50 8 100 26 16
A16 50 10 75 24 16
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the clay platelets are almost aligned the bedding plane on the
micro-scale, which can cause a strong elastic anisotropy to artificial
shales. Unlike the complex discontinuity of shale laminae, most
cracks also aligned along the bedding plane.
3. Theoretical background

The elasticity and anisotropy have been discussed in several
studies, hence only a brief introduction is necessary in this study.
With reference to a vertical transverse isotropy (VTI) media, since
C12 ¼ C11e2C66, the elastic properties can be determined by only
five independent stiffness constants:
2775
Cij ¼

2
6666664

C11 C12 C13
C12 C11 C13
C13 C13 C33

C44
C44

C66

3
7777775

(1)

or

Sij ¼

2
6666664

S11 S11 � S66=2 S13
S11 � S66=2 S11 S13

S13 S13 S33
S44

S44
S66

3
7777775

(2)

with

S¼C�1 (3)

One purpose of this paper is to study the elastic anisotropy from
five independent stiffness, which can be calculated from the
Christoffel equation as follows (Dewhurst and Siggins, 2006):

C11 ¼ rV2
Pð90�Þ; (4)

C33 ¼ rV2
Pð0�Þ; (5)

C44 ¼ rV2
SVð0�Þ; (6)

C66 ¼ rV2
SHð90�Þ; (7)

and

C13 ¼ �C44

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
C11 þ C44 � 2rV2

Pð45�Þ
��

C33 þ C44 � 2rV2
Pð45�Þ

�r
; (8)

where r represents the bulk density of rocks; the direction of wave
propagation in Eqs. (4)e(8) correspond to the angle with the
symmetry axis of VTI media.



Fig. 2. (a) Stress consolidation process of artificial shales and (b) the artificial shales after cutting.

Fig. 3. SEM pictures of artificial shale A13 (a) parallel to the bedding plane (b) perpendicular to the bedding plane. The arrows indicate the bedding plane or lamination.
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According to Thomsen (1986), the anisotropy parameters can be
obtained from the five dynamic elastic constants as following:

ε¼C11 � C33
2C33

; (9)

g¼C66 � C44
2C44

; (10)

d¼ðC13 þ C44Þ2 � ðC33 � C44Þ2
2C33ðC33 � C44Þ

; (11)

where ε is the P-wave anisotropy parameter, g is the S-wave
anisotropy parameter, and d is the anisotropic parameter can be
used to explain the difference between NMO velocity and vertical
velocity.
4. Experimental results and analysis

4.1. Range analysis

The range analysis can reveal the effect of influence factors on
the properties of artificial shales. The steps of range analysis mainly
include: (1) calculate average value kZN of the indices of each factor
under all levels; (2) calculate and compare the range value RZ and
then rank the influence order (Fan et al., 2017; Xi et al., 2019; Yao
et al., 2021). The average and range value can be obtained as
following:
2776
kZN ¼ 1
m

Xn
i¼1

yZi (12)

RZ ¼ RmaxZ � RminZ (13)

where i is the experiment number; N is the level number (1, 2, 3, 4),
m is the number of experiments for factor Z in N level, n is the total
number of tests,m ¼ 4, n ¼ 16 in this study, yZi is the experimental
or calculated results of Sample i influence factor Z.

kZN is the average value for the influence factor Z at level N, can
evaluate the influence of the factor Z on the experimental results. RZ
is the range value of factor Z, which can evaluate the influence
degree of factor Z on the results in the design of this paper,
RmaxZ ¼ max {kZ1, kZ2, kZ3, kZ4}, RminZ ¼ min {kZ1, kZ2, kZ3, kZ4}.

The measured bulk density, porosity and ultrasonic velocities of
artificial shales are shown in Table 3. According to the range anal-
ysis, the average values of each influence factor on bulk density,
porosity at each level are calculated using Eq. (12). The average bulk
density decreases with the clay and OM content; while increase
with the compaction stress (Fig. 4). The average porosity decreases
with the clay content and compaction stress; while increases with
the OM content. These results are consistent with previous in-
vestigations on natural shales and artificial shales with single var-
iable (Gong et al., 2018; Beloborodov et al., 2018; Xie et al., 2019).
Fig. 5 shows the range values of each factor on the bulk density and
porosity according to Eqs. (12 and 13), which can be evaluate the
influence degree of each factor on the bulk density and porosity. It



Table 3
The measured density, porosity and ultrasonic velocities of artificial shales. The data
are original measured values for single sample correspond to samples in Table 2.

Sample Density, g/cm3 Porosity, % VP(0�) VP(45�) VP(90�) VS(0�) VSH(0�)

A1 2.495 10.15 2842 3154 3465 1845 2150
A2 2.509 9.18 2938 3294 3640 1926 2278
A3 2.513 8.63 2996 3382 3748 1974 2358
A4 2.519 8.25 3038 3453 3840 2017 2440
A5 2.458 8.8 2765 3116 3460 1800 2150
A6 2.418 9.85 2628 2939 3239 1678 1975
A7 2.462 7.99 2885 3320 3721 1921 2357
A8 2.441 8.49 2830 3232 3617 1846 2242
A9 2.415 7.95 2750 3178 3575 1830 2263
A10 2.431 7.65 2808 3258 3675 1880 2346
A11 2.355 9.43 2565 2902 3245 1645 1996
A12 2.403 8.7 2649 3032 3388 1723 2111
A13 2.389 7.46 2752 3203 3620 1825 2296
A14 2.369 7.71 2698 3134 3540 1785 2240
A15 2.332 8.36 2585 2993 3365 1699 2118
A16 2.283 8.98 2495 2864 3215 1640 2030

Fig. 4. The influence of factors (a) clay content (b) OM content (c) compaction stress on
the average bulk density and porosity obtained by range analysis.
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can be found that the OM content has the smallest effect on both of
density and porosity.

As shown in Table 4, the measured ultrasonic velocities of arti-
ficial shales follow VP(0

�
) < VP(45

�
) < VP(90

�
) and VSV(0

�
) < VSH(90

�
),

which agrees well with the assumption of TI media. Fig.6 shows the
average values for measured ultrasonic velocities with selected
influence factors for artificial shales obtained by range analysis,
which still follow the sequence VP(0

�
) < VP(45

�
) < VP(90

�
) and

VSV(0
�
) < VSH(90

�
). Fig. 6a shows all average velocities decrease with

the clay content, especially at low clay content. Because the elastic
moduli of clay minerals are much softer than those of brittle min-
erals such as quartz, with the increase of clay content, clay particles
should become the load-bearing material of skeleton at high clay
content, causing the gentler decrease for ultrasonic velocities of
samples. Fig. 6b shows ultrasonic velocities slightly decrease with
OM content, which mainly attributed to the low elastic moduli of
OM. Fig. 6c shows that all average velocities are positively corre-
lated with the compaction stress, especially at low stress. The
relatively rapid increase of velocities at low stress can be mainly
attributed to the reduce of pore volume caused by the initiation of
reorientation and rearrangement of the solid particles. When soft
mineral particles such as clay platelets are forced into the in-
terstices between stiff grains such as quartz and even become the
load-bearing material of skeleton as the compaction further in-
crease, causing the increase tends of velocities gradually becomes
gentler. Note that the variations of velocities caused by the influ-
ence factors differ in three orientations, which suggests that the
anisotropic velocities should be affected by the influence factors in
different ways. Fig. 7 shows the range values for each factor on
velocities in three orientations, the OM content has the minimal
impact on the velocities compared to clay content and compaction
stress; the two latter factors are relative complex to the velocities.
Hence, the velocity anisotropy may change depending on the
relative velocity variations caused by the influence factors.

To further investigate the impact of the influence factors on the
velocity anisotropy parameters, which are calculated from the bulk
density and velocities based on Eq. (4)-(11), and the results for
single test correspond to samples in Table 2 are shown in Table 4.
The minimum velocity anisotropy parameters are observed in
Sample A1, while the maximumvalues are observed in sample A13.
Based on data in Table 4, the average velocity anisotropy parame-
ters for the selected influence factors can be obtained based on the
range analysis according to Eq. (12)-(13). For the influence factor
clay content, OM content and compaction stress, when the level
changes from 1 to 4, all average velocity anisotropy parameters
2777
nonlinearly increase, especially with clay content and compaction
stress (Fig. 8), which are consistent with the investigations on
natural shales and artificial shales with single variable (Vernik and



Fig. 5. The range values for each factor on the bulk density and porosity obtained by
range analysis.

Table 4
The calculated velocity anisotropy parameters of artificial shales. The data are
original measured values for single sample correspond to samples in Table 2.

Sample ε g d

A1 0.243 0.179 0.211
A2 0.267 0.199 0.237
A3 0.283 0.213 0.258
A4 0.299 0.232 0.278
A5 0.283 0.213 0.245
A6 0.260 0.193 0.234
A7 0.332 0.253 0.308
A8 0.317 0.238 0.279
A9 0.345 0.265 0.315
A10 0.356 0.279 0.323
A11 0.300 0.236 0.241
A12 0.318 0.251 0.294
A13 0.365 0.291 0.331
A14 0.361 0.287 0.324
A15 0.347 0.277 0.326
A16 0.330 0.266 0.291

Fig. 6. The influence of factors (a) clay content (b) OM content (c) compaction stress on
average the velocities obtained by range analysis.
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Liu, 1997; Zhao et al., 2016; Ding et al., 2021; Gong et al., 2018; Xie
et al., 2019). Note that the average velocity anisotropy parameters
slightly increase with the OM content, which is contrary to results
from Liu et al. (2022), because the OM in Longmaxi shales is
overmature which are differ from our artificial shales. The shape
and distribution of OM can be affected by its maturity, the over-
mature OM in shales displays a patchy distribution, while the
low-maturity OM displays preferred lamination (Liu et al., 2022),
causing the difference in velocity anisotropy and OM content
relationship of shales with different maturity.

Fig. 9 shows the range values for each factor on the P- and S-
wave velocity anisotropy parameters, and the range values for each
factor follow the sequence: clay content > compaction stress > OM
content. For example, the range value for factor clay content is
0.078, and the range value for factor OM content and compaction
stress is 0.007 and 0.055, respectively. For the selected influence
factors considered in this study, clay content is the dominant in-
fluence factor for elastic anisotropy of artificial shales. However, in
terms of single sample, the effect of influence factors does not
2778



Fig. 7. The range values for each factor on velocities in three orientations obtained by
range analysis.

F. Gong, L.-L. Gao, G.-G. Zou et al. Petroleum Science 20 (2023) 2773e2783
always follow the order obtained from the range analysis for these
sixteen artificial shales. For example, with the same OM content,
sample A7 contains lower clay content which display higher ve-
locity anisotropy compared to sample A11 because the uniaxial
effective stress applied for sample A7 is twice as larger as sample
A11, causing a higher degree of lamination for sample A7. From the
range analysis, clay content is the dominated factor affecting the
elastic anisotropy, and the orientation distribution of clay minerals
also has an important influence on shale elastic anisotropy.
Therefore, the orientation distribution of clay should be further
investigated.
Fig. 8. The influence of factors (a) clay content (b) OM content (c) compaction stress on
the average velocity anisotropy parameters obtained by range analysis.
4.2. The compaction effects on the elastic anisotropy

According to Ruud et al. (2003), the compaction factor c is
defined as the ratio of the initial to the final layer thickness, which
can be calculated as following:

c¼h0
h

(14)

where h0 and h is the height of artificial shales before and after
compaction.

The compaction factors of sixteen artificial shales are obtained
from Eq. (14), which have positive correlations with compaction
stress and clay content, and the latter is the determinant factor as
shown in Fig.10a. With the same clay content, the compaction
factor increases with the compaction stress, especially at low clay
content. With the compaction stress ranging from 75 to 150 MPa,
the compaction factor increases 0.067 for artificial shales contain-
ing 20% clay minerals, while it increases 0.024 for artificial shales
containing 50% clayminerals. With the same compaction stress, the
compaction factor increases with the clay content, especially at low
compaction stress. With the clay content ranging from 20% to 50%,
the compaction factor increases 0.382 for sample undergoing
75 MPa, while it increases 0.338 for sample undergoing 150 MPa.
These observations can be mainly attributed to the mechanical
compaction and the change of constitute of rock skeleton caused by
variation the in mineral content: the rock skeleton is mainly
2779



Fig. 9. The range value for each factor on P- and S-wave velocity anisotropy param-
eters obtained by range analysis.
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composed of stiff particles such as quartz particles when the
sample contains low clay content; with the increase of clay content,
clay particles should become the load-bearing material of skeleton
at high clay content which will produce the obstructive effect of
compaction, causing the larger increase of compaction factor at low
clay content compared that at high clay content. The rearrange-
ment of the solid particles can cause the large increase of
compaction factor at low stress.When soft mineral particles such as
clay platelets is forced into the interstices between stiff grains such
as quartz and even become the constitute of rock skeleton, causing
relatively small increase of compaction factor at high stress.

Fig. 10b reveals that the velocity anisotropy parameters are
positively correlated with the compaction factors, and the P-wave
anisotropy are higher than S-wave anisotropy under the same
compaction factor due to most cracks aligned along the bedding
plane, which agreewell with the observation fromGuo et al. (2016).
It's well known that shales are much more easily affected by the
compaction compared to other sedimentary rocks (Xu and White,
1995). The compaction can reduce the porosity, and also can alter
the orientation distribution of the clay platelets, pores and organic
matter (Wang, 2002), causing a varied degree of clay orientations in
Fig. 10. (a) The compaction factor of artificial shales versus compaction stress, and (b) velo
wave anisotropy, respectively.
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shales, and eventually leading to the changes in elastic anisotropy
of shales. Hence, it is essential to characterize the orientation dis-
tribution function (ODF) of the clay platelets in the investigation of
shale anisotropy.

4.3. The orientation distribution of clay minerals

From above analysis, clay content is the dominant factor
affecting the elastic anisotropy of artificial shales, but the orienta-
tion distribution of clayminerals also has an important influence on
the elastic anisotropy. Many studies have investigated the impact of
orientation distribution function of the clay platelets on the elastic
anisotropy in shales (Sayers and Kachanov, 1995, 2005;
Bandyopadhyay, 2009; Pervukhina and Rasolofosaon, 2017; Gong
et al., 2020). The compaction ODFs for the alignment of clay
platelets can be briefly expressed as following (Owens, 1973;
Bandyopadhyay, 2009; Gong et al., 2020):

WCðqÞ ¼
1

8p2
c2�

cos2 qþ c2
�
1� cos2 q

� �3
2

(15)

where q represents the angle between the symmetry axis and the
normal to the clay platelets, WC represents the probability density;
and c is the compaction factor.

The compaction ODFs can be calculated by combining Eq. (14)-
(15), and the compaction ODFs of artificial shales constructed with
20% clay content and with compaction stress 75 MPa before and
after compaction (Fig. 11). Before compaction, the compaction
factor c is equal to 1, WC is a constant (WI ¼ 1/(8p2)), indicating the
random orientation of the clay platelets, and eventually leading to
the overall isotropy of samples. After compaction, the clay platelets
will tend to aligned along the bedding plane owing to the applied
compaction stress, and this trend will become more prominent
when clay content and compaction stress further increase, espe-
cially with clay content. These behaviors can verify the correlations
between the velocity anisotropy and clay content, compaction
stress discussed above.

Assuming the clay platelets and their orientation distribution
are transversely isotropic, the effect of their orientation distribution
on the elastic stiffnesses of the VTI rock can be completely deter-
mined by two ODF coefficients W200 and W400 (Sayers, 2005;
Bandyopadhyay, 2009, Pervukhina and Rasolofosaon, 2017; Gong
et al., 2020). Here, the ODF coefficients are calculated using Voigt
approximation to the generalized Legendre functions, and co-
efficients W200 and W400 of clay plateles in shales are directly
converted via elastic anisotropy parameters ε and g of samples as
following (16)e(17).
city anisotropy parameters versus compaction factor, red and blue points are P- and S-



Fig. 11. The compaction ODFs of artificial shales constructed (a) with 20% clay content and (b) with compaction stress 75 MPa before and after compaction. The red dotted line
represents the random alignment of clay platelets, and the compaction factor is equal to 1 in this situation.
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ε¼ðA11 � A21ÞW200 þ ðA12 � A22ÞW400

2ðA10 þ A21W200 þ A22W400Þ
; (16)

g¼ðB21 � B11ÞW200 þ ðB22 � B12ÞW400

2ðB10 þ B11W200 þ B12W400Þ
(17)

where the coefficients A and B can be obtained from the elastic
constants C0

ij of the clay platelets, and the details are described in

Pervukhina and Rasolofosaon (2017).
The minimum theoretical values of W200 and W400:

W200 ¼ W400 ¼ 0 suggests a random alignment of clay platelets,
leading to the overall isotropy of the rock, corresponding to the
compaction factor c is equal to 1 (at the critical porosity) before
compaction. While maximum theoretical values of W200 and W400:
Wmax

200 ¼
ffiffiffiffiffiffi
10

p
=8p2z0:04005 and Wmax

400 ¼ 3
ffiffiffi
2

p
=8p2z0:05373 rep-

resents the perfect alignment of the clay platelets. The elastic
constants of clay platelets are taken from the Sayers (2005) with
C0
11 ¼ 40.0, C0

33 ¼ 16.8, C0
55 ¼ 2.7, C0

12 ¼ 13.8 and C0
13 ¼ 9.0 GPa to

quantitatively evaluate the ODF coefficients, because the stiffness
constants of the clay platelets has minor impact on the evaluating
results (Gong et al., 2020). Hence, the velocity anisotropy param-
eters can be converted to the ODF coefficientsW200 andW400 using
Eqs. 16 and 17, the detail can be found in Pervukhina and
Rasolofosaon (2017). Fig. 12 shows the relations between the ODF
coefficients and the velocity anisotropy parameters, the P-wave and
S-wave anisotropy parameters display a good linear relation, and
both of them increase with the two compaction ODF. The values of
ODF coefficients are positive and are much smaller than the
maximum theoretical value. Fig. 12 also can directly illustrate the
Fig. 12. Both P- and S-wave anisotropy of sixteen artificial sh
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relation between the velocity anisotropy and clay content discussed
above, the samples containing high clay content can cause low
velocity anisotropy due to the low degree of alignment of clay
platelets caused by the compaction, which are consistent with the
observation from Liu et al. (2022).

Fig. 13 shows the relation between ODF coefficients and
compaction stress for sixteen artificial shales. The ODF coefficients
are combinedly affected by the clay content and compaction stress,
and W200 are much more sensitive to the clay content and
compaction stress compared to the W400. Further, both W200 and
W400 have positive corrections with the compaction stress, and the
increase tends to be greater at lower clay content compared that at
higher clay content. With the same compaction stress, the shales
containing high clay content possess large W200 and W400, which
correspond to the high elastic anisotropy parameters as shown in
Table 4.

Compared with natural shales, the artificial shales have the
advantages of repeatability of process, controllability of the vari-
ables. However, the compaction process of artificial shale is pure
mechanical excluding chemical compaction process, causing the
velocities of artificial shales are relatively lower than velocities of
natural shale. Nevertheless, the results in this paper still can
contribute to understanding how multiple influence factors affect
the elastic anisotropy of shales and may be used to estimate how
the elastic anisotropy evolve due to burial of the low-maturity or
maturity shale reservoir. Further, the results in this paper can
provide a critical rock physics basis and data support for quanti-
tative interpretation and reservoir prediction of the low-maturity
or maturity shales such as Yanchang shales. For example, the
detailed characterization of clay platelet ODFs, and the relations
between the elastic anisotropy and the influence factors can
ales superimposed with (a) W200 and (b) W400 isolines.



Fig. 13. The ODF coefficients (a)W200 and (b)W400 of sixteen artificial shales versus the compaction stress.
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establish a baseline for predicting elastic properties of shales,
which are essential for reservoir prediction. Note that the influence
of organic matter maturity on the intrinsic elastic anisotropy and
the effect of cracks on the stress-induced elastic anisotropy of
shales are not investigated in this study due to the material limi-
tation, which will be comprehensively investigated in another
paper.
5. Conclusions

To analyze the effect of multiple influence factors for intrinsic
elastic anisotropy of shales, sixteen artificial shales are constructed
based on the orthogonal test method, three factors including clay
content, OM content and compaction stress are selected as inde-
pendent variables. According the range analysis, the average ve-
locity anisotropy parameters have positive correlations with the
clay content, OM content and compaction stress, and the orders of
the selected influence factors follow the sequence clay
content > compaction stress > OM content for velocity anisotropy.
Note that the effects of influence factors on the individual sample
dose not always follow the order obtained from the range analysis,
because orientation distribution of clay minerals also has an
important influence on shale elastic anisotropy. The compaction
factors have positive correlations with compaction stress and clay
content, especially at low clay content and compaction stress,
which can be mainly attributed to the mechanical compaction and
the change of constitute of rock skeleton caused by variation the in
mineral content. The clay platelets orientation distribution of the
artificial shales is evaluated by a theoretical model, the ODF co-
efficients are obviously affected by the clay content and compaction
stress, andW200 aremuchmore sensitive to these factors compared
to the W400.
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