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ABSTRACT

Laser-induced electro-response (LIER), as a new method that complements conventional rock physics
testing techniques, is expected to address issues such as of unclear mechanisms, model deficiency, incon-
sistent evaluation parameters, and difficulty in separating multiple coupling factors in shale anisotropy
evaluation, and establish a more complete and reliable shale physical property evaluation system. A test-
ing strategy for out of plane anisotropy (OPA) was proposed for characterising anisotropy by LIER, where
the near infrared (NIR) continuous laser (CL) and nanosecond pulsed laser (PL) were used to irradiate the
surface of oblique cut shale, and the transverse LIER of the surface was measured. A LIER detection model
is constructed from the laser-thermal effect, residual transverse polarization electric field and thermionic
emission transport mechanism, which is strongly relying on laser power, bias voltage, and inclination
angle of the measurement direction relative to the bedding plane of shale. For OPA test on the slice of
oblique cut shale under CL irradiation, the relationship between the product of LIER simulation parame-
ters and the tilting angle can be described by a cubic function and an impulse function with a maximum
value at the threshold angle. In addition, the thermal accumulation and transient thermal effects are
induced in the shale under a high-energy short laser pulse irradiation, and the simulation results indicate
that there is an exponential relationship between the product of parameters in the LIER model and the tilt
angle. Thus, for OPA test under CL and PL irradiations, it is recommended to use the product of parame-
ters as an evaluation index for shale anisotropy. Furthermore, to solve the problem of multiple influenc-
ing factors entangled in the exponential term of the LIER model, the tangential LIER measurement was
performed on the side of cylindrical shale core, where the provided LIER model effectively presented
the anisotropy of tight shale plug, especially the effects of bias voltage and laser power on LIER were rel-
atively separated as independent variables. Finally, the LIER at the end of laser drilling is presented well
using the optimized model under a focused ns NIR PL irradiation, indicating that LIER is expected to be a
real-time means for characterizing shale anisotropy during laser drilling processes. These results show
that the present work is fundamental for the precise evaluation and effective development of anisotropic

shale reservoirs, and will drive the advances of LIER in the exploration for shale oil and gas.
© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

organic matter [2]. Lamination is the most frequently cited influ-
encing factor for shale anisotropy, which leads to different electri-

Shale oil and gas is a resource-rich clean energy and mainly
located in sedimentary and metamorphic rock formations. Shales
are not only a reservoir rocks with the ability to seal carbon diox-
ide, methane, etc., but also a source rocks [1]. Unlike conventional
sandstone reservoirs, shales exhibit distinct bedding planes which
are caused by preferentially orientated of clay minerals and
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cal, mechanical, thermal, seismic, and magnetic properties at
directions parallel and perpendicular to their bedding planes, and
has significant impact on energy industry and the research of geo-
physical properties in the Earth. Traditional techniques such as
magnetic susceptibility, seismic, mechanical, and geo-electrical
response detections can reveal post-depositional anisotropic char-
acteristics of shales with invisible bedding. The seismic anisotropy
parameters can describe uniform rock properties along the layer-
ing and a bed-by-bed variation of rock properties [3,4]. The aniso-
tropy of magnetic susceptibility can reveal the orientation
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structure and sedimentary characteristics of rocks [5]. The colinear
electrode arrays, electrical image logging, and many electrical
detection techniques focus on the qualitative identification of shale
laminae [6]. Based on hydraulic fracturing and drilling engineering
requirements, mechanical characteristic parameters are typically
used to characterize the strength characteristics of shale aniso-
tropy [7,8]. At the macro scale, these detection technologies each
have their own characteristics and application advantages. In addi-
tion, the shale anisotropy in microscale was probed by small-angle
neutron scattering [9], 3D X-ray computed tomography [10], and
peak force-tunneling atomic force microscopy [11].

Due to the multiple influences of geological conditions and
types, the quantitative evaluation and generation mechanism of
shale anisotropy is complex, and a single research method is insuf-
ficient to establish a more complete and reliable rock physical
property evaluation system [12]. Furthermore, shale’s inherent
structural instability and complex physicochemical properties pre-
sent significant challenges for obtaining complete cores and
acquiring reliable well logs in horizontal wellbore sections
[13,14]. Therefore, it is necessary to develop new evaluation and
detection frameworks by integrating multiple research methods
to handle complex samples, which can greatly eliminate the influ-
ence of uncertain factors in the interpretation and evaluation pro-
cess. With the advancement of nonlinear optics, laser-based
detection has become a transformative alternative through direct
photon-matter interaction [15], which was applied in various
aspects of exploration, production, and refining processes of oil
and gas industry. For example, due to the high resistance proper-
ties of shale, it is difficult to directly measure the electrical aniso-
tropy of shale with conventional DC power supply. However, laser
irradiation can reduce the resistivity of high resistance shale by
four orders of magnitude and provides additional information on
the nature of shales [16]. Moreover, high-power continuous wave-
length laser and high-energy pulsed lasers were also used for
breaking and drilling rocks in oil and gas exploration to improve
drilling efficiency and reduce costs [17,18].

When a laser beam irradiates the surface of high-resistance rock
mineral, various physical phenomena occur, including reflection,
absorption, energy conversion, heating, melting and gasification,
damage and destruction, mechanical effect, plasma, etc. If an elec-
tric field inside the material or an external electric field is applied,
an induced current or voltage can be detected in the external cir-
cuit. Therefore, we combined optical stimulation with real-time
electrical signal acquisition to develop laser-induced electro-
response (LIER) technique, such as a laser-induced current (LIC)
or laser-induced voltage (LIV), and establish a multi-physical field
coupling characterization framework for shale by introducing opti-
cal characteristics [19]. Previous research has shown that the
inflection point of LIV corresponds to the bedding position of shale
[20]. In the absence of an external electric field, the LIV of tight
shale exhibits a trigonometric relationship with bedding angle
[21]. It is the bedding structure of shale to result in significantly
higher amplitudes of LIV along the bedding direction than perpen-
dicular to it [22]. When an external bias is applied, the LIV on the
side of the insulating shale columnar core is minimized at the cen-
ter between the electrodes [23]. In addition, when high-energy
laser irradiates on the shale, plasma is generated on the shale sur-
face, and the LIV is 180° symmetric and elliptical in polar coordi-
nates, with the long and short axes parallel and perpendicular to
the bedding direction, indicating the anisotropic characteristics of
shale [24].

As discussed earlier, LIER, as an emerging anisotropic detection
method, introduces optical characteristics as a new dimension
parameter for evaluating shale anisotropy and has the characteris-
tics of no chemical treatment, simplicity, fast real-time, and low
cost, which is also expected to be a new selection to characterize
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the laser drilling process and reservoir in real time. However, due
to the complex interaction between laser and shale, LIER is still
in its infancy and faces some challenges in evaluating shale aniso-
tropy, such as a lack of detection models, inconsistent evaluation
parameters, and difficulty in effectively separating multiple cou-
pling factors. In this article, to address the above problems, we pro-
posed an out of plane anisotropy (OPA) strategy, where anisotropy
is characterized by measuring LIER on the surface of oblique cut
shale. The corresponding LIER theory was constructed to enhance
the LIER technology system, based on the laser-thermal effect,
residual transverse polarization electric field and thermionic emis-
sion transport mechanism. The given LIER detection model charac-
terized the OPA of oblique shale slices under near-infrared (NIR)
continuous laser (CL) and pulsed laser (PL) irradiation. In addition,
the LIER model was optimized to evaluate the anisotropy of cylin-
drical tight shale cores and the anisotropy of shale during laser
drilling.

2. Materials and method
2.1. Sample preparation

The prepared shale samples, namely kerogen-rich, were taken
from the outcrop of the Huadian formation in Songliao Basin. The
shale is composed of clay, quartz, pyrite feldspar and calcite.
X-ray fluorescence (XRF) test revealed that the major elements of
the shale sample are Si (23.4%), Ca (11.1%), Fe (7.81%), Al (7.29%),
Mg (1.44%), K (1.24%) and S (1.21%). These samples are grayish-
brown with a smooth surface without fracture. The experiment
focuses on shale with a layered structures as the research object.
Scanning electron microscopy (SEM) images show that the shale
sample have a typical parallel bedding plane, organic matter exhi-
bits elongation parallel with bedding planes direction, and clay
minerals, consisting of feldspar, mica, pyrite, etc., distribute as
folded layers (Fig. 1a).

Smaller cubes (10 mm x 7.5 mm x 5 mm) with different bed-
ding angles (0) were trimmed from the large sample block for sub-
sequent testing and characterization. As shown in Fig. 1b, shale
samples are cut at #=0°, 15°, 30°, 45°, 60°, 75° and 90° with an
angular error of less than 2°. The bedding planes are dipping at
an angle 6, which denotes the angle between the bedding direction
(I) on the front side of the sample and the horizontal direction (//),
and the t-direction is inclined with respect to the surface normal
(n) by 0. In order to ensure the accuracy of the experimental
results, three samples of the same size were cut at each angle.
Next, the sample end faces are ground parallel by grinder, ensuring
compliance with the preparation standards recommended by sub-
sequent silver electrodes. Two colloidal silver electrodes with 2
mm x 7.5 mm size and a spacing of ~6 mm, are applied to inject
bias and prob electrical signal.

2.2. Laser induced electro-response testing

The LIER test system (Fig. 1c) combines a laser source, a LIER
signal receiving unit, a laser energy or power meter and the infra-
red (IR) thermographic system. A 50/50 beam splitter (BS) splits
the laser beam to form two beams. One beam of laser irradiated
on the surface of the shale and the other beam irradiated in the
detector for probing the laser energy and power, which is used to
monitor laser energy and power change. The LIER signal receive
unit contains a specimen stage, Keithley 2400 Source Meter and
computer with data collection software. The bias voltage V}, in this
testing system is provided by Keithley 2400. The IR thermal camera
(UNI-T, Uti260B; Spectral bandwidth: 8-14 pm, Accuracy: *2 °C,
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Fig. 1. Sample preparation and LIER testing.

Resolution: 256x192 pixels, Maximum thermal sensitivity: 60 mK)
combines temperature image and data by computer software (UTi-
Live Screen) to measure temperature changes on the surface of
shale. In this work, each sample was tested for three times under
identical experimental conditions to ensure result accuracy.

Our previous reports demonstrated that the laser-induced ther-
mal effect played a main role in the LIER signals under NIR laser
irradiation [19]. In this work the LIER detection model is specifi-
cally designed around and focuses on the laser-induced thermal
effect as the primary mechanism. Therefore, NIR lasers, such as
808 and 1064 nm, were selected to ignore the photoelectric effect’s
contribution [25]. Since laser power (P) significantly influences the
LIER response rate and low laser power can cause the testing sys-
tem unable to detect the LIER signal from the shale, one laser
source of 808 nm CL with a spot area of 30m mm? was applied to
irradiate the shale surface, and the laser power was adjusted from
1.5to 3.5 W.

The short laser pulses have been extensively investigated to
meet the needs of laser drilling research, including millisecond
(ms), ns and femtosecond (fs) laser [18]. In the case of fs pulses,
thermal diffusion into the surrounding shale bulk material can be
neglected, while heating of the surface takes place during the
whole pulse duration in the case of ns pulses due to laser-
induced thermal effects. Thus, in this work, a Nd:YAG laser (EKS-
PLA Company) was applied as the PL source, with wavelength (/)
of 1064 nm, pulse duration () of 5 ns, pulse frequency (f) of
10 Hz, pulse energy of 5 m], and a laser spot diameter (¢)
of ~10 mm. As for laser drilling testing, the above short pulse laser
with a single-pulse energy of 70 mJ is focused by a lens and the
laser spot with a diameter of ~0.5 mm is on the center between
the two-parallel-strip electrodes for OPA configuration (Fig. 1d).
In fact, the pulse width of ns lasers, from a few ns to tens of ns,
has an impact on LIER, and detailed research will be conducted
in the future.
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3. Principle of LIER detection method

It is approximated that physical parameters such as electrical
conductivity o, thermal conductivity x, thermal diffusion coeffi-
cient D, and absorption A are uniform on the shale laminar surface
and vary in the direction perpendicular to that laminar surface. The
parameters parallel and perpendicular to the bedding plane are
referred to as o, k), D, oy, K, Dy, respectively. Inset of Fig. 2a shows
a schematic diagram of the OPA test, with two strip electrodes par-
allel to each other. In anisotropic half-space, the electric field dis-
tribution between the bar electrodes can be approximated as a
parallel electric field, and the parallel surface conductivity ¢ along
the direction of electrodes depends on the direction of the mea-
surement array, which is presented by
G = 0, (% cos20 + sin20) o NyC0s20 + sin®0 (1)
where ns=0g)/o..

When a laser with a power of P irradiates the surface of a
slanted sample with a thickness of d, the sample surface tempera-
ture rapidly rises, resulting in a temperature gradient V  T=AT,/d
at the surface and bottom of the sample, AT,=T,—~To=0t}?x0;, and

. 2PAVD, 2PA « PA
B VK, - VEPCoV/KL VKL

where p, co, T, tp and T, are mass density, specific heat, ambient
temperature, duration of laser irradiation, surface temperature at
the end of laser irradiation, respectively [19]. According to tensor
properties, the surface-perpendicular thermal conductivity x, can
be presented as

(2)

) K . .
K, = KiSin®0 + K;C0s20 = K (?' sin?6 + cosze) o M, sin?6 + cos?0
t

3)
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Fig. 2. Typical I-V curve and LIER measurements at a tilting angle of 0=45° under the 808 nm laser irradiation with a power of 3.0 W.

where n,=x/x;.

Considering the surface of shale as an infinitely thin planar heat
source under CL irradiation, the evolution of the surface tempera-
ture T and LIC can be represented using the photo-thermal mod-
elling approach as [19]

a; In(at'/?) + by
a In {fx[t”z —(t— tp)”z]} +by

0<t<ty)

In(LIC) = 1)

(4)

Thus, at the end of the laser irradiation time, the change in LIC
due to the laser-thermal effect, named as Aly, satisfies the formula
as follows:

In(Aly) o< In(AT,) = In(T, — To) = In(ar\/2,) o Inot (5)
Then, taking anisotropy of conductivity
AIHmJ—bamaama PA (6)
a K.

where a is the electrode spacing, and b the current cross-sectional
area.
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Fig. 2a presented the hysteresis current-voltage (I-V) curve of an
untilting oil shale (0=0°) in dark. When the voltage is from +200 to
0V, the shale is in a high-resistance state (HRS). With the voltage
changes from positive to negative, the shale changes from HRS to
low-resistance state (LRS), and gradually transforms to HRS after
a turning voltage of ~—45 V. When the voltage is scanned
from —200 to 0 V, the shale is in HRS again. And then, when the
voltage is swept from 0 to +200 V, the shale is first in the LRS,
and gradually changes to the HRS to complete a voltage cycle after
a transition voltage of ~45 V. It can be seen that the shale switches
between LRS and HRS when the voltage polarity is changed with
the short-circuit currents (I, and I,,) and open-circuit voltages
(Vo and V) due to residual transverse polarization electric field
Ep. The bipolar behavior indicates that the resistance mechanism
of shale is an interface type (Supplementary materials) [26].

Fig. 2b displays the LIER measurements of shale at a tilting
angle of #=45° under the 808 nm laser irradiation of a power of
3.0 W, where the bias voltage V}, scans from 200/-200 to 0 V with
a spacing 50 V, named as Mode1/Mode 2. The change in LIC at the
end of the laser irradiation time, Al, monotonically decreased from
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36.4 and —-37.3 pA at V,=200 and -200 V, 11.1 and -12.8 pA at
V=150 and -150 V, 3.6 and -4.5 pA at V,=100 and -100 V, to
0.7 and -1.1 pA at V,=50 and —-50 V, respectively. It is clear that
the short-circuit current was enhanced from I, (-0.17 nA) to I,
(-1.67 nA) for V,>0 (Mode 1) and If};, (0.23 nA) to [}, (2.03 nA)
for Vp<0 (Mode 2), respectively, under NIR CL irradiation. In addi-
tion, time-dependence of LIER at I,=0 after 120 s of electric voltage
excitation indicates that laser-induced open-circuit voltage AVj is
1.85 and -1.02 V for V;,=200 and -200 V (Fig. 2c).

Figs. 2d and e display the time-dependence of the measured
voltage V and current I under the irradiation of 808 nm-laser with
P=3.0 W for 0=45°, at much lower excitation electric currents (I,
ranging from 5 to O nA) and voltages (V, ranging from 1.5
to —0.5 V). The AV refers to the change in LIV at the end of the laser
irradiation time. Fig. 2f reviews the dependences of Al and AV on
lower V;, and I, It is founded that AI and AV are ~—0.26 nA at
V=0 and ~—0.065 V at I,=0, from the fitting curves of Al=-0.26
+1.68V}, and AVx—exp(2.73+0.691}), respectively. These facts indi-
cates that the residual polarization effect plays a great role in LIER
of shale, which was further confirmed by Supplementary materials.

Shale can be abstracted as a multi-layer superposition of paral-
lel dielectric plates. According to classical electromagnetic field
theory, the Ep along electrode directions is proportional to sin0
for a dielectric uniformly distributed between electrodes (Supple-
mentary materials). Due to complex sedimentary and diagenetic
processes, shale exhibits a high degree of heterogeneity in terms
of composition, pores, fractures, and matrix. These facts result in
fluctuations in the angle 0 in the relation of Epocsin®0. If the fluctu-
ation in the 0 are ignored in this formula, the power of sind is no
longer a definite value of 2. Therefore, it is recommended that
Epxsin‘d, where the power ¢ is closely related to the inconsistency
of shale bedding planes caused by the heterogeneity of shale struc-
ture. Taking anisotropy of conductivity, the variation of the LIC
induced by the residual polarization field effect, Al;, can be
described as
Alg o ,u%b sin‘0 o posin®g (7)
for transverse mode, respectively, where the parameter u is to be
redefined in subsequent equations.

When a bias voltage is supplied, the LIER is enhanced, and the
change in LIC due to the V}, was named as Aly. Our research has
shown that the selected shale displayed the non-linear I-V curves
[19], and the LIC was well described by [19]

C3 Vb
Al ey (1) exp (3 [exp (cu gy ) 1)

which has similar form with the classical thermionic emission
transport relationship, where current density satisfies the formula,
J=Jstlexp(qVi/kpT)—1]=AsT*exp(—Ady ks T)[exp(qVu/ksT)-1]  [27].
Here, Jst is the saturation current density; As the Richardson con-
stant, A-m~2.K~2; T the temperature, K; @ the height of the Schot-
tky barrier in the thermodynamic equilibrium, eV; q the electric
charge, A-s; and k;, the Boltzman constant, ]-K~! [27]. It can be found
that ¢, is dimensionless, and cy, c3, ¢4 take the forms of As, Ady/ky,
qlky, respectively. Thus, we can preliminarily assume that
c1(ATp)62exp(—c3/ATp) is the saturation current of shale, and c3 is
closely related the interlayer barrier and coupling in shale since
shale is abstracted as a multi-layered dielectric. In fact, due to the
complexity of shale structure and composition, although our previ-
ous work presented that the semiconductor-like I-V characteristic
was shown in shale [19,25], the parameters of c;~c3 are not con-
stants as that in the thermionic emission transport relationship,
but depend on the laser type, laser power, temperature, and bias
voltage. For example, ¢; (A-K™') is affected by laser power, c, and

(8)
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¢4 (K-V™1) are independent of bias voltage and depend on laser
power and wavelength, except for c3 (in the unit of K) which is
the constant of the selected material.

Taking AT, and Eq. (2), AT,«<PAx7'?, Eq. (8) was rewritten in
the following form:

.
o) o ()
o) o0 (55 o ()]

where the parameters settings of p3~[s are to maintain consistency
with subsequent equations. It is noted that us~ue directly propor-
tional to c;~c4, respectively. By comparison, according to the non-
dimensionalization of the exponent index, the units of us and ug
can be obtained as (m-K-W)"? and (m-K-W)'2.V=1, It can be easily
process and obtain that the unit of us is (m-K-W)"'2.V, and py4 is
dimensionless. For the sake of convenience, the units of these
parameters will be ignored when describing them in subsequent
sections.

Thus, Al along Electrodes 1 and 2, which is based on the laser-
induced thermal effect, the residual polarization electric field effect
and the thermal electron emission transport mechanism, is pre-
sented as

AI*{AIH—AIEA-AIV (Mode 1)
~ | Aly+ AL — Aly (Mode2)

a{%— Usin‘0+ iy (%) " exp (—"Sf) lexp (%) - 1]} (Mode 1)
a{fT’.‘T+usin:6 — U3 (%) " exp (—“S;{F) [exp (%) - 1} } (Mode 2)
(10)

and when V=0, the laser-induced short-circuit current, Aly, is writ-

ten as
AL {AIH —Alg  (Mode 1)
7 VAly+ Al (Mode 2)

0(%— ,usinil)) (Mode 1)

PA
o («?

(11)
+ ,usin';H) (Mode 2)

In this article, we optimize the above model and characterize
the anisotropy of shale including the OPA of sliced shale and
columnar shale cores under CL and PL irradiations, as well as the
evaluation of the laser drilling process.

4. Results
4.1. Anisotropic LIER under CL irradiations

For OPA configuration, Fig. 3a shows the time-dependence of
LIER at V=0 after 120 s of excitation at 200 and -200 V under
an 808 nm CL irradiation with P=3.0 W, which is attributable to
the residual transverse polarization electric field. Fig. 3b reviews
the dependence of Alp on P. Regardless of Mode 1 or Mode 2,
Alp has a nonlinear monotonic relationship with P. For example,
for Mode 2, with the P from 1.5, 2.0, 2.5, 3.0 to 3.5 W, Al at
0=60° increases from 0.55, 1.22, 2.08, 3.68 to 4.51 nA, respec-
tively. The dependency relationship between Alp and 0 is pre-
sented in Fig. 3c. For the P ranging from 1.5 to 3.5 W, the
Alp value under Mode 2 is greater than that under Mode 1,
e.g., for P=3.5 W and 0=60°, Al, for Mode 1 and Mode 2
are —2.13 and 4.51 nA, respectively.
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Fig. 3. Anisotropic LIER under 808 nm CL irradiation.

Fig. 3d shows the dependence of surface temperature change
AT, at t=t;, on tilting angle 0, which consists well with the relation
of AT,x(4sin?0+cos?0)™12, suggesting i/, is about 4 for the
selected shale. Nonlinear dependence of the Al (Fig. 3b) on the P
can be determined as

o PA
Aly [“"_

a[fTAT+ Lo (PAY" exp (— ﬁ—j)singe] (Mode 2)

— Uo(PAY" exp (— %)singe] (Mode 1) 2

after taking ns=0/0=5, n,=K/k=4, (=4.0, 11=1.1 and p,=0.5 with
an assumption of the weak dependence of A on tilting angle 0 under
low power laser irradiation. The second term of Eq. (12), the short-
circuit polarization current Alggocoio(PA)* exp(—py/PA)sin0, is
from the residual polarization electric field effect as discussed in
Supplementary materials. While the thermionic emission transport
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relationship is approximately used in shale, it is still obtained
through comparison with Eq. (8) that p, i1, and u, have physical
meanings similar to c;, ¢z, and c3, since AT, is proportional to P.
Thus, the units of p and p, are V-W-! and W from Egs. (7) and
(12), respectively, with a dimensionless pu;. o is independent of P
and tilting angle 0, and is 0.228 and 1.822 for Mode 1 and Mode
2. As shown in Fig. 3¢, Alp depends nonmonotonically on 0 and
has an extremum at 9=60°, which can be fitted well by Eq. (12).
Fig. 3e shows time-dependence LIER with selected tilting angle
0 of 0°, 30°, 45°, 60°, and 90° under 808 nm CL irradiation with on-
sample power of 3.0 W, where bias voltage V}, is scanned from +200
to 0 V at intervals of 50 V. The relation of Al and V;, is represented
in Fig. 3f, and |Al| declines monotonically with the increasement in
|Vy|, e.g., for 6=90°, AI=0.73, 0.51, 0.27, and 0.11 pA at V},=200, 150,
100, and 50 V, respectively. Fig. 3g illustrates the variation of Al
with 0 under the applied V, where the most important feature is
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Fig. 3 (continued)

the non-monotonic dependence of Al on # with a maximum value
appearing at a threshold angle of 0=60°, e.g., for V,=200 V, Al
increases to 1.26 pA with the increasement to 60° in 6, and then
decreases to 0.68 at 0=90°.

Comparing the LIER results at V;,=0 V and V,, (Figs. 3a and e), it
can be seen that the Aly is much greater than Aly. Thus, following
Eq. (10), Al is represented as

Al ~ Al o #;o(%)m exp (_ﬂs,ﬁﬁ) [exp (%) - 1] (Mode 1)
() o0 (e (52) 1] s

(13)

The solid lines in Figs. 3f and g are plotted from Eq. (13), taking
Ha=p1=1.1, us=p»=0.5 and the dependences of ps; and pg on 6
(Fig. 3h), indicating that the above LIER principle is applicable to
the evaluation of anisotropy in shale. As shown in Fig. 3h, us
increases rapidly with 6 in exponential form for Mode 1, while
increases to 250.5 at #=60° and then slowly decreases to 234.2 at
0=90° for Mode 2. In contrast, ug linearly depends on 0 with a slop
of —-0.00074 (a.u./(°)) for Mode 1, while declines rapidly from
0.0805 at 0=0° to 0.0116 at 0=60° and then slowly increases to
0.0122 at 6=90° for Mode 2.

It is of considerable importance to discuss the effect of orienta-
tion on the given key factors. As displayed in Fig. 3, the LIER for
Mode 1 shows lower value than for Mode 2, and also po for Mode
2 is 8 times higher than that for Mode 1. From the asymmetric cur-
rent-voltage curve and LIER measurement results, short-circuit
current I, > I, for the whole range of 0°<0<90°, indicating the
existence of easily polarized directions. Since the highest Aly and
Al appear at 0=60°, it is believed that the angle between the easily
polarized direction and the bedding plane, named as 6,, is around
60°.

The calculated pspue is shown in Fig. 3i, and the data points are
fit well using a cubic function, y=kx>+c, where the coefficient k for
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Mode 2 is 1.5 times larger than that for Mode 1. Since the LIER of
Mode 2 shows an enhanced inflection point at 6=60°, we use the
following equation to describe the dependence of psus on tiling
angle:

k, 63 (Mode 1)
ko0® + [(Usg) yax — k205]9(00)  (Mode 2)

where ky/k1=1.5, 6(0p) is an impulse function with the extreme
value (uspis)max at 0=0o. On the other hand, Eq. (12) indicates that
the units of u3 and pg are (m-K-W)~"2.V and (m-K-W)'2.V~1, respec-
tively, with corresponding dimensions of L'?M'?T~2["' and
L~'2M~"212], resulting in a dimensionless product usug. It is noted
that usus do not depend on bias voltage and laser power, but
strongly on tilting angle. Therefore, it is recommended to refer to
Uspig for Modes 1 and 2 as anisotropy factor and easy polarization
factor, respectively. Although psus is an empirical parameter, this
dimensionless product is derived from our theoretical framework
based on the above equations, which quantifies the comprehensive
effect of electrothermal anisotropy on LIER when laser irradiates
shale, indicating its physical significance in coupling the photother-
mal and electrical characteristics.

HsHe { (14)

4.2. Anisotropic LIER under ns PL irradiations

When a high-frequency ns short laser pulse irradiates the sur-
face of a shale, a significant thermal accumulation effect (TAE)
can be induced, thus the LIER become much complicated. Under
a ns NIR PL irradiation, the LIC evolutions along the orientation
of the electrodes 1 and 2 at V;,=200 V are displayed in Fig. 4a,
and b shows time-dependence of LIC at V;,=0 after 120 s of 200 V
electric voltage excitation, where the dark current before turning
on the laser has already been subtracted. Due to the low thermal
conductivity of shale, an obvious TAE induced current LICy is
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Fig. 4. Anisotropic LIER under a NIR PL irradiation.

seen even at a low laser pulse frequency of 10 Hz. From the
measurement result, it can be seen that the LIC quickly rises to a
local peak value and then starts dropping. When LIC is still at a
high value, the next laser pulse arrives and LIC is driven to another
local peak, which is usually higher than the previous peak. This
mode is repeated until the last laser pulse, after which the LIC will
decrease. Therefore, the measurements indicate that there is a TAE
between adjacent laser pulses over time. The LICy evolutions are
simulated using Eq. (4), where the maxima at laser-off are Aly
and Alyo under V=200 and O V. The factors are reviewed in
Fig. 4c, where « is independent of V}, while ay, a,, |b;| and |by|
for V,=200 V show higher values than that for V},,=0 V. All parame-
ters present a transition around 60=60°. Furthermore, the LICp
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evolution due to transient laser-thermal effect (TTE), defined as
LICp=LIC-LICy (Figs. 4d and e), shows multiple peaks, denoted by
Alp and Alpg at V,=200 and 0 V, are the average peak value over
the laser pulse irradiation time.

As the interaction time between the ns laser pulse and the shale
ranges from ns to ps, whereas the heat diffusion time in the shale is
of the order of ms, the surface of shale can be considered as an infi-
nitely thin planar heat source. Thus, the Aly at the end of the laser
irradiation time satisfies the following relation:

40 ) ()

where [} is laser energy density.

In (Aly) « In (ATp) o In < (15)



X. Liu, Z. Hong, Y. Jiao et al.

As previous reports the surface of rock can be ablated under an
irradiation of ns pulse laser [24,28], resulting in the more rougher
surface profile and increasing the tiling angle of microcolumn on
the surface [29]. The tilting structure on the surface greatly affects
the absorption A. If the incident light is decomposed into two com-
ponents of vertical and parallel tilting structure surfaces, only the
component I, and Iz perpendicular to the surfaces can cause sur-
face ablation. According to the geometric relationship (inset of
Fig. 4f), the A can be represented as [29]

A(0)

Ae 4nsin®0

Al (n2-++k?)sin®0+2nsin 0+1

4ncos?0
(n2-+k%)cos20+2n cos 0+1

4nsin®0 (] 6)

_ 4ncos20 Y
(n2+k?)sin®0+2n sin 0-+1

T (n2+k?)cos20+2ncos 0+1

where n is the refractive index, k the complex refractive index, and y
the ratio of absorption A, in the plane of perpendicular bedding to A,
in the plane of parallel bedding, respectively.

During CL irradiation with low irradiation power density, the
shale surface still maintains its bedding characteristics. So, charge
carriers mainly migrate along the bedding planes of shale layers,
and their motion characteristics are controlled by the dip angle 0
of the bedding planes. Thus, the anisotropy of ¢ is one of the main
causes of anisotropy in Alg and Aly. In contrast, when high-energy
ns PL vertically irradiates shale, its energy density exceeds the
breakdown threshold of shale, causing severe surface ionization
and generating plasma plumes, which rapidly expands towards
the electrode above the shale surface, causing an instantaneous
decrease in impedance. High energy ns PL causes ablation on the
surface of shale, and damages the microstructure of the shale sur-
face (such as local melting of bedding planes). The ns PL ablation
results in irregular surface structure of shale, thereby the direc-
tional dependence of the conductivity relative to 0, detected by
the surface electrodes, is weakened. Thus, the influence of aniso-
tropy in o on LIER, described by Eq. (1), can be approximately
neglected under ns PL irradiation.

On the other hand, plasma-induced TTE and TAE greatly
increase the velocity of hot carriers in shale, which is strongly
influenced by the number of plasmas Np, enhance the carrier
migration rate, and cause the anisotropy of conductivity to be
masked by the strong conductivity of plasma channels. Therefore,
the Al and Aly induced by high-energy ns PL are strongly influ-
enced by plasma effects, and the dependence of Np on 0 becomes
an indispensable factor. Our previous work suggested that the Np
is approximately proportional to sin®0 [24]. If it is assumed that
the dependence of Al at V,=0 V on 0 is similar to the relationship
between Aly and 0, Eq. (10) for Mode 1 under ns PL irradiation is
simplified to the following form:

ILA

Aly or Alp \/ﬁ
3 LA\ My VKL
—sin 9{'%(\/’6_) exp (— T.A
LA\ VR VR
—Hs (x/TT) exp ( M1 a ) {EXD (ﬂevb TA ) - 1” (17)
and the Alyo and Alpy when V=0 is given by
ILA .3 I]_A H \/ﬁ

Al or Alpg \/TT — Uosin 0(\/7_) exp <7u2 IA ) (18)

where the parameters settings of py~/s are to maintain consistency
with that of Eq. (13).

The dependence trend of Aly and Aly caused by TAE on 0
(Fig. 4f) can be simulated using Eqs. (17) and (18), taking y=3.0,
Ho=1.4, t1=14=1.5, u,=115=0.04, u5 and pe in Fig. 4g. Different from
Alyo and Aly, Alpg and Alp exhibits extreme values at 0=45° and
60° for V,=0 and 200 V, respectively, which can be simulated by
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improving po to 20, u, and ps to 0.09, p3 and pg to twice and 1.2
times that of Aly and Aly, in Egs. (17) and (18). Based on the
results, an exponential relationship is provided between psus
and 0 as shown in Fig. 4h, where Inysugxbd with the slop b of
0.020 and 0.018 for LIER caused by TAE and TTE. The monotonic
dependency relationship between usus and 6 suggests that the
Uspg under PL irradiation can be used as an evaluation index for
shale anisotropy.

4.3. Anisotropic tangential LIER on the side of shale core plugs

In this section, we try to apply the OPA model for a cylindrical
tight shale with the beddings invisible at different directions. The
shale specimen was horizontally cored in the direction parallel
with the strata, where the petrophysical bedding plane is perpen-
dicular to the upper and lower surfaces of the core with a 25 mm
diameter and 5 cm length. For convenience, a set of electrodes with
two 2 mm x 5 cm colloidal silver separated by 30° was equidis-
tantly arrayed on the cylindrical surface of the shale core. The laser
irradiates the side of the core vertically along the radial direction.
As depicted in Fig. 5a, 0r is the angle between the current testing
direction along two electrodes and the bedding plane. Fig. 5b
shows the change in tangential current I+ under an 808 nm CL irra-
diation with laser power of 3.0 W. At the end of laser irradiation,
the LIER change, denoted as Aly, is given by

Al o< O'T{\/_. Ko g[g

o o ()

where radial thermal conductivity

(PA)" exp ( )sm Or

(19)

Ky = KiSin%0r + K(Cos20r (20)

and tangential electrical conductivity

01 = 008207 + G,sin®0r (21)

based on the test schematic illustration. The relation between Al
and 6y is simulated by Eq. (19), which is approximately consistent
with the experimental data (Fig. 5c), taking (=1.5, po=0.04,
m1=ta=1.1, to=ps=0.5, and the dependences of p3 and g on Vj, in
Fig. 5d. Bias voltage V}, exponentially improves 5 following pizocho-
exp(h,Vp), where ho=0.015, h,=0.013. Although us drops monotoni-
cally from 0.17 to 0.0425 with a V}, from 50 to 200 V, the product h;
of ug and V, remains constant of ~8.5. Based on the discussion in
Section 3, it can be concluded that the units of hg, h;, and h, are
(m-K-W)~12v, V=1 and (m-K-W)"/2, Thus, Eq. (19) can be optimized
into the following form:

Aly o< ax[fo(P) + f1(Vb)f2(P)] (22)
where
FolP) = P PAY exp (- ’“‘2)sm Or (23)
\/K_r 0
f1(Vy) = hoexp(hiVy) (24)
M
- () ol B olt4) ]

The parameters po~p> and ho~h, are independent of bias volt-
age and laser incidence angle, especially for the current test.
Normally, LIER response, which depends on the angle between
the measurement direction and the bedding plane, can be effec-
tively enhanced by improving bias voltage and laser power, and
the two factors are entangled together in an exponential term of
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Fig. 5. Anisotropic tangential LIER on the side of shale core plugs.

Eq. (13). Here, Eq. (22) indicates that the effects of bias voltage and
laser power can be relatively separated as independent variables in
three functions of fo(P), f1(V}), and fo(P), respectively.

Under a ns NIR PL irradiation, the same phenomenon as shown
in Figs. 4a and d occurs in the cylindrical tight shale with anisotro-
pic structure (Fig. 5e). The LICp evolution can be obtained according
to the method introduced in Fig. 4, and the corresponding Al and
Alp due to TAE and TTE are reviewed in Fig. 5f, respectively. After
optimizing Eqs. (17) and (22) it is yielded for Al and Alp with high
bias voltage to satisfy the following relationship:

LA

Aly or Alp o sin0; exp(hy Vb)(

\/K—) t
X exp (— K ZIL\//L\K_r) exp (hzlzl/:_j — 1}

taking h;=0.013, p;=1.1 and 1.5 for Aly and Alp, p»=0.5, and
h,=0.22, such as the solid fitting lines in the left and right panels
of Fig. 5f.

Shale is a sedimentary rock composed of a small amount of
semiconductor like components and a large amount of insulating
minerals. The arrangement of mineral components and microc-

(26)
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racks, interlayer connectivity, organic matter content, and occur-
rence state are the main factors affecting shale anisotropy.
However, the anisotropy mechanism due to shale materials, such
as bedding, interfaces, minerals, microcracks, pores and organic
matter, has not been clearly defined, and has become a bottle-
neck issue for LIER to evaluate shale properties. Although our
previous research has confirmed the feasibility of LIER technol-
ogy to characterize shale anisotropy, there is still a lack of a uni-
fied and quantitative model as well as evaluation parameters.
Here, we separately discussed the laser thermal effect, residual
transverse polarization electric field and hot electron emission
transport mechanism on LIER, which was fully optimized for
laser types (NIR CL and ns PL irradiations) and testing method
(OPA). It is noted that LIER data induced by both TAE and TTE
are fitted well using current LIER theories. Based on the fitting
results, we calculated the products of us; and pg of Egs. (13)
and (17), corresponding to CL irradiation and PL irradiation,
respectively, which monotonically changes with 0 from 0°-90°.
It is clear that the us and pg are in the same position of three
equations, indicating that they can be used as evaluation indices
for bedding anisotropy in shale.
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Normally, LIER is mainly affected by laser power and bias volt-
age, which are combined in an exponential term in Eqgs. (13) and
(17). In cylindrical core testing, the two factors in LIER model of
laser power and bias voltage were effectively separated and
became three independent variables, which is crucial in the field
of engineering evaluation. These results improve the applicability
of LIER methods and evaluation parameters in shale oil and gas
reservoir evaluation.

4.4. Anisotropic LIER in laser drilling of shale

Pulse laser has the advantages of processing efficiency, reliabil-
ity, high energy density and flexibility, which can be used as the
new tools for drilling oil and gas wells to reduced drilling costs
and time with a higher rate of penetration, therefore the use of
laser-assisted drilling wells has been widely concerned. Here, we
propose a scheme for detecting shale anisotropy during laser dril-
ling process using LIER. The results of Section 4.2 show that ns PL
irradiation is largely thermal-induced effects in nature. As pre-
sented in Fig. 1d, focusing laser on the local area of shale surface
produces more than 5000 times energy density than that in
Fig. 4, which creates a strong non-linear effect in the medium.
Hence, ns PL irradiation in this work causing many changes such
as thermal evaporation, thermal melting, thermal expansion, phase
changes, chemical reactions, and plasma impact.

According to the processing method in Fig. 4, we can obtain the
LIC evolution along the orientation of the Electrodes 1 and 2 with a
tilting angle 0 at V,=200 V under a focused ns NIR PL irradiation
(Fig. 6a), where the LIC quickly rises to a local peak value and then
starts dropping. Due to the TTE between neighboring laser pulses
in time, the LIC signal is driven to another local peak that is typi-
cally higher than the previous one at the beginning of period.
The LIER curves are effectively separated into two parts of LICy
induced by TAE (green line in Fig. 6a) and LICp by TTE (Fig. 6b),
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respectively, following LICp=LIC-LICy. There is a turning point at
t=t; in the LICp evolution curve, where there were significant tran-
sient peaks before t=t; and then they basically disappeared after
that (Fig. 6b). It is known that the drilling depth d increases with
irradiation time. Thus, the evolution of LIC can be roughly divided
into two stages, taking t=t; as the boundary point. In the first stage
the d is relatively shallow and the laser mainly acts on the surface
of the shale (t<t;), and in the second stage it is approximately
assumed that the plasma is confined within a cylindrical hole at
a depth of d (t>ty).

Unlike mechanical methods, laser drilling technology primarily
damages the rock by thermal cracking, melting and vapourisation.
The heat transfer between laser and rock is a complex unsteady
thermal problem [30]. Here, the ns PL irradiation is simply
described as an independent heat source, and the contribution of
temperature rise and material evaporation (e.g. plasma) is directly
reflected in the LIER model. Different from that for an infinitely
thin planar heat source in Eq. (17), the factor L, Ax7'? due to
laser-thermal effect for focused laser spot should exhibit a lower
power exponent ¢ less than 1. Since the laser focuses on the central
area between the electrodes, the hot carrier process in the areas
outside the laser spot still follows the classical thermionic emission
transport relationship and residual polarization field model in
Eq. (17). Thus Aly due to TAE for higher V,, at the end of laser
drilling is presented as:

Aly <« cH
— in® .“1 _& - H _& ‘uG—Vb -
osin O{MOH exp( H) M3H4exp( H)[exp( H) 1}}
(27)
where
LA )‘P
H=|(—— ’ < 1 28
(ﬁq o (28)
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Fig. 6. Anisotropic LIER in laser drilling of shale with selected tilting angle 6 under a focused ns NIR PL irradiation at V,=200 V.
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As shown in Fig. 6¢, t;' and A monotonically increased from
0.0052 s7! and 0.14 at 6=0° to maximum 0.0151 s~! and 0.42 at
0=60°, and then decreases to 0.0133 s~! and 0.37 at 0=90°. The inset
of Fig. 6¢ presents the relation between t; and A, satisfying the
equation of t71«0.036A. A fitting curve of Eq. (27) is obtained, taking
¢=0.1, 1o=0.02, 1=p4=1.5, p=5=0.5, u3=1.1, and ps=0.01, based on
the above analysis (Fig. 6d).

In general, due to the high peak energy density of ns PL, the
multiple complex interfaces in the rock (e.g. solid-liquid mixed
interface, solid-gas mixed interface) can absorb or release a large
amount of latent heat under ns PL irradiation, resulting in an in-
situ time-resolved transient temperature change in the sample
[31]. It means that the LICp signal is related to the plumes. In this
work, the plume is mainly controlled by the physical properties
of shale, e.g. the bedding structure. When we remove the transient
evolution of heating, melting vaporization and sputtering from the
LIER, the signal is mainly affected by the thermal characteristics of
shale. Therefore, the LIER is capable of accurately sensing shale
bedding structure in real-time during laser drilling process.

5. Discussions

LIER, as a laser technology, has offered valuable solutions and
advancements in anisotropy characterization of shale. When shale
samples are irradiated by lasers, multiple interaction mechanisms
occur, such as the photoelectric effect, photothermal effect, and
laser-induced plasma, due to their complex structure and compo-
sition. Meanwhile, laser power and bias voltage also affect the LIER
results for shale anisotropy. These constraints limited previous
studies on shale anisotropy characteristics and origins of LIER. This
work establishes LIER detection model for characterizing shale ani-
sotropy and separates the effects of laser power and bias voltage on
LIER model. However, the experimental constraints and limitations
of LIER technology need to be acknowledged and further investiga-
tion are expected.

(1) In this work, the sample is only from a single location.
Despite sampling from natural shale, anisotropic geological
changes may limit the generality of this model. To address
the difficult of the LIER detection model for shale anisotropy,
the model will be extended to shales from diverse regions,
and LIER detection will be strengthened for marine, transi-
tional, and terrestrial shale’s anisotropy in future. It might
be necessary to establish a standardized testing plan to
obtain a large amount of data, such as improving signal-to-
noise ratio, standardizing sample geometry size, optimizing
laser types, enhancing detection sensitivity, accelerating
scanning and imaging, and strengthening environmental
adaptability. In addition, it is expected to develop LIER-
based anisotropy prediction models by integrating machine
learning with comprehensive experimental datasets.

(2) The present LIER method remains a laboratory-based tech-
nique for shale anisotropy characterization, with all experi-
ments conducted under controlled conditions, while
emerging as a novel approach relative to traditional tech-
nologies. There are many challenges before field implemen-
tation. Environmental noise, dust, and beam transmission in
complex terrains may compromise LIER response rates dur-
ing real-world exploration and drilling operations. Addition-
ally, high-energy laser plasma poses ignition risks to
reservoir hydrocarbons, which creates a safety hazard for
drilling work. Despite challenges from complex geological
conditions and multidisciplinary interactions, our present
results provide valuable theoretical foundations for practical
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engineering. Future work can conduct field tests comparing
measurements with laboratory results to evaluate LIER’s
scalability and reliability.

(3) Although LIER can characterize shale anisotropy, LIER detec-
tion models lack integration with mechanical, magnetic, or
seismic properties. This limitation stems from the funda-
mental detection mechanisms of LIER technology in this
work. LIER model based on thermal and electrical anisotropy
has distinct physical mechanisms than the magnetic, seis-
mic, and mechanical anisotropic responses. Meanwhile,
laser-shale interactions are governed by numerous interde-
pendent factors including rock composition, crystalline
structure, porosity, radiation absorption characteristics and
laser parameters. To address this gap, future work will
develop a multimodal LIER measurement platform and con-
struct a multi-physics model that links LIER parameters to
conventional shale anisotropy indicators through miner-
alogical characteristics.

The important progress of LIER characterization of shale aniso-
tropy has been achieved in this article, while the research breadth
and depth are still lacking, and many challenges need to be solved.
Although LIER is still in the initial exploration stage as an emerging
technology, we believe that LIER has provided some new insights
into the accurate evaluation of shale anisotropy, which will drive
the advances of LIER in the exploration for shale oil and gas.

6. Conclusions

In this article, we combined the laser-shale interaction mecha-
nism with electrical measurement, and established the LIER
method for characterization and evaluation of shale bedding aniso-
tropy under NIR laser irradiations. The LIER model is further quan-
tified to satisfy the selected engineering scenarios, such as
cylindrical tight shale core and laser drilling process of shale. The
main conclusions are as follows:

(1) The OPA testing scheme was proposed for LIER of oblique cut
shale. Firstly, when the laser beam is vertically irradiated on
the surface of oblique cut shale, a temperature gradient is
resulted in the irradiation direction (surface normal direc-
tion) inside the shale, thereby generating a transverse ther-
moelectric voltage. Secondly, the bipolar behavior of
hysteresis I-V curve, as well as the characteristics of laser-
induced open-circuit voltage and short-circuit current, indi-
cates the polarization electric field plays a great role in LIER
of shale. Thirdly, when a bias voltage is supplied, the LIER is
enhanced and described by the classical thermionic emis-
sion transport relationship. Thus, the LIER theory and mod-
elling is constructed by the laser-thermal effect, residual
transverse polarization electric field effect and thermionic
emission transport mechanism, which strongly depends on
laser power, bias voltage, and the inclination angle of the
measurement direction relative to the bedding plane of
shale.

(2) For OPA configuration, LIER depends on the angle 0 between
the current testing direction and the bedding plane. Under
CL irradiation, LIER with or without the applied bias voltage
current depends nonmonotonically on 0 with a maximum
value appearing at a threshold angle of #=60°, which is con-
sistent with the theoretical model in relation to the tilting
angle. In the theoretical simulation parameters of po~s in
the LIER model, only u3; and pe depend on 6. The product
sl is closely related to the 6 by a cubic function for Mode
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1, while for Mode 2 by the above cubic function and the
impulse function that reaches its maximum at 6=60°. It is
recommended to use the s as evaluation indicators for
shale anisotropy.

(3) When a high-frequency ns short PL irradiates the surface of a
shale, a thermal accumulation effect and a transient thermal
effect are induced, and are strongly influenced by the num-
ber of plasmas which is approximately proportional to sin>0.
Due to the ablation of rock surface, the anisotropy of con-
ductivity and polarization electric field can be approxi-
mately neglected, and the absorption on the shale surface
is related to the inclination angle. Based on these facts, a
LIER model under PL irradiation is established, and an
exponential relationship is provided between psug and 0 as
Inpspexd. The monotonic dependency relationship between
sl and 0 indicates that the psug can be used as an evalu-
ation index for shale anisotropy under PL irradiation.

(4) The LIER model under CL and ns PL irradiations are applied
for a cylindrical tight shale with the beddings invisible at dif-
ferent directions. The above models for oblique cut shale are
optimized to match the tangential LIER on the side of core
plugs. The fitting results are in good agreement with the
experimental data with the satisfactory accuracy. The fitting
parameter us; is exponentially improved by bias voltage,
while the product of parameter pg and bias remains constant
of ~8.5. Unlike the model where bias and laser power are
exponentially entangled, these two factors by the cylindrical
core test are effectively separated, resulting in three inde-
pendent variables in the optimized LIER model.

(5) Under a focused ns NIR PL irradiation, due to the thermal
accumulation and transient thermal effects, the evolution
of LIER can be roughly divided into two stages. In the first
stage, the drilling depth is relatively shallow, and the laser
mainly acts on the shale surface. In the second stage, it is
assumed that the plasma is confined within a cylindrical
hole at the drilling depth. For focused laser spot, the LIER
due to laser-thermal effect exhibits a lower power exponent,
and the hot carrier process in the areas outside the laser spot
follows the thermionic emission transport relationship and
polarization field model. Thus, the LIER due to a thermal
accumulation effect at the end of laser drilling is presented
well using the present model, suggesting that the LIER is
capable to characterize the shale bedding structure in real-
time during laser drilling process.

(6) The bottleneck problems that LIER needs to solve in shale
physical property characterization include lack of models,
inconsistent evaluation parameters, and difficulty in sepa-
rating influencing factors. The tangential LIER of columnar
core specimens not only provides a non-destructive method
for anisotropic characterization, but also addresses the
entanglement between laser power and bias voltage in the
LIER model, which is crucial for laboratory analysis of rock
core properties. In drilling process LIER technology can
directly quantify the shale anisotropy through the coupling
of laser and electricity, thereby eliminating the need for
sample extraction and ex-situ analysis. The present study
provides a potential in-situ detection method for anisotropic
characteristics of reservoir shale during laser drilling, and
paves the way for the development of intelligent laser dril-
ling systems for dynamic detection of shale anisotropy.
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