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ABSTRACT

A method for in-situ stress measurement via fiber optics was proposed. The method utilizes the rela-
tionship between rock mass elastic parameters and in-situ stress. The approach offers the advantage of
long-term stress measurements with high spatial resolution and frequency, significantly enhancing the
ability to measure in-situ stress. The sensing casing, spirally wrapped with fiber optic, is cemented into
the formation to establish a formation sensing nerve. Injecting fluid into the casing generates strain
disturbance, establishing the relationship between rock mass properties and treatment pressure.
Moreover, an optimization algorithm is established to invert the elastic parameters of formation via fiber
optic strains. In the first part of this paper series, we established the theoretical basis for the inverse
differential strain analysis method for in-situ stress measurement, which was subsequently verified
using an analytical model. This paper is the fundamental basis for the inverse differential strain analysis
method.

© 2024 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/
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1. Introduction

In-situ stress is the basis of geomechanics (Zhang and Chen,
2022). It is pivotal in hydraulic fracturing and drilling engineering
(Congetal,, 2022; Li et al., 2020; Zhang et al., 2020, 2021). Accurate
and continuous in-situ stress profiles can significantly reduce en-
gineering costs and risks (Zhang et al., 2022). In this way, the issue
of in-situ stress measurement has received considerable critical
attention.

Flat jack testing is one of the earliest in-situ stress measurement
methods (Mayer et al., 1951). The flat jack is inserted into the
wellbore and pressurized to sustain and measure the pressure
acting on it. Hence, the method can only measure the stress
perpendicular to the flat jack surfaces. He and Hatzor propose an
analytical model for measuring three-dimensional in-situ stress
using multiple flat jacks to overcome the shortcoming (He and
Hatzor, 2015). However, inserting the flat jacks into the formation
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is difficult, especially at great depth.

Hydraulic fracturing testing is a proficient technique (Fairhurst,
1964) that enables precise measurement of the minimum hori-
zontal in-situ stress (Haimson and Cornet, 2003). Treatment pres-
sure data obtained from the process facilitates the inversion of in-
situ stress. Many scholars have improved its accuracy (Cornet and
Valette, 1984; Hayashi and Abe, 1984; Ito et al., 1999, 2006;
Kuriyagawa et al., 1989; Serdyukov et al., 2016). Nevertheless, the
measurement of the in-situ stress direction is relatively tricky.

The stress relief method is a standard in-situ measurement tool
(Hast, 1967). The primary procedure is to drill holes in the wellbore
and install strain gauges to record the holes' deformation. The
strain data is used to invert the in-situ stress (Leeman and Hayes,
1966). However, performing the above operations in the wellbore
is very challenging.

The Kaiser acoustic emission method is implemented on the
rock mass unit (Hughson and Crawford, 1986). It is based on the
theory that micro-fractures in the rock mass can store the stress
history. The amplitude of the acoustic emission from the rock unit
rises abruptly when the load exceeds the rock's historical
maximum stress (Alhemdi and Gu, 2022; Chen et al., 2009; Ge et al.,
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2015; Lu et al., 2011; Shi et al., 2004; Zhang et al., 2002). Similarly,
the Differential Strain Analysis (DSA) is based on the memorability
of rock micro-fractures (Emery, 1962). Hydrostatic pressure com-
presses the rock mass while the micro-fractures gradually close.
The strain generated by the micro-fractures is used to calculate the
in-situ stress ratio (Walsh, 1965). The main disadvantage of the DSA
and Kaiser acoustic emission methods is that they both require
coring from the formation, which cannot be performed directly
downhole.

It is common to invert the in-situ stress via elastic parameters.
Iverson proposes an inversion model based on the orthotropic
Poisson's ratio (Iverson, 1995). The model assumes that no
displacement or strain is generated within the formation under
conditions of stress equilibrium. Then, the relationship between
the in-situ stress and Poisson's ratio is established via the consti-
tutive model. A continuous in-situ stress profile can be obtained
based on the above model, combined with seismic and logging data
(Gray D. et al.,, 2010, 2012; Gray ED. et al., 20103, b; Gray, 2013). The
problem with the model is that the concept of stress is confusing. It
is the change in stress that produces strain and displacement.
However, strains and displacements will not be generated in a
stress-equilibrium system. Therefore, the model assumptions are
problematic.

The existing methods have the following disadvantages. On the
one hand, a single measurement can only obtain the in-situ stress
at a certain depth. Multiple measurements are required to obtain
in-situ stress at different depths. It will significantly increase the
cost and difficulty of measurement. On the other hand, a long-term
in-situ stress measurement is difficult. Once the well is completed,
measuring the in-situ stress is not easy. Hence, we proposed a
method based on fiber optic sensing to solve the problems.

Fiber optic sensing is a promising sensing technology. Its ad-
vantages include high spatial resolution, accuracy, and frequency
(Froggatt and Moore, 1998). The method, grounded in this tech-
nology, holds the potential to yield measurements across multiple
depths through a singular measurement. The other advantage of
the method is that the in-situ stress can be remeasured whenever
needed since the sensing casing is cemented to the formation. In
other words, the sensing casing can measure the dynamic strain of
the formation. It enables long-term monitoring of the stresses in a
structure (Kordell et al., 2022).

Consequently, the dynamic strain can invert critical parameters
such as dynamic in-situ stress, flow rate, and temperature.
Furthermore, if the sensing casing is deployed at multiple locations
in the formation, it is equivalent to establishing a neural network. In
this manner, important information, such as dynamic in-situ stress,
temperature, and flow rate, can be obtained. The information can
be shared within the formation neural network to obtain high-
precision continuous information. If the network can be com-
bined with big data and artificial technology, the network's capa-
bility can be further improved.

This work aims to establish the Inverse Differential Strain
Analysis (IDSA) method. The first section of this paper will establish
the theory of the IDSA. Moreover, a method for calculating the axial
strain of fiber optic is established. Chapter 3 begins with an
analytical model to simulate fracture deformation behavior and
verifies the feasibility and performance of IDSA. Chapter 4 proposes
the algorithm to invert the rock mass's elastic parameters. Chapter
5 verifies the algorithm's performance.

2. Theory of inverse differential strain analysis
The in-situ stress of a rock mass can be calculated using the IDSA

method, which utilizes the orthotropic elastic parameters of the
rock. IDSA generates dynamic strain in a rock mass through high-
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pressure fluid injection into the sensing casing, whereas DSA
compresses the rock mass using hydrostatic pressure. The defor-
mation behaviors resulting from the two methods are different. The
basic theory of both IDSA and DSA are introduced in this chapter.

2.1. Differential strain analysis

DSA is one of the most important and effective means of in-situ
stress measurement. The process of DSA is to implement the hy-
drostatic pressure to the rock mass unit. The strain is measured, as
shown in Fig. 1. It should be noted that the unit is usually a cube
with a side length (L) of 5 to 6 cm.

The DSA is based on the concept that rocks mass compression
characteristics exhibit anisotropy caused by the rock mass's micro-
fractures. Long-term compression within the formation establishes
a direct relationship between the in-situ stress and micro-fractures
(Carbillet et al., 2022). Therefore, these fractures' morphology and
orientation are related to the in-situ stress. When the rock mass
unit is subjected to in-situ stress, the micro-fractures are closed,
and the rock mass remains isotropic elastic. However, when the in-
situ stress is released after the rock mass unit is excavated, many
micro-fractures in the rock mass are opened, resulting in aniso-
tropic behavior.

The rock mass strain components are

e = (6 +£3) /2
ey = (eg +€7)/2
= (5 +65)/2

(1)

where: ¢} ~ ¢ - the rock mass strain measured by strain gages; ¢;; -
rock mass strain components.

Fig. 2 displays the standard DSA test curve diagram. The slope of
the curve depicts the effective compressibility of the rock mass.

Fig. 1. DSA diagram. Py denotes the hydrostatic pressure exerted on the rock mass
surface, while the red line symbolizes the in-situ stress signature line. The numbers
denote the strain gauge attached to the surface.
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Fracture stiffness and rock mass elastic modulus have an inverse
relationship with the slope. Only fracture stiffness affects the
effective compression coefficient, since the matrix elastic modulus
is constant. Upon the release of in-situ stress, micro-fractures
within the rock mass unit undergo expansion. Hydrostatic pres-
sure causes micro-fractures in the rock mass to close, thereby
decreasing its effective compressibility (Section OA). As micro-
fractures reach full closure, the rock mass stiffness reaches a sta-
ble magnitude (Section AB). At this point, the rock mass unit be-
haves like an isotropic elastic material with constant elastic
parameters.

The strain is divided into micro-fractures displacement and
matrix strain, as follows

855A2851+81fj (2)

where

em:{ﬁmPO’ i:j:XayaZ (3)
y 0, i#j

where superscripts DSA, m, and f refer to total strain, matrix strain,
and fracture strain in DSA; 0, is the matrix effective compression
coefficient.

The principal strain of micro-fractures strain is obtained by
inserting Eqgs. (1) and (2) into Eq. (3). And then, the principal
stresses ratio is obtained as

611 = 033(1’(811 +&33) + (1 —v)ez2)
(v(ern +e22) + (1 —v)es3)

(4)
Gpy = 033(1)(822 +&33) + (1 —v)e1q)
(v(en +&22) + (1 —v)e33)

where: v - Poisson's ratio of the rock mass matrix; 11, €22, €33 -
principal strains; 11, 032, 033 - principal stresses.

Suppose the order of the in-situ stress magnitude is determined.
In that case, the specific values of the in-situ stress are calculated
using the density logging results. The in-situ stress direction can
also be determined because it is consistent with the principal stress
direction.

2.2. Inverse differential strain analysis

2.2.1. Internal pressurizing method

Like DSA, IDSA utilizes strain as a fundamental parameter to
estimate in-situ stress. However, IDSA measures strain via the
sensing casing comprising a fiber optic and shallowly grooved
casing, as illustrated in Fig. 3.

The optical fiber is helically attached to the shallow slots. A film
is attached outside the slots to shield the strain interference.
Therefore, the fiber optic is only sensitive to the casing strain. The
installation of the sensing casing is realized by cementing it into the
formation.

The basis of IDSA is the inversion of the formation elastic pa-
rameters. What is more, the inversion is based on the strain. Un-
fortunately, a new equilibrium state will be formed relatively
quickly when the wellbore is formed. In other words, fiber optics
cannot sense the strain generated by the in-situ stress release.
Therefore, a specific stress disturbance in the formation is neces-
sary to cause sensible strains. In this way, the specificity of the rock
mass to stress disturbance enabled the inversion of elastic
parameters.

To implement stress disturbance, controllable and measurable
stress is required. Thus, the Internal Pressurizing Method (IPM) is
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Fig. 2. DSA curve diagram. In Section OA, the micro-fractures are being gradually
closed. Moreover, in Section AB, the micro-fractures are closed entirely.

proposed, which involves injecting high-pressure fluid into the
sensing casing to initiate stress disturbance. As shown in Fig. 4, a
temporary packer is installed within the casing at both ends of the
sensing section, and the high-pressure fluid is injected into the
sealed section using pumping trucks. The formation around the
sensing section is then subjected to radial expansion pressure and
axial expansion tension. The strain of casing cemented in different
rock masses under pressure is specific, enabling the inversion of
elastic parameters of the rock mass by the casing strain under
different pressures.

2.2.2. Fiber optic axial strain conversion

Optical fibers only respond to strain along their longitudinal axis
(Zheng et al., 2021). Consequently, it is imperative to transform
spatial strain components into the axial strain of the optical fiber.
As depicted in Fig. 5, the optical fiber is helically coiled on the
external wall of the sensing casing.

Therefore, based on the helix equation, the spatial position co-
ordinates parameter equation of the spiral fiber optic is

X=—Rsin0
y=RcosH (5)
z=Rltan ¢

where: ¢ - helix angle; R - cylinder radius.
Eq. (5) is a parametric equation. The tangent equation of the
fiber optic takes the form

1% (6)

= (X'(6),y'(0),2(0))
where: V - the fiber optic axial tangent vector, as shown in Fig. 5(a).

And the vector needs to be normalized to obtain the tangent
vector as follows
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(@)

(c)

Fig. 3. Installation and structure diagram of sensing casing: (a) the sensing casing installed into the formation; (b) sensing casing structure. The white line represents the shallow

helix slots, the red curve represents the fiber optic stuck to the slots; (c) the details of the sensing casing.
Fiber optic
(c)

Fig. 4. Diagram of IPM: (a) the overall preview of IPM; (b) the pressurized section; (c) the partially enlarged view of the sensing casing.

(a)

Y
/
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y
(a) 3-D view (b) flat view

Fig. 5. Spiral wound fiber optic.
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?:V/W’:(l,m,n)

where the direction cosine I, m, and n are

I = —cos 0(1 + tan? (p>_]/2

m = —sin 0(1 + tan? (p) 2

n=tan go(l + tan? @)71/2

Then, the tangential strain along the fiber optic axis is calculated
as follows

(9)

en = Pex + mPey + e, + Imyyy, + mny,, +In vy,

2.2.3. Theory of IDSA

The in-situ stress in a rock mass can be measured using IDSA,
which relies on the elastic parameters of the rock mass. This
method uses fiber optic technology to connect the rock mass pa-
rameters with the casing's internal pressure. However, once the
wellbore is created, the stress disturbance caused by the in-situ
stress release dissipates rapidly. To better comprehend this pro-
cess, a numerical simulation is conducted using ABAQUS.

The model is shown in Fig. 6. The parameters are listed in
Table 1, where subscripts c and s refer to casing and cement sheath.
E refers to rock mass elastic modulus.

The simulation utilizes a predefined field for the in-situ stress.
The birth-death element eliminates the rock surrounding the
borehole once the in-situ stress attains equilibrium. The stress
caused by this compression compresses the rock surrounding the
borehole, resulting in over-compressed micro-fractures around it,
as displayed in Fig. 7(a)—(c).

The internal pressure will be applied within the casing to
generate strain disturbance after the sensing casing is cemented.

< a
L
’e /}
| \
\ /
ai'(y) -~
® 0,(2)
aH'(x)

Fig. 6. Borehole model diagram. The borehole will be located in the area surrounded
by dotted lines. The area will be removed through the birth-death element.
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Table 1
Numerical model parameters.
Parameters Values Parameters Values
E., GPa 210 Rp, mm 34
Ve 0.304 Ry, mm 37
Es, GPa 5 Ry, mm 42
Vs 0.24 L, mm 300
E 50 ol . MPa 25
v 0.24 a{] , MPa 15
Po, MPa 100 ol , MPa 20

Then, a numerical simulation is conducted to simulate the process.
The model is shown in Fig. 14(a) and (b). The parameters are listed
in Table 1. The results are shown in Fig. 7(d)—(f). The casing and the
formation will be expended after the pressure is implemented. The
formation of circumferential tensile strain around the wellbore is
evident, as displayed in Fig. 7, with a gradual expansion of over-
compressed micro-fractures.

In-situ stress release and IPM are opposite processes for micro-
fractures. The schematic diagram of the IDSA test is shown in Fig. 8.
In Section OA, micro-fractures are over-compressed, and the rock
mass is isotropic. Gradual expansion of micro-fractures occurs in
Section AB, causing the rock mass to become anisotropic with
variable elastic parameters. Micro-fractures enhance compress-
ibility and reduce the rock mass's elastic modulus, consistent with
DSA theory.

In Section BC, the micro-fractures are fully opened. Then, the
rock mass is an orthotropic elastic material with constant elastic
parameters. It should be noted that the rock mass will not be
fractured by the expansion pressure to protect the rock mass. The
deformation behavior of IDSA is consistent with that of the rock
mass tensile test (Zeng et al., 2019).

In IDSA, the following assumptions are made:

(1) The inherent anisotropy of the formation is not considered.
That is, the rock matrix is isotropic elastic.

(2) Micro-fractures in the formation can be opened and closed
due to stress.

(3) The existence of micro-fractures causes rock mass to be
anisotropic.

(4) The anisotropic rock mass is simplified as orthotropic.

(5) The micro-fractures can be regarded as entirely healed and
do not influence the elastic parameters of formation when
the micro-fractures are closed to a certain extent.

(6) It can be considered that there are no micro-fractures in the
rock mass when the number of healed micro-fractures rea-
ches a specific value. Meanwhile, the rock mass is isotropic
elastic.

(7) Plastic deformation and failure behavior are not considered.

(8) The micro-fractures are in a fully expanded state and will not
continue to be expanded when the micro-fractures are
opened to a certain extent.

(9) It can be considered that the rock mass orthotropic elastic
parameters are constant when the number of fully expanded
micro-fractures reaches a specific magnitude.

(10) The effect of coupling fields, such as pore pressure and
thermal stress, is ignored.

Based on the IDSA test, the elastic parameters of rock mass and
matrix can be obtained via the method introduced in Chapter 4.
Given the elastic parameters acquired via the IDSA test, a
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Fig. 7. Numerical simulation results of circumferential strain. Results of in-situ stress release (a—c) and inter-pressurizing (d—f) are presented. 3-D views are shown for (a) and (d
while (b) and (e) are top views, and (c) and (f) are cutaway views. Notably, (d—f) intentionally hides the casing and cement sheath to clearly show the borehole.

£
- 0}
=
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=
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©
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&
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@
7
B
Py c

Fig. 8. IDSA schematic diagram. From points O to C, the state of fractures can be
divided into three categories. They are over-compressed, partially opened, and entirely
opened.

simulated virtual rock mass may be constructed for the DSA test.
Under the hydrostatic pressure Py, the rock mass strains are

exx = —Po(1 —v12 —v13)
eyy = —PoE3 ' (1 — v21 — U23)
€2z = —PoE3 ' (1 —v31 —v32)

E'xy:{;‘xzzé'yzzé'yxzé'zx:&‘zyzo

(10)

where: E; - orthotropic elastic modulus; vj; - orthotropic Poisson's
ratio. And the relationship between the elastic parameters is

vi2E> = vp1Eq
vi3E3 = v31E; (11)

Ux3E3 = v,

As per the principle of strain superposition, rock mass defor-
mation can be partitioned into two components: micro-fractures
and matrix strain. Certain equations give the mathematical ex-
pressions representing these components

Exx = exn}( —l—sf(x
f
ey = ey + &y (12)

_.m f
€22 = €5, + &5,

where the superscripts m and f denote the rock matrix and micro-
fractures, and

Sm:

M= e = el = —(1 - 20)P/E (13)
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Substituting from Egs. (10) and (12) into Eq. (13) give the micro-
fracture's principal strain as follows

—Po((1 —v12 —v13)/E1 — (1 = 2v)/E)
£33 = —Po((1 —v21 —v23)/Ex — (1 = 2v)/E)

£33 = —Po((1 —v33 —v311)/E3 — (1 - 2v)/E)

As with the DSA method, the ratio of principal stress (in-situ
stress) can be calculated by Egs. (4) and (14). The principal stress
direction is consistent with the direction of the principal elastic
axis. In other words, the in-situ stress direction is consistent with
the direction of the principal elastic axis (Alhemdi and Gu, 2022).

11

(14)

3. Verification of IDSA
3.1. Mathematical model of rock mass mechanical behavior

The rock mass comprises numerous structural surfaces,
including natural micro-fractures and cleavages. Fig. 9 illustrates
that the deformation of the rock mass is categorized into the matrix
and structural surface deformation, with the structural surface
collectively termed as micro-fracture for convenience. However, it
is noteworthy that the model solely characterizes the deformation
behavior of micro-fractures under compression and is not entirely
applicable to rocks under tension.

In general, the micro-fracture deformation is described by the
stress-displacement model. The stress and displacement are
normal or tangential, as shown in Fig. 10.

3.1.1. Micro-fractures normal displacement

The deformation resistance of micro-fractures is assessed
through their fracture stiffness, which is influenced by the normal
stress exerted on them. As the normal stress increases, the distance
between the upper and lower surfaces of micro-fractures de-
creases, resulting in a higher fracture stiffness and greater rock
mass deformation resistance. When the normal stress surpasses
the normal stress limit (¢ymax), the fracture will no longer deform.
The micro-fracture's normal stiffness is evaluated as follows
(Zhang, 2006)

Kril = Kri10 (o'ilmax) ’ (Uln - ailmax) ) (15)

where: Ki - normal stiffness; K, - initial normal stiffness.

Rock mass

Petroleum Science 21 (2024) 1171-1189

Fig. 10. Stress and displacement diagram of the i-th micro-fracture. §;, Ef,, and 62 are
total displacement, normal displacement, and tangential displacement. ¢%, and 7% are
normal stress and shear stress. Ni, Nb, and N} are the coordinate base vectors of the
fracture's local coordinate system.

The relationship between 6, and oy, is

dol = daL/Kfl (16)

Combining Egs. (15) and (16), and integrating from zero to opmax
for op, an explicit relationship between 6, and ¢y, is obtained as
follows

s (0 ;—0 ;max) 3 / (3Kri10 (0 Lmax) 2) —Hff,,max / (31(;10) ’051>0'£1max
' Tl max / (3Kri10) else
(17)

The DSA theory postulates that in-situ stress is relieved, and
hydrostatic pressure is exerted on the surface of the rock mass,
thereby inducing a particular stress state as

[0]psa = [_ Py + O'va —Po + Ui’ »—Po + U;sz!cy’T!cz’T_IVz] (18)

where [0]pss - the stress matrix of rock mass in DSA mode; a{.j -

Fig. 9. The relationship between rock mass, matrix, and structural surfaces.

177
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released in-situ stress components.
Project the [g]pgs to the N3, then gy, is obtained as follows

(19)

O'L = —P0+C,'

where

i\ 1 i\ 1 iN2 1 gii L i il
Cl:(IB) (TXX+<m3) Uyy+(n3) (TZZ+l3m3TXy+l3Tl3sz+m3n3Tyz
(20)

S —i
where: I5, my, ny - direction cosine of Nj.

3.1.2. Micro-fractures tangential displacement

The fracture surfaces are rough. The shear strength of fractures
conforms to the Mohr-Coulomb criterion as follows
h =fioh +¢ (21)
where: T; - shear strength; f; - friction coefficient; c; - cohesion.

The shear stiffness model is proposed by Clough and Duncan
(1978) as defined by the equation

I(é()(l — RCT;/T;> , Tis <T{;)

Ki = ,
Kiy(1 —Rc)? else

(22)

where: K! — fracture shear strength; Ki, — initial fracture shear

strength; 71 — shear stress; R — a constant positive close to 1.
Similar to normal stress, the shear stress in DSA theory is
derived

A= () () (02 () @)
where
Ty = —LEPy + (lgaxx + (m’grxy + ni37'xz) /2) = —I3Py + D

<A

Té = _ngPO + (ngo'zz + <1i37xz + mgTyz)/Z)

= —nkPy + D}
(24)

Combining Eqgs. (23) and (24), the shear stress is simplified as
follows

: N2 N2 N2
= (k)" (oV)"+ ()
As shown in Eq. (25), in DSA mode, the shear stress is simplified to a

constant. The relationship between ds and 75 is given by the
following equation

e (25)

1

dol = drl /K;' (26)
Based on Egs. (25) and (26), and noting that the shear

displacement is zero in the initial state, the shear displacement of

micro-fractures is always zero in the DSA loading mode.

3.1.3. Rock mass strain
Rock mass deformation is characterized by two distinct types of
strain, namely matrix strain and micro-fracture displacement. In
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the local coordinate of micro-fracture, as shown in Fig. 11, the i-th
fracture strain is obtained via fracture displacement as follows

egi3 = 5;Sl~/V
vy =t = (3N )si/2v)
Ny)Si /(2v)

fi o fi L fi
€2 ="12="721=0

N (27)
Y3 =175 = <515

fi _
11 =

where slf]’ - the strain components of i-th fracture; S; - the fracture
surface area; V - the rock mass volume.

The default NE is parallel to one of the fracture surface edges to
simplify the problem. Then, the yg is equal to zero. Consequently,

the direction cosine of the local coordinate system is shown as
follows

If = cos o} sin g
fi

mfl = cos o} sin 6

nfl — —sin ok

15 — —cos 6%

mfl = sin g (28)
nf =0

15 = sin o} sin B}
fi _
mi =

fi _
nzg =

inal i
sin a; cos B¢

i
oS af

where: al, g, ¥} - the i-th fracture's dip angles.
Thus, in the global coordinate system, the micro-fractures strain
can be calculated using the following equations

X

Fig. 11. Schematic diagram of the relationship between the local and global coordinate
systems. «, (3, v are angles between the coordinate systems, whose domains are [0, Tt/
2].



K.-P. Zhang, M. Chen, C.-J. Zhao et al.

Petroleum Science 21 (2024) 1171-1189

el = lﬁl3 i+ lﬁl3 55 + (1 ) e
fi fi
ey = ml m3 “/13 + mz m3 723 + <m3) €33
fi fz fi
€z = “1 ”3 713 + ”2 ”3 “/23 + ( ) €33

iy = Vi = ((lﬁ"mgi + Bimf )713 + <12 mil + 3m2>723)/2 + Imbi el
7>f<lz = 72< = ((”1 m + nfmj )713 + <”2m3 + ”3m2>723>/2 +nmiels

= (o0 ) (5 ) 2

(29)

The rock mass's strain is derived as follows

The area of the fracture is obtained by randomly allocating the
fractures’ total area. Then, the simulated DSA experiment is carried

) ) (*PO+J§<X>(1 zv)/EJer 15xx
DSA exx " Zl ! XX
Exx
S yy+z,1yy <7P°+0Y>(172U)/E+Z‘1yy
ezDzSA e + Zz 1 ZZ ( Py + 0'zz> (1-2v)/E+ Zl 1822
[elpsa = YDSA = - .
?S;A 'ny + Z, 1'ny xy/G + Zl l,ny
Yxz
,YDSA Yz + Z 17"2 xz/G + Zl 17"2
| yz | ’Y +ZNf ¥ N,
| Tyz 1 YZ_ yZ/G+Z fl'sz

where: N - the number of micro-fractures; G - the shear modulus of
the matrix.

3.2. Verification results

The DSA and IDSA theories apply hydrostatic pressure to the
rock mass surface. IDSA theory assumes hydrostatic pressure does
not affect measurement results when the principal elastic axis is
perpendicular to the rock surface. In-situ stress is parallel to the
principal elastic axis, making the loading direction of hydrostatic
pressure parallel to the direction of in-situ stress. Shear stresses on
the rock mass surface are zero. Parameters from Table 2 are used to
simulate the rock mass unit.

K! and ¢i ., are randomly generated within the range of values.

Table 2

Input parameters of the numerical rock mass model.
Parameters Values Parameters Values
E, GPa 40 Ki MPa 13.5-16.5
v 0.24 nmax , MPa 11-33
L, mm 50 , MPa 25
N¢ 50 a'h , MPa 20
Fractures' total area, mm? 100 a{, , MPa 27

out, as shown in Fig. 12.

As the analytical model cannot emulate the IPM process, the
initial elastic parameters of the simulated rock mass are employed
as input values to determine in-situ stress. The slope of each strain
curve's tangent at the origin in Fig. 12(a) is first computed. Subse-
quently, the constitutive equation is employed to derive the elastic
parameter equation, represented by Eq. (31).

M deDSA 1
DsA S11 S12 S13 S14a S5 Sie dPgy
deyy So1 S22 S23 S24 Sos5 Soe dPg
deDPA _|S31 S32 S33 S3a S35 S36 dPgy
dyg? Sa1 Sa2 S43 Sas Sas Sse 0
dyDSA Ss1 Ss2 Ss3 Ssq4 Sss Ssg 0
dyDsh Se1 Se2 Se3 Sea Ses Se6lxyzL O
(31)
where
[Slyyz = [T1"[S]123(T] (32)
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Fig. 12. Simulated DSA experiment results: (a) strain curves; (b) principal stress curves.
e > 21 21y o]
1 ( 2 ) 3 1°%2 1°3 1°3
m 2 m 2 m\2 m,,,m m,,,m m,,,m
(m)” (m3")" (m3) 2my*m; 2my'mg 2my'my3
my\ 2 m\ 2 m)2 m,,m m,,m m.,m
m=| @) @) (n3) 2ny'n; 2ny'ng 2ny'ng (33)
m..,,m M., m m..,,m m.,,,m |, jm..,m m,,m |, JMm,,,m MM | JM,.,m
M'm? B'my B'm3*  B'mi +I1'm) B'mP + I'm3 B'm3' + I3'm3
m.,m m.,,m m.,m m,m |, jm.m m,,m , jm,m m,,m |, jm,m
'nj 5'n} 3'n3 B'nT + I'ng B'nY + 'n3 'n3 + I5'n3
m,,m m,,m m,,m m,,m m,,m m,,m m,,m m,,m m,,m
My myny msng myng +myny myny +myng myng +mzi; |
. . Table 3
lﬂn = COS &y Sin By, cos Ym + COS Bm sin Ym Inversion results of numerical rock mass model orthotropic parameters.
man = €OS am €OS By €OS vy — Sin By, sin 7y Parameters Ranges Results
m .
ny’ = —SIN &m COS Yy E,, GPa 0.5-50 0.6449
5" = cos am sin By, sin vy, — €OS By, €OS Yy, ?‘ (GSE: g-?gg 123%
m : : 2, .5— .
m3y' = €oS am €oS B, Sin vy, + sin By, €OS v, (34) Uay 0.001—0.51 0.5096
ng‘ = —sin ay sin vy, Uyz 0.001-0.51 0.5098
m . . Vyz 0.001-0.51 0.0099
3' = sin am sin B, Gy GPa 1~50 32.348
mg“ = sin am €os By, Gyz, GPa 1~50 34.382
m G,z GPa 1~50 40306
3" = COS &m a® 0-90 09191
o 0-90 0.2615
v,° 0~90 0.3455

where: am, fm, Ym - the angles between the principal elastic axis
and global coordinates. And,

1/Ey  —vip/Er —vi3/E; O 0 0 7
—vi2/Er 1/E;  —ux3/E; O 0 0
—v13/E1 —vp3/E;  1/E3 0 0 0
[Shias =
0 0 0 1/G, 0 0
0 0 0 0 1/Gjs O
) 0 0 0 0 1/Gys]

(35)

The orthotropic elastic parameters are acquired using the
method presented in Chapter 4. The fitness value is assessed by
calculating the sum of absolute values of the relative errors

1180

between the values obtained from Eq. (31) and the actual values.
Table 3 displays the range and inversion outcomes of orthotropic
elastic parameters. Additionally, Fig. 13 portrays the fitness itera-
tion curve.

The simulated rock mass is fictional; thus, the inverted elastic
parameters may deviate from the actual ones. Additionally, micro-
fractures result in the significant softness of the rock mass and
could even lead to abnormal expansion during compression (Wong
et al., 2008).

Then, the elastic parameters, as shown in Tables 2 and 3, are
substituted into Eq. (14) to derive the in-situ stress based on the
IDSA method. Finally, the in-situ stress was calculated based on the
simulated DSA and IDSA tests, as shown in Table 4. The rock mass's
virtue and the fractures' generalized randomness preclude a direct
correlation between in-situ stress and fracture direction. Therefore,
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Fig. 13. Fitness curve of orthotropic parameters.
Table 4

In-situ stress inversion results.

Actual values Inversion results Absolute relative

errors, %
DSA IDSA DSA IDSA
a11/o33 1.350 3.184 1.758 13538 30.22
722[033 1.250 1.120 1111 1038 11.12
(032,01) ° 0 84.52 39.82 | /
(033,01) ° 0 46.15 61.66 | /
(o11,0y) ° 0 77.85 74.38 / /

a significant miscalculation in stress direction occurs. The inversion
results preliminarily verified the applicability of IDSA.

4. Algorithm for elastic parameters inversion

The inversion of elastic parameters is crucial for measuring in-
situ stress. The sensing casing records varying strains for rock
masses with different elastic parameters. Many strain measure-
ment results can be obtained through the fiber optic on the casing.
An optimization algorithm repeatedly iterates the elastic parame-
ters until the error between numerical simulations and actual
strain results meets allowable tolerance. By doing this, the elastic
parameters are inverted.

(a) (b) 1
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- 36.20
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Fig. 15. Fitness function of elastic parameters inversion problem.

4.1. Fitness function

The optimization algorithm's success hinges on an appropriate
fitness function. A numerical simulation model is created by ABA-
QUS, as depicted in Fig. 14, with displacement constraints imposed
on the cement sheath, casing, and rock mass surfaces. Pressure is
applied inside the casing to replicate the IPM process. The shallow
slots and fiber optic sensing casing structure are disregarded to
simplify the model, assuming that fiber optic sensing only mea-
sures strain without affecting results. The strain conduction coef-
ficient between the fiber optic and the casing is assumed to be 1.
The numerical model is used to determine the strain of the sensing
casing, which is then extracted and substituted into Egs. (8) and (9)
for fiber optic sensing simulation.

Specific rock mass elastic parameter (Eq, Ea, E3, V12, V13, V23, G12,
G13, G23, om, Bm, Ym) is taken as the actual value of the elastic
parameter. The simulated fiber optic strain calculated under the
elastic parameters is taken as the actual value of the strain. Hence,
the fitness function is

M
w=">""|A - Fl/A; (36)

where: w - the fitness value; M - the number of sensing points; A;
and F; are the actual and predicted value of the i-th sensing point.

L2 (c)

Cement

Formation ~

~_Fiber optic

1
1
1
1
1
1
1
1
1
1
1
1
1
T

Fig. 14. Numerical simulation model: (a) the 3D view; (b) the cutaway view; (c) the structure of the sensing casing.
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Fig. 15 illustrates that the fitness function is a challenging
multimodal function, and optimizing such functions is difficult.
During optimization, particles may become stuck in locally optimal
solutions or prematurely. To overcome these issues, the Success-
History based parameters Adaptation for Differential Evolution
(SHADE) algorithm is a useful optimization technique. Compared to
other algorithms, SHADE has proven effective in solving the
abovementioned problems (Tanabe and Fukunaga, 2013).

4.2. O-SHADE algorithm

The O-SHADE algorithm uses differential evolution to invert
rock mass orthotropic elastic parameters based on the SHADE al-
gorithm, an improved version of the Differential Evolution (DE)
algorithm. SHADE is a critical stochastic search method known for
its robustness in dealing with multimodal problems. It is a typical
greedy algorithm.

In the SHADE, the control parameters of the individuals that
evolved successfully during the iteration are stored and randomly
adopted to adjust the control parameters of the current iteration
(Tanabe and Fukunaga, 2013).

The population of SHADE is represented as vectors consisting of
a combination of parameters X! = (xﬁ_i,...,xgvi),i = 1,...,N,whereD
is dimensional of the problem, N is the population size, and t is
iteration times. The iteration is initialized with a population
generated randomly. The genes of initialized population individuals
are limited between the maximum MAX = (X1 max, ---» Xp.max) and
minimum MIN = (Xq min, ---,Xpmin) vValues of the corresponding
loci. Each iteration is realized by mutation, crossover, and selection.

The current-to-pbest/1 mutation strategy is adopted. The top
N x p; individuals with the lowest fitness value ranked as the elite
in the t-th generation population (P;) participating in the mutation
operation. Besides, p;=[2 /N, 0.2], for each individual, is randomly
generated.

The following equation gives the mutation strategy

VE = X FE (Xt~ X) + FE (X — X5) (37)
where, Vf is the i-th mutant individual in the t-th generation. The

Xlgbest is selected from elite individuals randomly. And the vectors

Xt, and X, are different from each other and randomly selected
from P'UA, where A is the external archive stored part of failed
individuals from the first to (t — 1)-th generation. Besides, Ff
[0, 1] is the scaling factor in the t-th generation.

The mutant vectors in the t-th generation are obtained via the
mutation. Consequently, the genes of mutant vectors and the t-th
individuals will be combined randomly

t t . .
vjj,1and < CR; O j = jrand

t
Xiis

(38)

It else

In Eq. (38), qu‘i is the j-th crossed gene of the i-th individual of the t-

th generation. Besides, v{; and x]@j are j-th mutated and original

Jii
genes. CRf€(0,1] is crossover rate. And jinq€[1,DnZ is a uni-
formly randomly generated integer.

In the iteration process, it is inevitable that u]@_’i exceeds the
boundary value of the loci. The average method is adopted when
problems occur. In other words, u}_i is assigned as the average of uj?’,.
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t
Uji

assigned as the average of u]{i and the X; m,x when uJ?_i is greater than
the X; max-

Consequently, the selection procedure is going to be manipu-
lated as follows

and the X; i, when is less than the X;p;,. Similarly, uJ?_i is

U f(U7) <f (XP)

t+1
X = ;
X;,else

(39)

where: X! - original individuals; Uf - crossed individuals. Corre-
spondingly, f(X!) and f(UY) are fitness values of X! and U!.

The evolved individuals' scaling factor and crossover rate are
stored in Srand Scg. These archives have a capacity that is consistent
with the population size N. When the number of stored information
reaches the archives' capacity, new information will overwrite the
first information.

The individual information will be saved in the external archive,
A when an individual fails to evolve to the next generation. The
capacity of A is consistent with N. Randomly delete an individual in
A to make space for the new individual when the storage capacity in
A reaches the upper limit.

In each generation, the scaling factor and crossover rate are
updated randomly. The scaling factor follows the Cauchy distribu-
tion, and the crossover rate follows the normal distribution. The
control parameters are selected by the index r;, which is generated
randomly from [1, N]. The distribution function acted as follows

F! = randc;(Mf,,,0.1) (40)

CR! = randn;(Mcgy,,0.1) (41)
CR! will be forcibly assigned to the adjacent endpoint when it ex-
ceeds the domain. Similarly, Ff is forced to be one when it exceeds
the upper limit of the domain. In contrast, it will be randomly
generated again until its value is not less than the lower limit of the
domain when it is lower than the lower limit of the domain. In Eq.
(40), Mg, is a controlling factor and is

meanyy [ (Sg), SF# @

MET = 0.5, t=0 (42)
' M ., else

where

_ N Q2 N . 43
meany (Sp) = » " WiSix /| Dy Wi Sk (43)
where: |Sg| - the size of Sg; wy, - an individual's weight. And

S

wy = Afy / S A (44)

where Af, = V(ui) —fx)
Similarly, in Eq. (41), Mcg,, is also a controlling factor and is
calculated as follows
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Fig. 16. GSP fitness value function map.
meany 4(Scr), Scr # D
Mg} = { 0.5, t=0 (45)
t
Megy,» else
where
meany A(Scr) = ) 1 WkScrk

The preceding information outlines the fundamental tenets of
the SHADE algorithm, which are applicable for unconstrained
parameter optimization. However, the problem of inverting
orthotropic elastic parameters constitutes a constrained optimiza-
tion task with specific constraints. The constraints are as follows.

E1,E3, E5,G12,G13,Ga33>0

lvi2| < VE1/E2

lv13| < VE1/E3 (47)
lvas| < Ea/E3

1 —v1pv21 — U13U31 — U23U32 — 2U21U32013 >0

O-SHADE regenerates individuals until they meet the inequality
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Fig. 17. Metaheuristic algorithms optimization results. The smaller the relative errors
of fitness, the higher the inversion accuracy. When the relative fitness errors are close,
the earlier the convergence is achieved, the better.
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Fig. 18. Spearman correlation coefficient. &; ~ ;7 represent sensing points strain. The
closer the correlation coefficient is to 1, the higher the positive correlation is. The
closer the correlation coefficient is to —1, the higher the negative correlation is. The
closer the correlation coefficient is to 0, the worse the correlation is.

Table 5
Parameters related to the metaheuristic algorithms.
Algorithm Years Parameters informations
PSO (Kennedy and Eberhart, 1995) 1995 w=0.99t,c; = =2, N=150.
DE (Rainer and Kenneth, 1997) 1997 Bmin = 0.2, fmax = 0.2, pcg=0.2, N = 150.
SAPSO (Wang and Li, 2004) 2004 © =099, ¢y =c; =2,4=0.5 N=150.
sPSO (Hu and Li, 2007) 2007 w = 099", ¢; = ¢ =2, N = 150.
tPSO (Hu and Li, 2007) 2007 w = 099", ¢; = ¢ =2, N =150.
stPSO (Hu and Li, 2007) 2007 w = 099", ¢; = c; =2, N =150.
SHADE (Tanabe and Fukunaga, 2013) 2013 N = 150, and the parameters mentioned in this study
RDPSO (Sun et al., 2013) 2013 a= 0.9—-0.6 * t/Maxlt, =1.45, ¢c; = c; = 2, N = 150.
DCG_RDPSO (Chao, 2021) 2021 2p=0.9, =145, c; = ¢ = 2, c=7,er=1e-4.
IPSO-VP (Li and Gao, 2022) 2022 ®Wmax=0.9, Wmax=0.4, 1 = ¢ = 2, 6=0.8.

1183



K.-P. Zhang, M. Chen, C.-J. Zhao et al.

conditions of Eq. (47). ABAQUS executes the numerical simulation
process, which has a high calculation cost. Optimization problems
require many iterative operations, increasing the calculation time.
Hence, parallel computing technology is necessary to improve ef-
ficiency and reduce the calculation time.

The genes of individuals are transferred to INP files during the
creation of the population Ut. Batches of numerical simulation jobs
are established, submitted to ABAQUS, and computed in parallel.
The computation results are extracted and calculated through
scripts. Finally, fitness values are submitted to the SHADE
algorithm.

Petroleum Science 21 (2024) 1171-1189
4.3. Flow of O-SHADE

The O-SHADE algorithm, tailored for the IDSA approach, in-
tegrates SHADE and ABAQUS via parallel computation and joint
simulation, resulting in increased computational efficacy. More-
over, it complements the limitations of orthotropic elastic param-
eters. Algorithm 1 provides a concise overview of the O-SHADE's
workflow.

Algorithm 1. O-SHADE

// Initialization

1¢t=0;

. — (F0 0 0 0 0 0 .
2 Generate population P° = (EP,EY, EQ, 09,093,033, GY5, G5, G35, %, B, v2) randomly;

3 Initialize the values of M and My to 0.5;
4 Establish4=1[1];

5k =1,

// Min Loop
6 while w >= Tol && ¢ <= MaxlIt
7 Sex=[18=[1
8 fori=1:N
9 while Uf dose not meet the constraints
10 r; = Select from [1, N] randomly;
1 F{ = randc;(Mp,r,, 0.1);
12 CR! = randn; (Mcgr, 0.1);
13 p; = rand(2/N, 0.2);
14 Generate trial vector Uit by current-to-pbest/1/bin;
15 end
16 end

/| Parallel Conputing in ABAQEBS

16 Change the INP files in batches;
17 Submit INP files to ABAQUS in batches;
18 Extract the numerical simulation results in batches;
19 Calculate the fitness values in batches;
20 fori=1:N
21 if f(Uf) < F(X{)
2 ' X =uh;
23 else
24 Xt =xk
25 end
2 if f(Uf) < F(X{)
27 Xt - 4
28 Ff > Sg,CRf - Scr
29 end
30 end
31 while size(4) > N
32 ‘ Delete an individual stored in 4 randomly;
33 end
34 if isempty(Scg) && isempty(Sp) ~=0
35 Update MEAT and MER};
36 k++;
37 ifk>N
38 k=1;
39 end
40 end
41 end
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Table 6

Parameters related to the ML algorithms.
Algorithms Years Parameters
RT (Morgan and Sonquist, 1963) 1963 max_depth = 30, min_samples_leaf = 1, min_samples_split =5
GBDT (Friedman, 2001) 2001 learning_rate = 0.01, max_depth = 15,n_estimators = 2000
XGBoost (Chen et al., 2015) 2014 learning_rate = 0.01, max_depth = 20,n_estimators = 1000

Predicted values, GPa
E, E,

E;

XGBoost

5 10 15 20
True values, GPa True ’ Predicted
Fig. 19. Prediction results of the ML algorithms.
Table 7 Table 8
Inversion results of numerical rock mass model orthotropic parameters. Inversion results of numerical rock mass model orthotropic parameters.
MAPEs, % Absolut relative errors, % Parameters Values Parameters Values
GBDT RT XGBoost O-SHADE E, GPa 206 Ro, mm 345
Eq, GPa 23.55 29.38 22.21 0.006667 Ve 0.304 Ry, mm 375
E;, GPa 25.12 32.15 24.64 0.008333 E,, GPa 5 Ry, mm 425
E3, GPa 24.81 31.57 23.73 0.068889 Us 0.24 L, mm 300
V12 18.09 22.94 17.80 0.208330 Py, MPa 20 M 27
v13 18.31 23.23 18.22 0.115380 0,° 49.2 Tol 0.002
U23 18.00 22.93 17.95 0.096774
Gi2, GPa 2297 29.32 2224 0.022222
Gi3, GPa 24.75 31.35 2411 0.048571 . . .
Ga3, GPa 23.70 30.54 22.76 0.000000 4.4. Comparative analysis of the algorithms
0m,° 234.9 179.5 192.0 0.020000
Bm® 2228 3.000 211.5 0.040000 4.4.1. Comparison between metaheuristic algorithms
Ymy’ 465.7 518.5 504.5 0.028571
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The optimization algorithm known as the metaheuristic algo-

rithm

includes SHADE among its methods.

Selecting the
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Table 9
Actual value and range of orthotropic elastic parameters (Gui et al., 2019; Li et al.,
2011).

Parameters Actual values Ranges

Sandstone Shale Sandstone Shale
Eq, GPa 15 19 5~20 15~30
E,, GPa 12 22 5~20 15~30
E3, GPa 9 26 5~20 15~30
V12 0.24 0.26 0.2-04 0.2-0.4
V13 0.26 030 02-04 0.2-0.4
V23 0.31 032 02-04 0.2-0.4
G2, GPa 9 8 5~15 5~15
Gi3, GPa 7 10 5~15 5~15
Ga3, GPa 10 11 5~15 5~15
am,’ 30 30 0~90 0~90
Bm.° 45 45 0-~90 0~90
Ym,® 70 70 0~90 0~90

Sandstone
Shale
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o 10° 4
>
@
[%]
1]
[=
= 1071 4
[
102
10~
0 300 600 900 1200 1500 1800
Iteration
Fig. 20. Convergence curves of O-SHADE.
Table 10

Inversion results of orthotropic elastic parameters.

Parameters Actual values Inversion values Absolut relative
errors, %
Sandstone Shale Sandstone Shale Sandstone Shale

Eq, GPa 15 19 15.001 19.013 0.006667 0.068421
E,, GPa 12 22 11.999 22.027 0.008333  0.12273
E3, GPa 9 26 9.0062 25.934 6.008889 0.25385
V12 0.24 026  0.2405 0.2601 0.20833 0.038462
V13 0.26 030 0.2597 0.2998 0.11538 0.066667
Va3 0.31 0.32 0.3097 0.3205 0.096774  0.15625
G2, GPa 9 8 9.0020 7.9961 0.022222  0.048750
G13, GPa 7 10 6.9966 10.001 0.048571 0.010000
Ga3, GPa 10 11 10.000 11.014 0.000000 0.12727
am,’ 30 30 30.006 29.964 0.020000 0.12000
Bm.° 45 45 45.018 45.097 0.040000 0.21556
Ymy’ 70 70 69.980 69.922 0.028571 0.11143

appropriate test function is critical for selecting the optimal algo-
rithm. However, the optimization algorithm entails numerous it-
erations, resulting in substantial computing expenses. Therefore,
using a complex multimodal function instead of the inversion
problem is preferable to enhance selection efficiency.

For this purpose, the Generalized Schwefel's Problem (GSP) is
taken as the test function. GSP's fitness value is demonstrated in Eq.
(48) and Fig. 16. Like the elastic parameters inversion problem, GSP
is a typical multimodal problem. If the algorithm underperforms in
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GSP, it will perform similarly poorly in the elastic parameters
inversion.

_Z,‘B:Oﬁ(i 51“(\/@),—500 < x; <500

where: w; - the fitness value of GSP. And, min(ws) = ws(420.9687,
...,420.9687) = — 12569.5.

Some of the metaheuristic algorithms are selected to be
compared with SHADE. The algorithms are listed in Table 5. As
shown in Fig. 17, the SHADE shows tremendous advantages.

Ws (48)

4.4.2. Comparison with machine learning algorithms

Machine learning (ML) algorithms have performed well in
parameter prediction and inversion and have been widely used
(Fan et al., 2022). In particular, Gradient Boosted Decision Tree
(GBDT), Regression Tree (RT), and XGBoost algorithms are often
used for the nonlinear inversion of parameters (Alabdullah et al.,
2022; Alnahit et al., 2022; Weng and Paal, 2022). The computing
cost of ML algorithms is much lower than metaheuristic algorithms.
Therefore, the comparative analysis directly tests the orthotropic
elastic parameter inversion problem.

Unlike O-SHADE, in the ML algorithms, the fiber optic strain is
substituted into the trained prediction model to invert elastic pa-
rameters. Based on the related parameters in Table 9 and the pa-
rameters range of sandstone in Table 8, a data set with a size of
10,000 was randomly generated. As shown in Fig. 18, the Spearman
correlation coefficient is analyzed. It can be seen that the correla-
tion between strain and elastic parameters is poor.

The parameters of ML algorithms are shown in Table 6.
Furthermore, the results are shown in Fig. 19. The elastic parame-
ters inversion performance of the ML algorithms is relatively poor.

The prediction results are subjected to quantitative analysis to
compare the performance of the O-SHADE algorithm with that of
several ML algorithms. The evaluation of the O-SHADE algorithm is
based on the absolute value of the relative error, whereas the ML
algorithms are evaluated using the mean absolute percentage error
(MAPE) as per the equation presented below.

MAPE = ?

o114 = Fi|/A; (49)
where: n - the size of the validation set.

The results are shown in Table 7. In conclusion, for IDSA, the
performance of the O-SHADE algorithm is much better than that of

the ML algorithms.
5. Numerical experiment of elastic parameter inversion
5.1. Simulation scheme

The numerical model is established in ABAQUS, as shown in
Fig. 14. The parameters of sensing casing and cement sheath and
relative parameters are listed in Table 8.

Sandstone and shale were utilized to assess the performance of
O-SHADE. Table 9 demonstrates the range of orthotropic elastic
parameters and corresponding actual values (Gui et al., 2019; Li
et al., 2011). Isotropic elastic is a special case of orthotropic
elastic. A successful inversion of orthotropic elastic parameters
indicates that O-SHADE will perform well in the inversion of
isotropic elastic parameters.

5.2. Results

Fig. 20 and Table 10 display the outcome of inverting orthotropic
elastic parameters. The inversion test achieved the required
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accuracy for sandstone and shale after 676 and 1,733 iterations. The
precision of the results is relatively high, signifying the efficacy of
the O-SHADE algorithm in inverting elastic parameters.

6. Discussion

This paper provides a comprehensive account of the IDSA,
including its basic theory and technical details. To begin, we explore
the deformation behavior of rock mass in the DSA theory, with
particular attention to micro-fractures surrounding the wellbore.
Our investigation reveals that these micro-fractures become over-
compressed after the wellbore is formed, a finding supported by
Ref. (Zhang and Chen, 2022). Building on this, we establish the IPM
to describe the deformation behavior of these micro-fractures. We
also propose a method to convert strain components into the axial
strain of fiber optics, which enables the calculation of in-situ stress
using elastic parameters of the rock mass. Finally, we present the O-
SHADE algorithm based on the SHADE algorithm and the ABAQUS.
By substituting fiber optic strain data measured by IPM into the O-
SHADE algorithm, we can invert the formation's elastic parameters.

The implementation of IPM induces micro-fracture expansion
around the wellbore, with varying degrees of expansion due to
location-specific stress states (Zhang and Chen, 2022), leading to
orthotropic and anisotropic rock mass properties. Micro-fractures
fully expand at a certain pressure threshold, resulting in an
orthotropic and homogeneous rock mass, with pressure-induced
micro-fracture changes having minimal impact.

The O-SHADE algorithm faces several challenges that need
attention. One critical issue is the requirement to specify the
approximate range of elastic parameters. A broad parameter range
may lead to slow convergence, while a narrow range may result in
the algorithm failing to converge to the actual value. The elastic
modulus interval significantly impacts algorithm performance,
with a recommended limit of 15 GPa for optimal results. The target
area rock mass elastic modulus should be measured to obtain the
elastic modulus distribution range. However, the computational
cost of the O-SHADE algorithm is relatively high.

Assigning elastic parameters as field variables and using a
distributed algorithm structure are recommended to enhance the
computational efficiency and accuracy of the algorithm. These
modifications can reduce the time consumed by ABAQUS startup
and encapsulation, significantly improving the algorithm's perfor-
mance while reducing computational costs.

Due to the lack of data on actual fiber optic strain, the results can
only prove the feasibility of the IDSA theory however, even though
many types of research on strain measurement with fiber optics
(Kwon et al., 2018; Schenato et al., 2018), the feasibility of strain
measurement with sensing casing has not been studied. For
example, the strain conductivity coefficient between the fiber optic
and the sensing casing is not always one hundred percent. So, it
needs to be corrected. In addition, the macro bending loss of fiber
optics is not considered, which will affect the structure of the
sensing casing.

The IDSA model relies on a series of assumptions, which can
limit the accuracy of measurements taken using this method in
highly anisotropic formations, as well as in formations that exhibit
high plasticity or creep or in sections where wellbore stability is
poor. In order to enhance the applicability of the IDSA method for
different types of formations, it is important to develop corre-
sponding modification methods. As mentioned above, the spatial
resolution of in-situ stress measurement can be improved. Due to
the high spatial resolution of fiber optic strain sensing, many
measurement results can be obtained in a single measurement. In
this study, twenty-seven sensing points are measured. However,
there are only twelve elastic parameters. Therefore, in theory, only
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twelve adjacent sensing points are needed to measure the in-situ
stress. Hence, the relative algorithms are needed to be studied in
the future.

Additionally, the measurement of dynamic stress has not yet
been achieved. Measuring dynamic stress is relatively less difficult
than in-situ stress due to the presence of dynamic strain in the
sensing object itself. The strain changes sensed by the sensing
casing can be solved using the analytical or numerical models
established in this paper and combined with the measurement
results of in-situ stress and formation elastic parameters to achieve
dynamic monitoring of in-situ stress.

The above issues will be studied and elaborated on in the other
parts of the series of papers to modify and refine the method.

7. Conclusions

The primary objective of this study is to present a novel method
for measuring in-situ stress utilizing fiber optics. This method can
have high spatial resolution and long-term monitoring of in-situ
stress. The main conclusions of this study are as follows.

(1) The feasibility of the IDSA method has been preliminarily
confirmed, and the method can be utilized for measuring in-
situ stress and elastic parameters.

(2) After the borehole is formed, the micro-fractures around the
well are over-compressed. During the IPM testing, the rock
mass will go through three states: linear isotropic, nonlinear
anisotropic, and linear orthotropic.

(3) The IDSA fitness function is multimodal, and the O-SHADE
algorithm can accurately invert the rock mass orthotropic
elastic parameters. The O-SHADE algorithm demonstrates
better inversion accuracy than others and can even invert
three-dimensional orthotropic elastic parameters.
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Abbreviations

DE Differential Evolution algorithm
DSA Differential Strain Analysis
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GBDT
GSP

IDSA

IPM
MAPE
ML
O-SHADE
RT
SHADE

Symbols
A

Ai

Ci

CR!

D

E

Ec

Es

E;

Gradient Boosted Decision Tree

Generalized Schwefel's Problem

Inverse Differential Strain Analysis

Internal Pressurizing Method

Mean Absolute Percentage Error

Machine Learning

Orthotropic-SHADE

Regression Tree

Success-History based parameters Adaptation for
Differential Evolution algorithm

External archive

Actual value

Cohesion

Crossover rate

Dimensional of the problem

Rock matrix elastic modulus

Sensing casing elastic modulus

Cement sheath elastic modulus
Orthotropic elastic modulus

Friction coefficient

Predicted value

Scaling factor

Shear modulus of the matrix

Fracture normal stiffness

Orthotropic shear modulus

Fracture initial normal stiffness

fracture shear strength

Fracture initial shear strength

Direction cosine

Side length of rock mass unit in DSA
The number of sensing points

The maximum value of loci

Controlling factor of scaling factor
Controlling factor of crossover rate

The minimum value of loci

Size of the validation set

Population size

The number of micro-fractures
Coordinate base vectors of the fracture's local
coordinate system

hydrostatic pressure or internal pressure
Cylinder radius

A positive constant close to 1

Fracture surface area

Archive of crossover rate

Archive of scaling factor

Size of scaling factor archive

The material matrix in the global coordinate system
The material matrix in the local coordinate system
Normalized fiber optic axial tangent vector
Conversion matrix

Crossed gene

Crossed individual

Mutated gene

Rock mass unit volume

Fiber optic axial tangent vector

Mutant individual

The fitness value of orthotropic elastic parameter
inversion problem

The fitness value of GSP

Individual's weight

Original gene
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Xlt,best Individual's personal best

Xt Individual

ag,B¢,v¢ Fracture dip angles

Bm Matrix effective compression coefficient
0; Fracture total displacement

(5:, Fracture normal displacement

0% Fracture shear displacement

&jj Rock mass strain components

ey ~ € Strains measured by strain gauges in DSA
EgsA Rock mass strain in DSA

eg.‘ Matrix strain

el Micro-fracture strain

€11, €22, €33 Principal strains

en Tangential strain along the fiber optic axis
[4 Polar angle

on Fracture normal stress

Onmax Fracture maximum normal stress

as Fracture shear stress

[0]psa Stress matrix of rock mass in DSA

al. Released in-situ stress state components

u ..
011, 022, 033 Prmc1pal stresses

e Shear strength

Ts Shear stress

v Poisson's ratio of the rock mass matrix
Ve Sensing casing elastic modulus

Us Cement sheath Poisson's ratio

Vjj Orthotropic Poisson's ratio

® Helix angle
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