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a b s t r a c t

Monitoring the change in horizontal stress from the geophysical data is a tough challenge, and it has a
crucial impact on broad practical scenarios which involve reservoir exploration and development, carbon
dioxide (CO2) injection and storage, shallow surface prospecting and deep-earth structure description.
The change in in-situ stress induced by hydrocarbon production and localized tectonic movements
causes the changes in rock mechanic properties (e.g. wave velocities, density and anisotropy) and further
causes the changes in seismic amplitudes, phases and travel times. In this study, the nonlinear elasticity
theory that regards the rock skeleton (solid phase) and pore fluid as an effective whole is used to
characterize the effect of horizontal principal stress on rock overall elastic properties and the stress-
dependent anisotropy parameters are therefore formulated. Then the approximate P-wave, SV-wave
and SH-wave angle-dependent reflection coefficient equations for the horizontal-stress-induced aniso-
tropic media are proposed. It is shown that, on the different reflectors, the stress-induced relative
changes in reflectivities (i.e., relative difference) of elastic parameters (i.e., P- and S-wave velocities and
density) are much less than the changes in contrasts of anisotropy parameters. Therefore, the effects of
stress change on the reflectivities of three elastic parameters are reasonably neglected to further propose
an AVO inversion approach incorporating P-, SH- and SV-wave information to estimate the change in
horizontal principal stress from the corresponding time-lapse seismic data. Compared with the existing
methods, our method eliminates the need for man-made rock-physical or fitting parameters, providing
more stable predictive power. 1D test illustrates that the estimated result from time-lapse P-wave
reflection data shows the most reasonable agreement with the real model, while the estimated result
from SH-wave reflection data shows the largest bias. 2D test illustrates the feasibility of the proposed
inversion method for estimating the change in horizontal stress from P-wave time-lapse seismic data.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The in-situ stress changes in the subsurface are usually caused
by several engineering productions which involve oil and gas
exploration, CO2 injection and mining, some natural activities such
as natural dissolution and localized tectonic movement (House
et al., 2006; Tromp and Trampert, 2018; Chen et al., 2021;
Sripanich et al., 2021; Li et al., 2022; Cai et al., 2022). The infor-
mation on changes in stress has practical applications in better
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understanding the changes in the geofluid, barriers, compartments
and faults. In addition, monitoring the changes in in-situ stress can
distinguish the abnormal high-stress circumstances that helps to
timely adjust the mud concentration to avoid blowout accidents
during drilling (Wong, 2017).

In-situ stress affects the rock structure to significantly change
the macroscopic rock properties, which influences the wave
propagation in the subsurface Earth (Winkler and McGowan, 2004;
Chen et al., 2021, 2022a, 2022b). Generally, the elevating applied
stress can compact the porous rock to increase its wave velocities
within the elastic limitation (Winkler and McGowan, 2004). This
further causes the changes in seismic amplitudes, phases and travel
times. Some important rock elastic parameters which can be
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Fig. 1. An isotropic stratum subjected to horizontal stress at baseline time and monitor
survey time.
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inverted from seismic data, such as P- and S-wave impedances and
the ratio of P- to S-wave velocities, are effective indicators to
describe the stress changes in specific field areas (Tura and Lumley,
1999; Rojas et al., 2005). These empirical and semi-quantitative
approaches based on rock physics analysis or well-logging obser-
vation are greatly powerful tools in field production. Time-lapse
seismic data from baseline time to monitor survey time in-
corporates the information on the change in in-situ stress over the
production period, and it can be used to estimate the change in
stress (Landrø, 2001). Based on the effect of stress on seismic travel
times, Landrø (2001) introduced six regression coefficients to
construct the formulas for representing the changes in seismic AVO
intercept and slope in terms of the changes in stress and saturation.
With these quantitative formulas, the changes in stress and satu-
ration are estimated with time-lapse seismic data after the six co-
efficients are determined from the calibrated well-logging data. To
render more accurate results, Meadows (2001) added the quadratic
saturation terms as well, in addition to the linear terms, to expand
the Landrø model. Then Grude and Landrø (2012) performed
Landrø model (2001) to discriminate the changes in stress and
saturation induced by CO2 injection, and they found this method
provided over-estimated results. Lang and Grana (2019) utilized the
rock physics model to rearrange the Landrø model and Meadows
model to propose the corresponding novel stress estimation
equations in terms of the initial porosity, stress and saturation, with
some additional fitting coefficients. Despite the reasonable esti-
mated results achieved, the schemes for stress estimation with
these novel equations become very complicated due to the addi-
tional fitting coefficients and rock physical parameters. Moreover,
Trani et al. (2011) considered the effect of stress on the seismic time
shifts to calibrate the Meadows model, which helps reduce the
uncertainty of quantifying the change in stress. The good estimated
results can be obtained with the methods mentioned above if the
initial porosity field is known, but inverting the porosity in the
subsurface media from the seismic data still is a challenge. After-
wards, Witsker et al. (2014) combined the Gassmann rock-physics
model and Hertz-Mindlin model to propose a pseudo-steady-
state engineering flow equation to model the first-order influence
of the stress change on time-lapse seismic, avoiding the consider-
able computing time. Stovas and Landrø (2004) utilized the joint
information of the P wave and SV wave to calculate the stress
change. This operation illustrates the potential for estimating the
stress changewith the information of multi waves. In this study, we
will propose a novel method to estimate the stress change with the
multi-waves time-lapse reflection data.

Despite the efforts in theoretical research and practical appli-
cations with the empirical and fittingmethodsmade over the years,
the man-made determination of suitable fitting coefficients re-
mains a challenge, and the ill-suited fitting coefficients embedded
in the existing methods produce strong uncertainty in the results.
Quantifying and estimating the change in in-situ stress from the
observed seismic signals is still difficult due to the lack of physical
relationship between the change in stress and wave reflection co-
efficients (Landrø, 2001; Trani et al., 2011; Lang and Grana, 2019).

An alternative model that describes the effect of stress on rock
overall properties is nonlinear elasticity theory, also named third-
order elasticity (TOE) theory and acoustoelasticity theory (Hughes
and Kelly, 1953; Thurston and Brugger, 1964; Chen et al., 2022a).
This theory holds the rock skeleton and the permeated fluid as an
effective whole and introduces three TOE moduli to describe its
stress dependence, excluding the empirical or fitting parameters.
Therefore, the stress-dependent rock overall elasticity can be
characterized with this theory without considering the character-
istics of the rock interior, such as the fluid properties (e.g., satura-
tion, fluidity) and microscopic pore structure (pore aspect ratio,
816
tortuosity, and roughness of inner pore wall). It has broad practical
applications in nondestructive testing (Masumi et al., 2010), wave
propagation evaluation (Degtyar and Rokhlin, 1998; Liu et al., 2012;
Chen et al., 2021, 2022b), third-order elastic constants estimation
(Winkler and McGowan, 2004) and stress-induced anisotropy
analysis (Sarkar et al., 2003; Liu et al., 2017). From the perspective of
rock physics, the stress-induced anisotropy is induced by the
closure of the cracks perpendicular to the stress axis before that
along the stress axis direction (Johnson and Rasolofosaon, 1996).
Considerable theoretical (Rasolofosaon, 1998; Shapiro, 2017) and
laboratory research (Nur and Simmons,1969; Sarkar et al., 2003) on
stress-induced anisotropy has been carried out. Sarkar et al. (2003)
proposed a relatively simple but useful model to link the applied
stress and rock Thomsen anisotropy parameters (Thomsen,1986) in
the context of the nonlinear elasticity theory. This model is vali-
dated under the limited (weak and moderate) applied stresses
(Sarkar et al., 2003; Liu et al., 2017).

In this study, the nonlinear elasticity theory is used to investi-
gate the effect of horizontal stress on thewave reflection coefficient
and to quantitatively estimate horizontal stress from the seismic
data. We first revisit the nonlinear elasticity theory and the rela-
tionship between the rock mechanic properties (P- and S-wave
velocities, density and anisotropy parameters) and horizontal
principal stress. Then the stress-induced changes in reflectivities
(i.e., relative difference) of elastic parameters (P- and S-wave ve-
locities and density) are reasonably neglected to propose six
equations for estimating the change in horizontal stress from
multi-wave (P, SH and SV waves) time-lapse seismic reflection data
based on the nonlinear elasticity theory, wave reflection theory and
stress-induced anisotropy model, without any additional empirical
or fitting coefficients. Finally, the proposed inversion method is
implemented on the synthetic 1D and 2D cases to illustrate its
robustness and feasibility.
2. Relationship between change in horizontal stress and
reflection coefficients

2.1. Stress-dependent elastic stiffness tensor

In-situ stresses in the subsurface Earth usually change with
engineering and natural activities. The existing literature suggests
that the vertical overburden changes much more minor than hor-
izontal stress in a short temporal period (within hundreds of years)
in normal circumstances (Liu et al., 2017). Thus, we assume that
only horizontal principal stress changes in the target area from the
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baseline time Ti (the first seismic survey time) to the monitor
survey time Tj, as shown in Fig. 1. Based on the nonlinear elasticity
theory, the effective stiffness tensor in the isotropic medium under
the effect of horizontal stress is approximately given by (Thurston
and Brugger, 1964; Liu et al., 2017)

Hijkl ¼ cijkl þ cijklmne
i
mn (1)

where cijkl and cijklmn are the second-order elastic (SOE) moduli and
third-order elastic (TOE) moduli, respectively, with i; j; k; l;m; n ¼
1;2;3. eimn is the initial strain tensor induced by horizontal prin-
cipal stress, given by

2
666666666666664

ei11
ei22
ei33
ei23
ei13
ei12

3
777777777777775

¼

2
6666664

lþ 2m l l 0 0 0
l lþ 2m l 0 0 0
l l lþ 2m 0 0 0
0 0 0 m 0 0
0 0 0 0 m 0
0 0 0 0 0 m

3
7777775

�12
6666664

t11
0
0
0
0
0

3
7777775

(2)

where t11 is the horizontal principal stress along coordinate axis
X1, ei11, e

i
22 and ei33 are principal strains along the corresponding

axis direction X1, X2 and X3 respectively. ei23, e
i
13 and ei12 are shear

strains, and they will be zero when only t11 exists. The signs of
compressive and tensile stresses are negative and positive,
respectively, if not specified in this study. The concise Voigt nota-
tion is adopted to contract the subscripts of SOE and TOE moduli,
and then Hijkl, cijkl and cijklmn are written as HIJ , cIJ and cIJK ,
respectively, with I;J;K ¼ 1;2;3;4;5;6. In an isotropic medium, the
SOE moduli are characterized by two independent Lam�e constants
l and m, and c11 ¼ c22 ¼ c33 ¼ lþ 2m, c44 ¼ c55 ¼ c66 ¼ m, c12 ¼
c13 ¼ c23 ¼ l. l ¼ ra2 � 2rb2 and m ¼ rb2 where a and b are the
velocities of P- and S-wave vertically incident the upper surface of
the medium, respectively. In addition, three independent TOE
moduli are c111, c112 and c123, and the other TOE moduli can be
computed with the relationship among them such as c144 ¼
ðc112 �c123Þ =2 and c155 ¼ ðc111 � c112Þ =4, the detailed description
can be found in Pao et al. (1984) and Chen et al. (2022b).

Therefore, the elements of effective elastic stiffness tensor in a
stressed isotropic medium are given by

H11 ¼ lþ 2mþ c111e
i
11 þ 2c112e

i
22 (3)

H22 ¼H33 ¼ lþ2mþ c112e
i
11 þ ðc111 þ c112Þei22 (4)

H12 ¼H13 ¼ lþ c112e
i
11 þ ðc123 þ c112Þei22 (5)

H44 ¼mþ c144e
i
11 þ 2c155e

i
22 (6)

H55 ¼H66 ¼mþ c155e
i
11 þ ðc144 þ c155Þei22 (7)

H23 ¼H33 � 2H44 (8)

From Eqs. (3)e(8), the stress-dependent elastic stiffness is
characterized by five independent elements, that is, H11, H33, H12,
H44 and H55. This illustrates that an isotropic medium subjected to
horizontal stress approximately possesses the elastic characteris-
tics of a horizontally transverse isotropic (i.e., HTI) medium. The
817
isotropic medium subjected to the horizontal principal stress can
be regarded as the stress-induced anisotropic (HTI) medium.
2.2. Stress-dependent elastic anisotropy parameters

Based on Thomsen (1986), Rasolofosaon (1998) and Sarkar et al.
(2003), the anisotropy parameters in a horizontal-stress-induced
HTI medium are given by

ε
ðvÞ ¼ xt11 (9)

dðvÞ ¼ xt11 (10)

g¼ � 2t11 (11)

a¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H33

�
ri

q
(12)

b¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H44

�
ri

q
(13)

where

x¼ c111 � c112
4Mm

(14)

2¼ c111 � 3c112 þ 2c123
16m2

(15)

ε
ðvÞ, dðvÞ and g are anisotropy parameters in a horizontal stress-

induced anisotropic medium, and their physical meanings refer to
Thomsen (1986) and Tsvankin (1997). ri is the density of a stressed
isotropic medium. Based on the law of energy conservation, ri is
written as

rizr0

�
1� ei11 � ei22 � ei33

�
(16)

From Eq. (16), the change in density induced by applied hori-
zontal stress is greatly small due to the tiny rock strains and can be
neglected in field applications. Utilizing Eqs. (9)-(16), the velocities,
density and anisotropy parameters in the target area at anymonitor
survey time (i.e., any horizontal stress state) can be obtained.
2.3. Parameterization for change in wave reflection coefficients

From the Rüger (1996, 1998), the linearized P-wave, SV-wave
and SH-wave reflection coefficient equations in the horizontal-
stress-induced HTI media are

Rp ¼1
2
DIp
Ip

þ 1
2

�
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a

�4k2
�
2
Db
b

þDr
r

�
þ
�
DdðvÞ þ8k2Dg
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�

3
77775sin

2 q

(18)
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R90SV ¼ �1
2

�
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b

þDr
r

�
þ 7
2

�
Db
b

þ2
Dr
r

�
sin2 q (19)

R0SH ¼ �1
2

�
Db
b

þDr
r

�
þ 1
2

�
Db
b

�Dg

�
tan2 q (20)

R90SH ¼ �1
2

�
Db
b

þDr
r

�Dg

�
þ 1
2

�
Db
b

�Dg

�
tan2 q (21)

where the superscripts “0” and “90” represent the azimuths of
0� and 90�, respectively. The elastic parameters (a, b and r) and

anisotropy parameters (εðvÞ, dðvÞ and g) in Eqs. (17)e(21) are stress-
dependent which can be computed by Eqs. (9)e(13). k is the ratio of
average S-wave velocity to P-wave velocity of two unstressed
isotropic media, k ¼ b=a. q is the incident angle measured from
vertical axis and 4 is the azimuth angle. Da, Db, Dr, DIp and DεðvÞ,

DdðvÞ, Dg are the differences of the corresponding parameters across
the interface. Da=a, Db=b, Dr=r and DIp=Ip are P-wave velocity
reflectivity (i.e., relative difference), S-wave velocity reflectivity,
density reflectivity and P-wave impedance reflectivity, respectively,
where a, b, r and Ip are average P-wave velocity, S-wave velocity,
density and P-wave impedance of two unstressed isotropic media,
respectively. Furthermore, combining Eqs. (17)e(21), P-wave, SV-
wave and SH-wave reflection coefficient equations in the HTI me-
dium at the monitor survey time Ti are given by

RpðTiÞ ¼
1
2
DIp
Ip

ðTiÞ

þ 1
2

8>><
>>:
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ðTiÞ � 2kðTiÞ2
�
2
Db
b

ðTiÞ þ
Dr
r

ðTiÞ
�

þ
h
DdðvÞðTiÞ þ 8kðTiÞ2DgðTiÞ

i
cos2 4

9>>=
>>;
sin2 q

(22)
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�
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R0SHðTiÞ ¼ �1
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�
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b

ðTiÞ þ
Dr
r

ðTiÞ
�
þ 1
2
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R90SHðTiÞ ¼ �1
2

�
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b

ðTiÞ þ
Dr
r

ðTiÞ � DgðTiÞ
�
þ 1
2

�
Db
b
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� DgðTiÞ
�
tan2 q (26)

Based on the effective elastic stiffness tensor (Eq. (1)) and the
horizontal stress-induced anisotropy parameters (Eqs. (3)e(8)), it is
known that an isotropic medium, when horizontally stressed, can
approximately perform like an HTI medium whose symmetry axis
818
is consistent with the direction of horizontal principal stress.
Therefore, combining Eqs. (9)e(11) and Eqs. (22)e(26), the differ-
ences in P-wave, SV-wave and SH-wave reflection coefficients from
baseline time to monitor survey time can be derived as

DRp¼ 1
2
D
DIp
Ip

þ 1
2

8><
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D
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� 4D
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DR90SV �DR0SV ¼1� 7 sin2 q

2
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DR90SH �DR0SH ¼1
2
DDð2t11Þ (33)

where the operator D represents the difference of the physical
quantity from baseline time Ti to monitor survey time Tj, i.e. Dx ¼
x
�
Tj

� xðTiÞ. Detailed expressions for x and 2 are shown in Eqs. (14)

and (15). In the case that the horizontal stress applied to the lower
medium is much larger than that applied to the upper medium, we
have

D½2t11�z2t11 (34)

In addition, we use Eqs. (9)e(13) to compute the P-wave
impedance reflectivity DIp=Ip (named as R-Ip in Fig. 2), P-wave
velocity reflectivity Da=a (named as R-Vp in Fig. 2), S-wave velocity
reflectivity Db=b (named as R-Vs in Fig. 2), density reflectivity Dr=r
(named as R-Density in Fig. 2) and the contrasts of anisotropy pa-

rameters across the interface DdðvÞ (named as Delta in Fig. 2), DεðvÞ

(named as Epsilon in Fig. 2) and DgðvÞ (named as Gamma in Fig. 2)
variation with the horizontal principal stress, as shown in Fig. 2.
From Fig. 2, we have

D
DIp
Ip

zD
Dr
r
zD

Db
b
z0 (35)

Substituting Eqs. (34) and (35) into Eqs. (27)e(33), yields

DRp¼ cos2 4sin2 q

2

h
Dðxt11Þ�8kðTiÞ2Dð2t11Þ

i
(36)



Fig. 2. The reflectivities of the elastic parameters (Daa ,
Db
b
, Drr and DIp

Ip
) and the contrasts of anisotropy parameters (DεðvÞ , DdðvÞ and Dg) variation with horizontal stress in different

models. (a) Rock 2 overlying Rock 1. (b) Rock 2 overlying Rock 3. (c) Rock 2 overlying Rock 4. (d) Rock 3 overlying Rock 1. (e) Rock 3 overlying Rock 2. (f) Rock 3 overlying Rock4. The
SOE and TOE moduli are shown in Table 1.
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DR0SV ¼ � 1� 7 sin2 q

2
Dð2t11Þ (37)

DR0SH ¼ � tan2 q

2
Dð2t11Þ (38)

DR90SH ¼ � 1� tan2 q

2
Dð2t11Þ (39)

D
�
R90SV �R0SV

�
¼1� 7 sin2 q

2
Dð2t11Þ (40)

D
�
R90SH �R0SH

�
¼1
2
Dð2t11Þ (41)

The SOE and TOE moduli of an isotropic medium are indepen-
dent of horizontal stress, leading to 2ðTiÞ ¼ 2

�
Tj

 ¼ 2, xðTiÞ ¼ x

�
Tj

 ¼

x (see Eqs. (14) and (15)). Thus, we have
819
Dð2t11Þ ¼ 2Dt11 þ t11ðTiÞD2 ¼ 2Dt11 (42)

Dðxt11Þ ¼ xDt11 þ t11ðTiÞDx ¼ xDt11 (43)

Combining Eqs. (42) and (43), Eqs. (36)e(41) are rearranged as

DRp ¼
h
x� 82kðTiÞ2

i
cos2 4sin2 q

2
Dt11 (44)

DR0SV ¼ �
2
�
1� 7 sin2 q

�
2

Dt11 (45)

DR0SH ¼ � 2 tan2 q

2
Dt11 (46)
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DR90SH ¼ � 2
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1� tan2 q
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D
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�
¼
2
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1� 7 sin2 q

�
2

Dt11 (48)

D
�
R90SH �R0SH

�
¼ 2

2
Dt11 (49)

Eqs. (44)e(49) can be utilized to estimate the change in hori-
zontal stress from the time-lapse seismic reflection data of the P
wave, 0�-azimuth SV wave, 90�-azimuth SV wave, 0�-azimuth SH
wave and 90�-azimuth SH wave. Eqs. (44)e(49) will produce un-
avoidable errors in estimating the change in horizontal stress due
to some necessary assumptions (see Eqs. (34) and (35)). Even so,
they are physically based models to reveal the effect of the change
in horizontal stress on the change in multi-wave reflection co-
efficients that help further describe the stress dependence of time-
lapse reflection signature (i.e., observed seismic records).
3. Time-lapse seismic AVO inversion for change in horizontal
stress

Eqs. (44)e(49) represent the changes in wave reflection coeffi-
cient equations in terms of the original elastic properties at the
baseline time and the change in horizontal stress. With Eqs.
(44)e(49), the corresponding AVO inversion method for horizontal
stress estimation is proposed. Rearranging Eqs. (44)e(49) yields the
changes inwave reflection coefficients changing from baseline time
to monitor survey time, given by

DR¼AðqÞDt11 (50)

where

R¼
h
Rp; R0SV ; R0SH; R90SH; R90SV � R0SV ; R90SH � R0SH

i
(51)
A ¼ 1
2

h
cos2 4sin2 q

h
x� 82kðTiÞ2

i
;

�
7 sin2 q� 1

�
2; �tan2 q2;

�
tan2 q� 1

�
2;

�
1� 7 sin2 q

�
2; 2

i
(52)
Then the AVO inversion method can be implemented based on
Eqs. (50)e(52). This inversion approach incorporating the data of P
wave, 0�-azimuth SV wave, 90�-azimuth SV wave, 0�-azimuth SH
wave and 90�-azimuth SH wave are named D1, D2, D3, D4, D5 and
D6, respectively, avoiding confusion in the subsequent description.

According to Eqs. (44)e(49), at least one incident angle q1 is
required to estimate the change in horizontal stress (theoretically,
more partial angle-stack seismic data can render a more accurate
inversion result (Zong and Ji, 2021)). If there are Y formation in-
terfaces in the real subsurface, we have

DRY�1 ¼
�
DR1ðq1Þ DR2ðq1Þ … DRY ðq1Þ

�T (53)
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AY�Y ¼

2
664
A1ðq1Þ 0 0 0

0 A2ðq1Þ 0 0
0 0 / 0
0 0 0 AY ðq1Þ

3
775 (54)

Dt11Y�1
¼
h
Dt111 Dt211 / DtY11

iT
(55)

The seismic data at baseline time Ti and monitor time Tj syn-
thesized by convolution model are, respectively,

SðTiÞ ¼ WRðTiÞ (56)

and

S
�
Tj

 ¼ WR

�
Tj



(57)

Combining Eqs. (50), (56) and (57) yields

DS¼WADt11 (58)

where W is a minimum-phase wavelet matrix (Zong and Ji, 2021),
and

WY�Y ðq1Þ¼

2
666666664

wY 0 0 0 0 0 0
wYþ1 wY 0 0 0 0 0

« wYþ1 wY 0 0 0 0
wl�1 « wYþ1 1 0 0 0
wl wl�1 « wYþ1 wY 0 0
0 wl wl�1 « wYþ1 wY 0
0 0 wl wl�1 « wYþ1 wY

3
777777775

(59)

where w is wavelet function, l is wavelet length,

DS¼ �
DS1ðq1Þ DS2ðq1Þ / DSYðq1Þ

�T (60)

The objective function is established in terms of the L2-norm of
the misfit, given by
J¼min kWADf ðt11Þ � Ddk22 (61)

where Dd is the difference in the seismic data observed at baseline
time and monitor survey time. From Eqs. (50)e(61), the horizontal
principal stress can be acquired with at least single angle-stack
observed seismic data. The change in horizontal stress is esti-
mated from the objective function Jwith the iterative least-squares
method in this study.

4. Synthetic examples

4.1. 1D case

We consider a relatively simple 1D stratigraphic model to test
the proposed AVO inversion method. The SOE moduli (P-wave and
S-wave velocities and density) and TOE moduli (c111, c112 and c123)
of the unstressed 1D model at the baseline time are shown in



Fig. 3. 1D stratigraphic model: (a)e(c) SOE moduli; (d)e(f) TOE moduli; (g)e(h) hor-
izontal stress at monitor survey times Ti and Tj; (i) the change in horizontal stress
between the baseline and the monitor survey time.
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Fig. 3a-3f. Fig. 3g and h shows the distributions of horizontal stress
at baseline time and monitor survey time, respectively. Fig. 3i
shows the change in horizontal stress from baseline to monitor
survey time. P- and S-wave velocities and density variation with
horizontal stress are shown in Fig. 4aec and the horizontal-stress-
induced anisotropy parameters are shown in Fig. 4def.

Considering the properties of the 1D model, we use Eqs.
(27)e(33) to compute the reflection coefficients of P, SV and SH
waves. Then the corresponding seismic data can be obtained with
the convolution between the computed reflection coefficients and a
minimum-phase wavelet with the dominant frequency of 25 Hz.
Fig. 5a-5e show the P-wave seismic response with the azimuth of
10� (here the azimuth of 10� do not have any special meaning.
Theoretically, the angle gathers at other azimuths are appropriate
as well), SV-wave seismic responsewith the azimuth of 0�, SV-wave
seismic response with the azimuth of 90�, SH-wave seismic
response with the azimuth of 0� and SH-wave seismic response
with the azimuth of 90� at baseline time Ti, monitor times Tj and Tk,
respectively. The incident angles in all seismic responses range
from 10� to 30� with the interval of 10�. From Fig. 5, we observe that
the weak seismic reflection response exists at around 2.1 s when
the model is unstressed, while the strong reflection response oc-
curs in the model subjected to horizontal stress. The main reason is
that the effects of horizontal stress on the properties of two media
across 2.1 s are different, generating a strong impedance contrast
across 2.1 s. We utilize D1-D6 to estimate the change in horizontal
stress from the multi-wave (P-, SH- and SV-wave) time-lapse
seismic responses with the incident angle spanning from 10� to 30�

(as shown in Fig. 6aef). Three angle seismic records are jointly used
as input data to render amore stable inversion result. Fig. 7 displays
the corresponding errors of the estimated results. From Figs. 6e7,
we can see that relatively reasonable results can be obtained from
P-wave, 0�-azimuth-SV-wave, 0�-azimutheSHewave and 90�-azi-
mutheSHewave data with D1, D2, D4 and D5, while D3 and D6
provide the estimated results with large bias. Besides, the change in
horizontal stress estimated from the P-wave time-lapse seismic
data with three incident angles shows the most reasonable agree-
ment with the real stress model. Moreover, compared with SV- and
SH-wave responses, P-wave seismic response is easier to obtain in
field production due to the widely used P-wave seismic excitation
and acquisition. Therefore, at the current stage, the proposed AVO
inversion method incorporating the information of the P wave has
better potential for practical application. Because the change in
horizontal stress and the original elastic parameters at the baseline
time are known in this ideal 1D model, the reasonable inversion
result is not able to totally imply the feasibility of the proposed
method. The more complex synthetic example based on the
observed seismic data should be further implemented to validate it,
and the more technical details should be mentioned to ensure the
proposed method can be easily applied in the field production.

4.2. 2D case

We implement the proposed inversion method incorporating P-
wave seismic data (D1) in a 2D case to further test it. The target area
is dominated by delta sediments and medium-grained sandstone
with high porosity, which locates in Shengli oil field. A set of
seismic data processing operations, including static correction and
amplitude preserving, is implemented to ensure that the ampli-
tudes of seismic data represent the strength of the reflection signals
generated by subsurface interfaces as possible, as shown in Table 2.
Based on Rüger reflection coefficient equation (Eq. (17)), to invert
the original elastic and anisotropy parameters at the baseline time,
the multi-azimuth or multi-angle original P-wave seismic data at
the baseline time is necessary (Multi-angle seismic data is used in



Fig. 4. Model properties change with horizontal stress.

Fig. 5. Reflection responses of different waves at baseline Ti and monitor survey times Tj and Tk: (a) P wave with the azimuth of 10�; (b) SV wave with the azimuth of 0�; (c) SV wave
with the azimuth of 90�; (d) SH wave with the azimuth of 0�; (e) SH wave with the azimuth of 90� .
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1D case, see Fig. 5a). The seismic datawith the azimuths of 15�, 45�,
75�, 105�, 135� and 165� at incident angle 10� at the baseline time
(shown in Fig. 8) is used to invert the original elastic and anisotropy
parameters.

Figs. 9 and 10 display the elastic parameters (P-wave velocity, S-
wave velocity and density) and Thomsen anisotropy parameters
(dðvÞ and g) which are inverted from themulti-azimuth seismic data
with Rüger reflection coefficient equation in terms of P-wave ve-
locity, S-wave velocity, density and anisotropy parameters. With
the inverted elastic and anisotropy parameters, the original
822
overburden pressure can be computed with the product of gravity
acceleration and the integral of density over the depth (Eq. (10) in
Ma et al., 2017). Then the original horizontal stress at the baseline
time can be straightforward calculated with Eq. (24) in Ma et al.
(2017). The monitoring multi-azimuth seismic data at the
monitor survey time is simulated by convolving P-wave reflection
coefficients from Rüger reflection coefficient equation in terms of
the changed P-wave velocity, S-wave velocity, density and anisot-
ropy parameters and minimum-phase wavelet. We simulate the
monitoring seismic data with 25% variation in the original



Fig. 6. Comparison between the changes in horizontal stress estimated from the time-lapse reflection responses shown in Fig. 5 with D1-D6 and the real model: (a) D1; (b) D2; (c)
D3; (d) D4; (e) D5; (f) D6.

Fig. 7. The errors of stress results estimated by (a) D1; (b) D2; (c) D3; (d) D4; (e) D5; (f) D6, from the real model.

Table 1
The second-order and third-order elastic constants of four rock samples after Winkler and McGowan (2004).

Rock P-wave velocity, m/s S-wave velocity, m/s Density, kg/m3 C111, GPa C112, GPa C123, GPa

Rock 1 2127 1418 2062 �9550 �1370 1062
Rock 2 2183 1457 2120 �17038 �3273 �3160
Rock 3 2300 1640 2140 �13904 533 481
Rock 4 2037 1334 2080 �29106 �6940 �2090
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Table 2
Workflow for seismic data processing.

1. Trace editing and regulation
2. Static correction
3. Pre-stack muting
4. Pre-stack preserved-amplitude processing
5. Pre-stack deconvolution
6. Sort common mid-point (CMP) gathers
7. Velocity analysis
8. Normal moveout (NMO)
9. Pre-stack time migration
10. Post-stack deconvolution
11. Random noise attenuation
12. Inverse NMO
13. New velocity picking
14. NMO with new velocities
15. Transform to time-angle domain
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horizontal stress, and the variations in P-wave velocity, S-wave
velocity, density and anisotropy parameters can be further
computed by Eqs. (12), (13) and (16). Fig. 11 displays the profile of
the 25% change in original horizontal stress variation with the
offset. The estimated result of the change in horizontal stress is
displayed in Fig. 12. Compared Figs. 11 and 12, we observe that the
estimated result shows a reasonable agreement with the real stress
model and distinguishes the abnormal low-pressure and high-
pressure areas. The negative sign of stress represents compressive
stress. The rational lateral continuity in the profile of the estimated
change in horizontal stress also illustrates the feasibility of the
proposed approach in 2D or even 3D cases.
5. Discussion

In many engineering activities, such as gas and oil exploration,
geothermal development and CO2 injection and storage, the effects
Fig. 8. Seismic profiles with the incident angle of 10� at baseline time: (a) Azimuth of 15�;
Azimuth of 165� .
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of the changes in pore fluid (saturation) and stress on rock elasticity
and seismic responses are coupling. The existing empirical and
semi-quantitative approaches predict the relative change in in-situ
stress using additional fitting parameters which can be determined
with the prior well-logging data and rock physics analysis (Landrø,
2001; Trani et al., 2011; Lang and Grana, 2019). Despite consider-
able progress, how to fully quantify the relative change in stress
from the observed seismic data remains to be elucidated. In order
to overcome this problem, in this study, we used the nonlinear
elasticity theory to describe the stress-dependent rock overall
elastic properties. This theory regards the rock skeleton (solid
phase) and pore fluid as an effective whole, which allows us not to
consider the fluid variation because the fluid phase belongs to the
overall rock system. Then, combining the nonlinear elasticity the-
ory, seismic reflection theory and stress-induced anisotropy model,
an AVO method to estimate the change in horizontal stress from
observed P-, SV- and SH-wave reflection data are proposed. In 2D
case example, we simulate the monitoring seismic data with the
25% variation in the original stress field. A similar operation was
implemented by Zong et al. (2015) to validate the feasibility of the
inversion method for the change in fluid factor. Although the
reasonable agreement between the result of the change in hori-
zontal stress estimated from P-wave seismic data and the given
stress change can validate the proposed inversion approach, the
relevant SV- and SH-wave field data should be applied to further
validate the proposed approach in the future.

Eqs. (44)e(49) reveal the natural link between the change in
horizontal principal stress and the variation in multi-wave (P-, SV-
and SH-wave) seismic signals that help better understand the
changes in subsurface structure and general fluid connectivity.
Besides, the estimated results can provide new prior information
for drilling. However, the derived wave reflection coefficient
equation in horizontal-stress-induced anisotropic (HTI) media (Eqs.
(17)e(21) combining Eqs. (9)e(15)) are not easy to be verified by us
(b) Azimuth of 45�; (c) Azimuth of 75�; (d) Azimuth of 105�; (e) Azimuth of 135�; (f)



Fig. 9. The profiles of original elastic parameters at baseline time: (a) P-wave velocity;
(b) S-wave velocity; (c) Density.

Fig. 11. The original profile of the change in horizontal stress.

Fig. 12. The estimated profile of the change in horizontal stress.
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due to the unavailable laboratory excited and reflected waveforms
in the horizontal-stress-induced HTImedia. The relevant laboratory
validationwill be one of our research topics in the future. Moreover,
the proposed reflection coefficient equations and inversion equa-
tions for change in horizontal stress may be not suitable in het-
erogeneous media such as the porous medium and fractured
medium. This is because the nonlinear elasticity theory mentioned
in this study is only suitable in homogeneous isotropic media. To
monitor the changes in in-situ stress in more complex media, the
Fig. 10. The profiles of original anisotropy pa
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generalized nonlinear elasticity theory should be developed. In
addition, the seismic time shifts caused by stress changes are not
considered even though such effects are inevitably encountered in
field productions (Trani et al., 2011).

This study aims in illustrating the potential for estimating hor-
izontal principal stress from the multi-wave time-lapse seismic
responses with the proposed AVO inversion method. Therefore, we
ideally neglect the effect of change in pore fluid on the wave
reflection coefficients. The nature of the used nonlinear elasticity
theory (i.e., regarding the real fluid-saturated porous rock as a
whole system) ensures our study aim achieve. However, if people
want to predict the changes in the in-situ stress and pore fluid from
time-lapse seismic data, the classic nonlinear elasticity theory is
incapable. The poro-acoustoelasticity theory (Ba et al., 2013) and
pore structure model proposed by David and Zimmerman (2012)
should be considered to generalize the proposed method to
incorporate the joint effects of changes in in-situ stress and pore
fluid on the reflection coefficients or seismic reflection signatures
in the future study.
rameters at baseline time: (a) dðvÞ; (b) g.
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6. Conclusions

A physically based approach is proposed to estimate the change
in horizontal principal stress from the P-wave, SV-wave, and SH-
wave time-lapse reflection data. Compared with the conventional
methods, the proposed approach eliminates the need for additional
empirical or fitting coefficients, rendering the more stable esti-
mated results. 1D model test illustrates the feasibility of the pro-
posed approach for estimating horizontal stress from six different
wave responses, and the 2D synthetic case further illustrates the
feasibility of the approach for inverting horizontal stress from P-
wave seismic data. Besides, Eqs. (44)e(49) describe the relationship
between the changes in horizontal stress and time-lapse seismic
responses, and provide the theoretical reference for estimating the
changes in biaxial stress and even confining stress with the joint
information of multi waves in field production. Our results are
relevant to CO2 injection and storage, gas and oil exploration and
geothermal development in the subsurface Earth.
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