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ABSTRACT

Distributed acoustic sensing (DAS) is an advanced seismic acquisition technology with many advan-
tages, such as low cost, wide frequency band, dense spatial sampling, and continuous recording. The
straight optical fiber is restricted to single-component data and exhibits the lack of broadside sensitivity.
To address the limitations of straight optical fiber and investigate the seismic response of multi-
component DAS system, we proposed a novel first-order stress and strain-rate elastic wave equation
to simulate the propagation of strain-rate wavefields. Compared to conventional particle-velocity
wavefields, the simulations of three numerical examples demonstrate that the proposed equation can
correctly generate elastic normal strain-rate wavefields and produce multi-component DAS data.
Additionally, the simulations indicate that increasing the gauge length reduces the measurement ac-
curacy of DAS, and a helical-wound optical fiber at a winding angle of 35.3° remains insensitive to S-
wave, whereas it can clearly record S-wave at 54.7°. Furthermore, this equation can be directly
implemented for multi-component DAS revers time migration (RTM) or FWI, thereby eliminating the
need for traditional data conversion.
© 2025 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

Madsen et al., 2013; Hall et al., 2019), microseismic monitoring
(Stork et al., 2020; Stanek et al., 2022), time-lapse seismic moni-

Distributed acoustic sensing (DAS) is a developed seismic acqui-
sition technology which has been gradually applied in both academic
experiments and industrial production. It presents a variety of ad-
vantages over traditional geophone, including low cost, broad fre-
quency coverage, dense spatial sampling, resistance to high
temperatures and pressures, and long-term continuous monitoring
(Li et al., 2022; Willis and Mark, 2022; Kislov et al., 2022).

DAS measures seismic strain or strain-rate along the fiber by
detecting the phase changes in Rayleigh backscattered waves
(Posey et al., 2000; Masoudi et al., 2013). Currently, straight optical
fiber has been extensively employed in vertical seismic profiling
(VSP) for high-resolution reservoir imaging (Mateeva et al., 2013;
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toring (Dou et al., 2016; Harris et al., 2016; Byerley et al., 2018), and
near-surface exploration (Dou et al., 2017; Bakulin et al., 2017,
2020). Despite those advantages, DAS using straight optical fiber
is subject to certain inherent limitations. A major issue is the lack
of broadside sensitivity, which means straight optical fiber
insensitive to the normally incident seismic waves, resulting in
weak signals at near-offset (Kuvshinov, 2016). However, the near-
offset data is crucial for enhancing vertical-resolution of seismic
imaging. Consequently, the straight optical fiber is not conducive
to improve vertical-resolution of seismic imaging.

To address the broadside insensitivity of straight optical fiber, the
helical-wound optical fiber has been proposed and applied in field
trials (Lumens et al., 2013; Hornman, 2017; Hendi et al., 2020). By
altering the geometry, helical-wound optical fiber allows for sam-
pling in multiple tangential directions, thereby producing the multi-
component strain or strain-rate data. Ning and Sava (2018a, 2018b)
designed a multi-fiber configuration to obtain the strain tensor, and
further achieved seismic imaging. Eaid et al. (2020) combined multi-
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component seismic data from traditional geophones and helical-
wound optical fibers to implement multi-parameter elastic full-
waveform inversion (FWI) and analyzed the wavefield sensitivity
to different fiber geometries. Zhang et al. (2024) developed an
irregular configuration for helical-wound optical fibers to obtain the
multi-component seismic strain, which was subsequently utilized in
elastic RTM with a P/S separation strategy.

Seismic simulation can optimize the DAS geometry and sub-
sequent data processing. The modeling of straight optical fiber has
significantly advanced. For instance, Ma et al. (2020) successfully
modeled the z-component strain wavefields in VSP based on the
traditional stress-velocity equation. Shi et al. (2024) designed
three DAS geometries and simulated the axial strain-rate wave-
fields of straight optical fibers. Celli et al. (2024) used numerical
simulation to quantitatively analyze the impact of instrument
coupling on DAS measurement. Additionally, the advent of helical-
wound optical fiber has further developed the multi-component
DAS technology. Such as Innanen et al. (2017) formulated the
tangent vector and simulated the strain tensor for both arbitrary
and nested helix geometries. Ning and Sava (2018a) introduced a
multi-component DAS system utilizing helical-wound optical fiber
to obtain the strain tensor in elastic media. Eaid et al. (2018)
designed a complex-shaped optical fiber and performed elastic
stress-velocity wave equation to achieve multi-component strain
wavefields. Ning and Sava (2018b) developed a geometry con-
sisting of five equally spaced helical-wound optical fibers and one
straight optical fiber to acquire six different strain projections, and
successfully constructing all components of strain tensor.

Previous studies on simulation of DAS typically begin with
solving the traditional stress-velocity wave equation, followed by
converting the displacement or particle-velocity into strain or
strain-rate. This strategy involves data conversion and cannot
directly obtain DAS data. Moreover, data conversion introduces
certain errors, which can further damage the results of DAS
seismic imaging or FWI. In this study, we present a novel stress and
strain-rate elastic wave equation that can produce normal strain-
rate wavefields, allowing for DAS RTM or FWI without data con-
version. Based on the traditional first-order stress-velocity elastic
wave equation and the stress-displacement relationship, we first
derive the first-order stress and strain-rate elastic wave equation.
Subsequently, this equation is solved using a staggered-grid finite-
difference method with a CPML boundary condition and the CFL
stability condition to generate the normal strain-rate wavefields.
Furthermore, we evaluate the impact of gauge length on DAS and
analyze the seismic response of helical-wound optical fibers at
winding angles of 35.3° and 54.7°

The rest of this work is organized as follows: First, we derive the
first-order stress and strain-rate elastic wave equation. Then, the
seismic response of helical-wound optical fibers at winding angles of
35.3° and 54.7° are calculated. Next, we evaluate the impact of gauge
length on the DAS by averaging the strain-rate wavefields over multi
grids. Finally, three 2D numerical examples are used to demonstrate
the numerical accuracy and stability of the proposed novel equation.

2. Theory

2.1. The elastic wave equation with stress and strain-rate
components

In the isotropic media, the conventional 3D elastic wave
equation can be written in terms of velocities and stresses as fol-
lows (Virieux, 1986):
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where oj; = (i,j=X,¥,2) is stress, v;j(i= X,y,2) is particle-velocity,

A and u are the Lame parameters, p is density, and t is duration
time. The stresses and displacements in elastic isotropic media
satisfy
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where u;(i=x,y,z) is displacement. Defining the normal strain-
rate as &;;(i = x,y, z), which satisfies the following relationship
with particle-velocity:
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where éxx, &)y and éz; are the normal strain-rate components in x, y,
and z directions, respectively.

Taking éxx as an example, we can briefly outline the derivation
of the novel equation. First, by multiplying both sides of Eq. (1) by
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According to the Eqs. (2) and (3), Eq. (4) can be further
rewritten as
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where the ¢;;(i= x, Y, z) is normal seismic strain, the z;(i=x,y, z) is
auxiliary variable, taking the time derivative of both sides of Eq.
(7), the first-order equation of éxx can be derived as

Oéxx azaxx a%xx 627yy 4 6zrxx dz‘rzz

= + ,
Pot o Ty o o2 | o
do: . . .
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Otz _ .
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where the &;(i=x,y,z) is normal strain-rate, ¢;; = (i=x,y,2) is
normal stress, 7;(i= X,y, z) is auxiliary variable.

Similarly, the first-order equations for éy, and &, can also be
derived. Here, we present the complete first-order stress and
strain-rate elastic wave equation:
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Fig. 1. The straight optical fiber and corresponding amplitude radiation patterns. Panel (a) shows straight optical fiber along x-direction. Panel (b) shows P-wave radiation pattern.

Panel (c) shows SH-wave radiation pattern. Panel (d) shows SV-wave radiation pattern.
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Fig. 2. The helical-wound optical fibers and corresponding amplitude radiation patterns. Panel (a) is 35.3° helical fiber along the x-direction. Panel (b) is 54.7° helical fiber along
the x-direction. Panel (c) shows P-wave radiation pattern of 35.3° fiber. Panel (d) shows P-wave radiation pattern of 54.7° fiber. Panel (e) shows SH-wave radiation pattern of 54.7°

fiber. Panel (f) shows SV-wave radiation pattern of 54.7° fiber.
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Fig. 3. The P- (a) and S-wave (b) velocities (V, and V;) for the layered model. The red star denotes the source location, green dots denote receivers on the surface, black dots denote

receivers in a horizontal well, and blue dots denote receivers in a vertical well.
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Fig. 4. Common-shot gathers for the layered model. The first row displays receivers on the surface, panels (a) and (b) show x- and z-component particle-velocity seismograms,
and panels (c) and (d) show x- and z-component strain-rate seismograms. The second row displays receivers in the horizontal well, panels (e) and (f) show x- and z-component
particle-velocity seismograms, panels (g) and (h) show x- and z-component strain-rate seismograms. The third row displays receivers in the vertical well, panels (i) and (j) show x-
and z-component particle-velocity seismograms, and panels (k) and (1) show x- and z-component strain-rate seismograms.

630



C. Zhao, J.-D. Yang, ].-P. Huang et al.

Position, km

(a)

1.5

20 25 3.0 3.5 4.0

Depth, km

Position, km

1.5 20 25 3.0 4.0

1.0 0.5

Depth, km

1.5

N
I

Petroleum Science 23 (2026) 626-642

Position, km

(b)

4.0

1.5

20 25 3.0 3.5

Depth, km

(d) Position, km
0 05 10 15 20 25 30 35 40
o
0
o
€
x
c e
s v
Q.
[5)
a
@

N
I

Fig. 5. Snapshots at 1.0 s for the layered model. Panels (a) and (b) show particle-velocity in x- and z-directions, respectively. Panels (c) and (d) show strain-rate in x- and z-

directions, respectively.
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where zxx, 7yy and 7z, are auxiliary variables. The normal strain-rate
in each direction analogous to the response of a straight optical
fiber along the same direction. Performing the Eq. (A.1), we
compute the amplitude radiation patterns of different wavefields
for a straight optical fiber, which reveal that the straight optical
fiber is insensitive to normally incident seismic waves (Fig. 1).
The numerical solution of Eq. (9) employs the staggered-grid
finite-difference scheme with eighth-order accuracy in space and
second-order accuracy in time, along with the traditional CPML
boundary conditions, and its stability conditions are satisfied

1 1
max (Vp) Aty /m +oa s

0.7774179, (10)
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Fig. 6. Single-trace waveforms of z-component in the vertical well for the layered
model. The black solid line denotes the particle-velocity, the magenta solid line de-
notes the strain-rate.

where the V,, is P-wave velocity, the At is time sampling interval,
and Ax and Az are spatial step in the x and z directions,
respectively.

2.2. Seismic response with helical-wound optical fiber

The tangential strain-rate in the local coordinate system of a
helical-wound optical fiber can be expressed as (Eaid et al., 2020)

£it(C) = (BX) e + (BY)2eyy + (£2)%e

11
+2 (EX)(EY)ixy + 2(EX)(E2)éxz + 2(EY) (E2)éyz a
with
to)x tc)y tc)z
T(s)= | n(c)Xx n(c)y n(c)z|, (12)
b(c)x b(c)y b(c)z

where the subscript tt represents tangential direction of the fiber, ¢
denotes any point along the tangential direction, £xy, £yy and ¢, are
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Fig. 7. Common-shot gathers of z-component in the vertical well with different gauge
lengths for the layered model. Panel (a) shows the origin seismogram. Panel (b) shows
the gauge length is 10 m. Panel (c) shows the gauge length is 20 m. Panel (d) shows
the gauge length is 40 m.
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the normal strain-rate components, éyxy, éx; and &y, are the shear
strain-rate components, the unit vectors t(c) and its associated

normal and binormal vectors n(c) and b(c) form the Frenet-Serret
coordinate system, X, y, Z represent the unit vectors of Cartesian
coordinate system, T(c) is the rotation operator transforming be-
tween the Frenet-Serret coordinate system and the Cartesian co-
ordinate system.

As mentioned by Eaid et al. (2020), a helical-wound optical fi-
ber is insensitive to shear strain-rate components when it is
symmetrical and periodic, and its axial strain-rate can be
expressed as a weighted summation of normal strain-rate, where
the sensitivity to each normal components is determined by the
winding angle.

Assuming the winding core of a symmetrical and periodic he-
lical fiber is aligned with the x-axis, this study investigates fibers
with winding angles of 35.3° and 54.7°. For the 35.3°, the ratio
between the normal strain-rate components is éxx : éyy : &z =
1:1:1, and its axial strain-rate can be computed as

et = éxx + Eyy + €2z, (13)
when the winding angle is 54.7°, the ratio between the normal
strain-rate components is éxx : éyy : &z = 4:1:1, and its axial
strain-rate can be calculated as

(14)

Based on the Eqgs. (A.2) and (A.3), we also plot the amplitude
radiation patterns of different wavefields for helical-wound optical
fibers at angles of 35.3° and 54.7° (Fig. 2). It indicates that the
helical fiber at 35.3° is sensitive only to P-waves, whereas at 54.7°,
it responds to S-waves.

é‘tt = 4€XX + é'y_y + é‘zz

2.3. Gauge length effects on optical fiber

DAS typically measures the average strain or strain-rate over a
specified gauge length, which significantly influences the
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Fig. 8. Single-trace waveforms comparison of z-component strain-rate in the vertical well for the layer model. Panel (a) shows the different gauge lengths (GL). Panel (b) shows
the comparison between origin and 10 m gauge length and their error curve. Panel (c¢) shows the comparison between origin and 20 m gauge length and their error curve. Panel
(d) shows the comparison between origin and 40 m gauge length and their error curve. The black solid line denotes the original data, the magenta solid line denotes the gauge
length is 10 m, the green solid line denotes the gauge length is 20 m, the blue solid line denotes the gauge length is 40 m, and the grey solid line denotes the error.
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Fig. 9. Common-shot gathers of helical-wound optical fiber for the layered model. The first row displays receivers on the surface, panel (a) shows pressure seismogram, panels (b)
and (c¢) show axial stain-rate seismogram at 35.3° and 54.7°, respectively. The second row displays receivers in the horizontal well, panel (d) shows pressure seismogram, panels
(e) and (f) show axial stain-rate seismograms at 35.3° and 54.7°, respectively. The third row displays receivers in the vertical well, panel (g) shows pressure seismogram, panels (h)
and (i) show stain-rate seismograms at 35.3° and 54.7°, respectively.
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Fig. 10. Single-trace waveforms of helical-wound optical fiber in the vertical well for
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measurement accuracy (Daley et al., 2013; Dean et al., 2017). The
strain-rate at position s with a gauge length L can be expressed as
(Eaid et al., 2020; Zhang et al., 2024)
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where L is the gauge length, f;(i = x,y, z) means the tangential di-
rection, s' is the position of the sampling point in the fiber, Gy, Gyy
and G_; are the fiber-dependent sensitivities to normal strain-rate
components, Gyy, Gy, and Gy, are the fiber-dependent sensitivities
to shear strain-rate components.

Egs. (15) and (16) indicate that DAS measures the average
strain-rate over the L length. Obviously, it smooths the DAS
signal over the gauge length, which can enhance the signal-to-
noise ratio but may lead to reduced measurement accuracy.
Within the finite-difference framework, we average the strain-
rate across multi grids to verify the effect of gauge length on
DAS.

3. Numerical examples

In this chapter, we evaluate the proposed stress and strain-rate
elastic equation using three 2D numerical models. Three geome-
tries are designed, with receivers deployed on the surface, in a
horizontal well, and in a vertical well, respectively. Our simulation
employs the staggered-grid finite-difference scheme with eighth-
order accuracy in space and second-order accuracy in time.

3.1. A layered model

The velocity models depicted in Fig. 3 consist of 201 x 401 grids
with a spacing of 10 m in both x- and z-directions. The Ricker
wavelet with a peak frequency of 10 Hz is employed as the
explosive source-time function. The positions of source and
receiver are illustrated within the V, model, with the red star
denotes the source location. A total of 401 traces on the surface
represented by green dots, and 201 traces in the horizontal well
shown as black dots, and 201 traces in the vertical well indicated
by blue dots. Performing the first-order stress and strain-rate
elastic wave equation to simulate the propagation of normal
strain-rate wavefields. Taking the traditional velocity wavefields as
the reference, we solve the stress-velocity elastic wave equation
using the same simulation strategy.

Fig. 4 presents a comparison of x- and z-component common-
shot gathers for particle-velocity and strain-rate in three geome-
tries. Both events are comparable, including direct P-waves, re-
flected P-waves, reflected S-waves, and converted S-waves.

(b)

Position, km

1.0 15 20

25

3.0 3.5 4.0

Depth, km
Ve, km/s

20

25

Fig. 11. The P- (a) and S-wave (b) velocities for the fault model. The red star denotes the source location, green dots denote receivers on the surface, black dots denote receivers in

a horizontal well, and blue dots denote receivers in a vertical well.
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Fig.12. Common-shot gathers for the fault model. The first row displays receivers on the surface, panels (a) and (b) show x- and z-component particle-velocity seismograms, and
panels (c) and (d) show x- and z-component strain-rate seismograms. The second row displays receivers in the horizontal well, panels (e) and (f) show x- and z-component
particle-velocity seismograms, panels (g) and (h) show x- and z-component strain-rate seismograms. The third row displays receivers in the vertical well, panels (i) and (j) show x-
and z-component particle-velocity seismograms, and panels (k) and (1) show x- and z-component strain-rate seismograms.
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Fig. 13. Snapshots at 1.2 s for the fault model. Panels (a) and (b) show particle-velocity in x- and z-directions, respectively. Panels (c) and (d) show strain-rate in x- and z-di-

rections, respectively.
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Fig. 14. Single-trace waveforms of z-component in the vertical well for the fault
model. The black solid line denotes the particle-velocity, the magenta solid line de-
notes the strain-rate.

Compared to the particle-velocity (Fig. 4(a), (e)), the x-component
strain-rate seismograms on the surface and in the horizontal well
(Fig. 4(c), (g)) exhibit weak signals at near-offset due to the
insensitivity to vertically incident waves on the fiber, while their z-
component seismograms (Fig. 4(b), (f), (d), (h)) are similar. A
comparison of seismograms in the vertical well for particle-
velocity (Fig. 4(i) and (j)) and strain-rate (Fig. 4(k) and (1)) re-
veals minimal differences in wavefield types. The snapshots at 1.0 s
in the x- and z-directions are illustrated in Fig. 5. Compared to the
particle-velocity (Fig. 5(a) and (b)), the propagation of strain-rate
wavefields (Fig. 5(c) and (d)) is correct, and the broadside insen-
sitivity can also be clearly observed (indicated by black arrows).
Detailed single-trace waveforms of the z-component seismograms
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in the vertical well are presented in Fig. 6. It can be seen that the
differences of wavefield types between the particle-velocity and
strain-rate are minimal.

We also calculate the average strain-rate over 11, 21 and 41
grids, which are equivalent to gauge lengths of 10, 20 and 40 m.
The grid step of the simulation is 1 m, with a sampling interval of
0.1 ms and a duration of 0.3 s. The comparison of z-component
seismograms in the vertical well is shown in Fig. 7, and their cor-
responding single-trace waveforms with different gauge lengths
(Fig. 8(a)) and error curves (Fig. 8(b), (c), (d)) reveal that the
measurement accuracy of DAS continuously decreases as the
gauge length increases. Furthermore, we calculate the axial strain-
rate of helical-wound optical fibers using the simulated normal
strain-rate components. Fig. 9 compares the traditional pressure
wavefields with axial strain-rate wavefields at winding angles of
35.3° and 54.7° in three geometries. It can be seen that the helical-
wound optical fiber at 35.3° (Fig. 9(b)-(e), (h)) do not respond to S-
waves (indicated by black arrows), similar to the pressure wave-
fields (Fig. 9(a)-(d), (g)). When the winding angle is adjusted to
54.7°, the S-waves can be accurately recorded (Fig. 9(c)-(f), (i),
indicated by black arrows). These changes can also be observed in
the detailed single-trace waveforms, exemplified by the data in the
vertical well shown in Fig. 10.

3.2. A fault model

The fault model consists of 251 x 401 grids with a spacing of
10 m in both x- and z-directions. Fig. 11 shows the true P- and S-
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Fig. 15. Common-shot gathers of z-component in the vertical well with different
gauge lengths for the fault model. Panel (a) shows the origin seismogram. Panel (b)
shows the gauge length is 10 m. Panel (c) shows the gauge length is 20 m. Panel (d)
shows the gauge length is 40 m.
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wave velocity models. A Ricker wavelet with a peak frequency of
10 Hz is used as the vertical source function. Receivers are installed
on the surface, in a horizontal well, and in a vertical well, repre-
sented by 401 green dots, 201 black dots, and 201 blue dots, as
shown in the V, model. To validate the accuracy of the presented
equation, the staggered-grid finite-difference is employed to solve
the first-order elastic wave equations of stress-strain-rate and
stress-particle-velocity, followed by a comparison of the two
wavefields.

In three geometries, the normal strain-rate wavefields are
simulated and compared with the particle-velocity wavefields, as
shown in Fig. 12. These wavefields reveal the presence of direct P-
waves, direct S-waves, reflected P-waves, reflected S-waves, and
converted waves, indicating the similarity in wavefield types. Due
to the insensitivity to vertically incident waves, the strain-rate on
the surface and in the horizontal well (Fig. 12(b)—(g)) exhibit weak
signals at near-offset, which can be clearly observed from the
snapshots (Fig. 13, indicated by black arrows). The single-trace
waveforms (Fig. 14) provide further evidence that the proposed
equation can generate accurate wavefields. Additionally, the
strain-rate wavefields corresponding to gauge lengths of 10, 20
and 40 m are simulated with a spatial step size of 1m, a sampling
interval of 0.08 ms, and a duration of 0.4 s. A comparison of the z-
component shot gathers in the vertical well are shown in Fig. 15.
The single-trace waveforms with different gauge lengths
(Fig. 16(a)) and the error curve (Fig. 16(b), (c), (d)) indicate that the
measurement accuracy of DAS decreases as the gauge length
increases.

Furthermore, as shown in Fig. 17, the axial strain-rate wave-
fields of helical-wound optical fibers with winding angles of 35.3°
and 54.7° are calculated under three geometries. For the winding
angle of 35.3° (Fig. 17(b)-(e), (h)), the strain-rate seismograms
demonstrate insensitivity to S-waves (indicated by black arrows),
resembling conventional pressure components (Fig. 17(a)-(d), (g)).
When the winding angle is 54.7° (Fig. 17(c)—(f), (i)), there are sig-
nificant responses to S-waves (indicated by black arrows). This
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Fig. 16. Single-trace waveforms comparison of z-component strain-rate in the vertical well for the fault model. Panel (a) shows the different gauge lengths. Panel (b) shows the
comparison between origin and 10 m gauge length and their error curve. Panel (c) shows the comparison between origin and 20 m gauge length and their error curve. Panel (d)
shows the comparison between origin and 40 m gauge length and their error curve. The black solid line denotes the original data, the magenta solid line denotes the gauge length
is 10 m, the green solid line denotes the gauge length is 20 m, the blue solid line denotes the gauge length is 40 m, and the grey solid line denotes the error.
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Fig. 17. Common-shot gathers of helical-wound optical fiber for the fault model. The first row displays receivers on the surface, panel (a) shows pressure seismogram, panels (b)
and (c¢) show axial stain-rate seismogram at 35.3° and 54.7°, respectively. The second row displays receivers in the horizontal well, panel (d) shows pressure seismogram, panels
(e) and (f) show axial stain-rate seismograms at 35.3° and 54.7°, respectively. The third row displays receivers in the vertical well, panel (g) shows pressure seismogram, panels (h)
and (i) show axial stain-rate seismograms at 35.3° and 54.7°, respectively.
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Fig. 18. Single-trace waveforms of helical-wound optical fiber in the vertical well for
the fault model. The black solid line denotes the pressure, the magenta solid line
denotes axial strain-rate at winding angle of 35.3°, and the green solid line denotes
axial strain-rate at winding angle of 54.7°.
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distinction is further evidenced by single-trace waveforms com-
parison in Fig. 18.

3.3. The Marmousi model

The third example is the Marmousi model, displayed in Fig. 19.
Fig. 19(b) is the S-wave velocity, derived by multiplying the P-wave
velocity (Fig. 19(a)) by 0.58. The density remains constant at 2.0 g/
cm?. The model consists of 264 x 1701 grids with a spatial step size
of 10 m. A Ricker wavelet with a peak frequency of 12 Hz is used as
the explosive source function. The recording duration time totals
6 s, featuring a time sampling interval of 1 ms. The number of
traces for the surface, horizontal well, and vertical well are 601,

(b) Position, km
25

:Ec 20 @

< E

[o% 15 =

8 >
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Fig. 19. The P- (a) and S-wave (b) velocities for the Marmousi model. The red star denotes the source location, green dots denote receivers on the surface, black dots denote

receivers in a horizontal well, and blue dots denote receivers in a vertical well.
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Fig. 20. Common-shot gathers for the Marmousi model. The first row displays receivers on the surface, panels (a) and (b) show x- and z-component strain-rate seismograms,
respectively. The second row displays receivers in the horizontal well, panels (c) and (d) show x- and z-component strain-rate seismograms, respectively. The third row displays
receivers in the vertical well, panels (e) and (f) show x- and z-component strain-rate seismograms, respectively.
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Fig. 21. Snapshots at 1.5 s for the Marmousi model. Panels (a) and (b) show the propagation of strain-rate wavefields in x- and z-directions, respectively.
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Fig. 22. Common-shot gathers of helical-wound optical fiber for the Marmousi model. The first row displays receivers on the surface, panels (a) and (b) show axial stain-rate
seismograms at 35.3° and 54.7°, respectively. The second row displays receivers in the horizontal well, panels (c) and (d) show axial stain-rate seismograms at 35.3° and
54.7°, respectively. The third row displays receivers in the vertical well, panels (e) and (f) display axial stain-rate seismograms at 35.3° and 54.7°, respectively.
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401, and 201, respectively, represented by green, black, and blue
dots in the Vp model.

The strain-rate wavefields in x- and z-directions are simulated in
three geometries (Fig. 20). These wavefields accurately capture
direct P-waves, converted S-waves, reflected P-waves, and reflected
S-waves. Fig. 21 presents snapshots at 1.5 s, demonstrating the
accuracy of wavefield propagation and the broadside insensitivity
of strain-rate. The axial strain-rate for helical-wound optical fibers
are further calculated using the normal components. At a winding
angle of 35.3°, the strain-rate records lack S-waves (Fig. 22(a)-(c),
(e)). When the winding angle is 54.7°, there is a significant S-
wave response in the seismic records (Fig. 22(b)-(d), (f)).

4. Discussion

The proposed novel first-order stress and strain-rate elastic
wave equation is used to investigate the seismic response of multi-
component DAS system. This equation recharacterizes the tradi-
tional first-order stress-velocity wave equation using stress and
strain-rate, which is logical and mathematical. Three typical nu-
merical models with different geometries and modeling parame-
ters verify that the equation can accurately simulate the normal
strain-rate wavefields and directly output multi-component DAS
records without numerical dispersion or instability. However,
validation with real data is not feasible due to a lack of multi-
component field datasets.

DAS measures the average strain-rate over a specific gauge
length, and an appropriate gauge length can balance measurement
accuracy and signal-to-noise ratio of DAS. For the regular helical-
wound fiber, varying winding angles can affect the sensitivity of
normal strain-rate components in different directions. Therefore,
suitable angles should be selected based on specific geological
conditions. The proposed equation neglects shear strain-rate
components, which may lead to inaccuracies in certain geolog-
ical structures. When the helical-wound fiber is irregular, the
contribution of shear components also needs to be considered.

Straight optical fiber exhibits broadside insensitivity and only
contains single-component data. In contrast, helical-wound opti-
cal fiber can capture seismic response in multiple tangential di-
rections, making it suitable for complex DAS seismic imaging or
FWIL. In traditional DAS seismic imaging or FWI, the initial step
involves converting strain or strain-rate into displacement or
particle-velocity, which can result in inaccurate results. To avoid
this data conversion, the stress and strain-rate equation can be
further directly implemented in multi-component DAS RTM or
FWI.

5. Conclusion

To investigate the seismic response of multi-component DAS
system, this study proposes a novel first-order stress and strain-
rate elastic wave equation. This equation can produce the elastic
normal strain-rate wavefields and directly output multi-
component DAS data. By performing varying modeling parame-
ters, such as refinement of grid and time step, this equation can
still reliably simulate the propagation of strain-rate wavefields.
The gauge length significantly affects the measurement accuracy
of DAS, specifically, with large gauge length resulting in low
measurement accuracy. The helical-wound optical fiber with a
winding angle of 35.3° is sensitivity only to P-waves, similar to
traditional pressure component, whereas the 54.7° can clearly
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record S-waves. Based on this equation, we can further develop

multi-component DAS RTM or FWI that does not require data
conversion.
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Appendix

The radiation patterns of wavefields for both straight and
helical-wound optical fibers are given by the following expressions
(Martin et al., 2018):
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S .S .S
where & p, & sy, £ s TePresent the P-wave, SV-wave, and SH-wave

of straight optical fiber, respectively. £33°", £33 , £33 represent

the P-wave, SV-wave, and SH-wave of helical-wound optical fiber

with 35.3°, respectively. &3%7°, 347, &34 represent the P-wave,

SV-wave, and SH-wave of helical-wound optical fiber with 54.7°,
respectively. The  (cos ¢q cos ¢,,sin ¢ COS ¢, sinp,)  and
(cos 8 cos b,,sin B cos 6,,sin §,) represent the propagation di-
rection of seismic waves and the deployment orientation of DAS,
respectively. ¢; and ¢, denote the angles of the seismic wave
propagation direction relative to the x-axis and the xOy plane,
respectively, whereas 9; and 6, represent the corresponding an-
gles for the fiber orientation. k is wavenumber, O =

eik(ct—x COS @1 COS ¢, —Y Sin ¢; €OS p,—Z sin @,) is factor of body wave, c is
phase velocity, and A is amplitude, x, y, z are coordinates, t is time.
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