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a b s t r a c t

Although horizontal well technology has been widely adopted in hydrocarbon exploration, acoustic 
logging interpretation remains challenging under complex formation conditions, particularly when 
formation interfaces are located adjacent to the borehole. This study systematically investigates acoustic 
wave propagation in horizontal boreholes through numerical modeling, focusing on formation interface 
effects. Numerical models with varying positions and numbers of interfaces were developed, and 3D 
finite-difference wavefield simulations were performed. Wave mode characteristic parameters (velocity, 
energy, and dominant frequency) of full-wave array data from these models were extracted to analyze 
the effects of formation interfaces. Results demonstrate that P-waves are more sensitive to formation 
interfaces than S-waves, exhibiting distinct variations in propagation velocity, energy enhancement, and 
frequency fluctuation.  In contrast, S-waves maintain stable propagation velocities with only minor 
perturbations in energy and frequency. Wavefield  snapshots clearly show that P-waves in the faster 
outer formation gradually overtake those in the slower inner formation, arriving earlier at receivers. 
Furthermore, closer interfaces induce earlier wave overlap, while increasing interface distance delays 
the overtaking of the slow P-wave by the fast P-wave, and sufficiently  distant interfaces completely 
prevent the overtaking. The proposed theory remains valid for complex formations involving multiple 
coupled interfaces and small-dip tilted interfaces. These findings elucidate the underlying mechanism of 
formation interface effects on acoustic wave modes within horizontal wells, providing a theoretical 
basis for accurate parameter extraction and correction.
© 2026 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

Horizontal wells typically achieve several times the production 
rates of conventional vertical wells, thereby significantly 
enhancing single-well production and oil and gas recovery (Feng, 
2023; Su, 2018). As a result, they play a critical role in the explo
ration and development of oil and gas fields. However, interpre
tation methods for acoustic logging data in horizontal wells 
remain challenging, as the recorded waveforms are often 

influenced  by multiple complex factors. Consequently, conven
tional interpretation methods developed for vertical wells cannot 
be directly applied to horizontal wells without adjustment (Liu, 
2021; Passey et al., 2005; Zhou and Wang, 2006). For acoustic 
logging, a key influencing factor is the presence of adjacent high- 
velocity formation, which can markedly affect the propagation 
and attenuation behavior of borehole wave modes (Huang and 
Torres-Verdín, 2017; Wang et al., 2017). Therefore, clarifying this 
influence mechanism is essential for improving the accuracy and 
reliability of acoustic logging interpretation in horizontal wells.

During the acoustic logging process, elastic waves are excited 
by a transmitter and propagate through the formation, carrying 
formation information to the receiver. Thus, characteristics such as 
velocity, amplitude (or energy) and frequency of the borehole 
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wave modes can reflect  formation properties, including those of 
the reservoir (Wang et al., 2020). Currently, the velocities of P- 
waves and S-waves in full-waveform acoustic logging are routinely 
employed to calculate the elastic and anelastic parameters of the 
formation, estimate formation pressure, compute porosity, and 
assess the reservoir (Qiao et al., 2011). The velocities and ampli
tude attenuation of S-waves and Stoneley waves are highly sen
sitive to fractures, making them particularly effective for fracture 
and vuggy detection, as well as reservoir permeability inversion 
(Cai et al., 2020, 2022b; Rostami et al., 2022; Yang et al., 2019), 
even acoustic noise signals can be monitored to locate casing leaks 
in wells (Li et al., 2022). Therefore, accurately extracting wave 
mode characteristic parameters is essential for precise reservoir 
evaluation. Meanwhile, as exploration and development increas
ingly target complex reservoirs, acoustic logging technology has 
continued to advance to provide richer formation information and 
support more accurate, multi-scale reservoir evaluation. Tool de
signs have evolved from early monopole sources to dipole, 
multipole and phased-array configurations, thereby expanding the 
range of borehole wave modes that can be effectively excited and 
recorded. These developments have also facilitated the emergence 
of advanced acoustic techniques—such as logging-while-drilling 
acoustics, borehole acoustic reflection  imaging—which have 
been developed and refined based on the operating principles and 
functional characteristics of different acoustic tool designs (Che et 
al., 2009; Ma et al., 2025; Qiao et al., 2011; Wood, 2024).

Building on these acoustic logging methods, numerous re
searchers worldwide have conducted extensive studies on the 
accurate extraction and correction of borehole wave mode pa
rameters. In the domain of acoustic slowness logging, researchers 
found that the dip angle in transversely isotropic (TI) formations 
affects the acoustic slowness in wells. Through simulation and 
analysis of wavefields  with different sources, the derived 
correction charts are effective in calibrating acoustic slowness in 
deviated wells (Lin et al., 2006; Randall et al., 1991; Wei and 
Chen, 2015). In addition, fast formations could influence  the 
acoustic slowness of wave modes in horizontal wells (Liu et al., 
2017). When the borehole axis coincides with the formation 
interface, the P-wave slowness in the borehole approaches that of 
the fast formation (Cong and Qiao, 2008). However, the under
lying patterns and mechanisms remain insufficiently explained.

Significant efforts have been made to investigate factors influ
encing the amplitude and energy of wave modes. Through 
extensive numerical simulations and physical experiments, re
searchers have identified fracture width, dip angle, fracture-filling 
fluid, and cavity shape as the primary factors affecting wave mode 
amplitudes (Cai et al., 2020, 2022b; Gao et al., 2024; Liu et al., 
2025; Xu and Wang, 2020). Wave mode conversions at fractures 
induce amplitude attenuation of borehole wave modes (Pan et al., 
2022). These attenuation patterns are inversely utilized for frac
ture and cavity evaluation, leading to the development of intelli
gent evaluation schemes and geological reflection interface 
azimuth inversion methods (Cai et al., 2022a; Pan et al., 2023).

Researchers have revealed additional factors that affect bore
hole wave modes, such as formation interface reflections (Hei et 
al., 2024), formation anisotropy (Wang et al., 2017), tool eccen
tricity (Wang and Qiao, 2014; Zhang et al., 2024), and borehole 
enlargement (Su et al., 2022). These findings have facilitated the 
development of a novel 3D acoustic logging tool (Liu et al., 2016), 
an advanced azimuthal phased-array acoustic logging method 
(Wang et al., 2017), and improved techniques for compensating 
tool eccentricity effects (Ji et al., 2021). However, existing research 
has primarily focused on the impact patterns of an adjacent fast 
formation on P-wave slowness, while paying limited attention to 

the responses of other wave modes and the underlying mecha
nisms (Liu et al., 2017).

The main differences between this study and previous work are 
as follows: First, we systematically investigated the effects of for
mation interfaces on the velocity, energy, and dominant frequency 
of borehole wave modes. This study also revealed a novel P-wave 
energy attenuation pattern, which could be applied to develop a 
method for locating formation interfaces. Second, we clarified the 
underlying mechanisms of formation interface effects on hori
zontal borehole wave modes, and subsequently applied these 
findings  to extended low-dip interface and multi-interface for
mation models. The structure of this paper is as follows: First, the 
numerical simulation method for array acoustic logging is intro
duced, and models with different formation interface positions are 
constructed. Then, the effects of formation interfaces on wave 
mode characteristic parameters at various transmitter-receiver 
spacings are analyzed. Thereafter, wavefield  snapshots are uti
lized to investigate the underlying mechanisms governing wave 
mode responses. Subsequently, we extended the investigation to 
low-dip interface and multi-interface formation models, to obtain 
the wave mode response pattern under inclined and multiple 
interface conditions. Finally, the main conclusions of this study are 
systematically summarized.

2. Numerical simulation of array acoustic logging based on 
the finite-difference (FD) method

Alford et al. (1974) first  applied the Finite-Difference (FD) to 
simulate acoustic wave propagation in elastic media. Later, 
Stephen et al. (1985) employed this method to simulate the 
acoustic field  in fluid-filled  boreholes, demonstrating the feasi
bility of the FD method for numerical acoustic logging simulations. 
These pioneering works laid the foundation for the widespread 
application of FD techniques in modern elastic wave simulation 
and acoustic logging analysis (Chen et al., 2006; Ma et al., 2019; 
Wang et al., 2003; Yang et al., 2018; Zhao et al., 2007).

2.1. Implementation of the FD algorithm for acoustic logging

This study employs the 3D Staggered-Grid Finite-Difference 
(SGFD) method to simulate acoustic wavefields  (Graves, 1996). 
Based on elastic theory and under the assumption of no external 
forces, the first-order  velocity-stress elastic wave equations in 
Cartesian coordinate system are derived as in Eq. (1). 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂τxy

∂t
= μ
(

∂vx

∂y
+

∂vy

∂x

)

; ρ
∂vx

∂t
=

∂τxx

∂x
+

∂τxy

∂y
+

∂τxz

∂z

∂τyz

∂t
= μ
(

∂vy

∂z
+

∂vz

∂y

)

; ρ
∂vy

∂t
=

∂τyx

∂x
+

∂τyy

∂y
+

∂τyz

∂z

∂τxz

∂t
= μ
(

∂vx

∂z
+

∂vz

∂x

)

; ρ
∂vz

∂t
=

∂τzx

∂x
+

∂τzy

∂y
+

∂τzz

∂z

∂τxx

∂t
= λ
(

∂vy

∂y
+

∂vz

∂z

)

+ (λ + 2μ)
∂vx

∂x

∂τyy

∂t
= λ
(

∂vx

∂x
+

∂vz

∂z

)

+ (λ + 2μ)
∂vy

∂y

∂τzz

∂t
= λ
(

∂vx

∂x
+

∂vy

∂y

)

+ (λ + 2μ)
∂vz

∂z

(1) 

In the equation, x, y, and z are the spatial coordinates; t is the 
time; ρ is the density; λ and μ are the Lam�e coefficients; τii rep
resents the normal stresses, and τij represents the shear stresses; 
vx, vy, and vz are the velocity components.

Z.-Y. Lei, Y. Xin, D. Wu et al. Petroleum Science 23 (2026) 4686–4703

4687



The foregoing equations are discretized using an SGFD scheme 
(Chen et al., 2006). The spatial locations of different physical 
components within a computational octant are shown in Fig. 1. The 
sampling locations for elastic parameters coincide with those of 
normal stress, and the sampling times are staggered between ve
locity and stress components.

Using Taylor expansion, the 2N-order SGFD operator can be 
derived as follows: 

δ2Nf =
1

Δx

∑N− 1

m=0

am

[

f
(

x +
2m + 1

2
Δx
)

− f
(

x −
2m + 1

2
Δx
)]

(2) 

In the equation, δ2Nf is the 2N-order SGFD operator, where am 

represents the SGFD approximation coefficients.  Some of these 
coefficients are listed in Table 1.

By discretizing Eq. (1) using the difference operator in Eq. (2), 
the corresponding difference equation is given by: 

In the equation, the superscript denotes the time step, and the 
subscript denotes the spatial node.

The stress and velocity components in the equations are 
updated iteratively at each time step. Initially, both velocity and 
stress components are set to zero. To ensure algorithm stability 
and minimize numerical dispersion, the spatial and temporal 
step sizes must satisfy the following conditions in three 
dimensions: 
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(
̅̅̅
3

√ ∑N− 1

m=0

|am|

)− 1

(4) 

In the equation, Δt is the time step, Δx is the spatial step, and the 
spatial order is 2N; m is the coefficient index.

To eliminate spurious reflections  from artificial  truncation 
boundaries, a non-splitting Convolutional Perfectly Matched Layer 
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Fig. 1. Spatial locations of physical parameters in the staggered-grid scheme.
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(CPML) is applied at all boundaries (Zhao et al., 2007). Building on 
this algorithm, a FD acoustic wavefield  simulation program was 
developed, incorporating OpenMP-based multithreading to 
improve computational efficiency (Yang et al., 2018). Finally, hor
izontal well formation models were constructed, and numerical 
simulations of acoustic logging were performed.

2.2. Verification of the FD algorithm in acoustic logging

The numerical accuracy of the FD algorithm was validated by 
comparing monopole waveforms generated in isotropic media 
with benchmark solutions obtained using the Real-Axis Integra
tion (RAI) technique.

As shown in Fig. 2, the isotropic formation borehole model 
measures 2.2 m × 1.0 m × 1.0 m, with a grid spacing of 0.0025 m 
and a time step of 0.18 μs. A 30-grid CPML is implemented at each 
boundary to suppress spurious reflections. The borehole, with a 
radius of 0.1 m, is filled with water. The transmitter-receiver (TR) 
spacing is set to 1.5 m. The excitation signal is a Ricker wavelet 
with a time delay of 0.15 ms and a dominant frequency of 10 kHz. 
The formation material properties of model were listed in Table 2.

As illustrated in Fig. 3, the excellent agreement between the RAI 
and FD solutions—including matching phase characteristics, 
highly consistent amplitude profiles,  and reliable wave mode 
identification—not only validates the numerical accuracy but also 
confirms the reliability of our finite-difference implementation.

3. Numerical investigation of formation interface effects on 
horizontal borehole wave modes

When the formation interface is parallel to the borehole axis, 
the first-arrival time of the waveform matches the P-wave travel 
time in the fast formation (Cong and Qiao, 2008). Building on this, 
a borehole embedded in a slow formation, which is surrounded by 
a fast formation is considered, and the wave mode responses are 
systematically investigated as the interface location varies.

3.1. Horizontal well formation model with an interface

Fig. 4 exhibits a horizontal borehole model with a formation 
interface. the numerical model measures 2.2 m × 0.8 m × 1.0 m, 
with a grid spacing of 0.0025 m and a time step of 0.11 μs. A 30- 
grid-thick CPML is applied to suppress spurious reflections.  The 
borehole has a radius of 0.1 m and is filled with water. To inves
tigate the effect of the formation interface, the interface–borehole 
distance (L) is varied from 0.15 m to 0.75 m in 0.05 m increments, 
resulting in a total of 13 distinct models. The material properties of 
the formations used in the simulations are listed in Table 3. Ma
terial property slices in the YZ plane for different models were 

Table 1 
Coefficients for the SGFD approximation.

Spatial order 2N m am

2 0 1
4 0 9/8

1 − 1/24
6 0 75/64

1 − 25/384
2 3/640

Z Y

R

X

Isotropic formation

Borehole axis

Transmitter-receiver (TR) spacing

Receiver

Transmitter

Fig. 2. Schematic of the isotropic formation model with a borehole.

Table 2 
Material properties used in the anisotropic formation model.

Material properties Vp, m/s Vs, m/s ρ, kg/m3

Formation 4000 2300 2200
Borehole fluid 1500 1000
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Fig. 3. Comparison of waveforms computed using the FD and RAI methods.

Z Y R

L

X

Transmitter

Receivers

Borehole axis

Slow formation

Interface

Fast formation

Fig. 4. Horizontal borehole model with a formation interface.

Table 3 
Material properties used in the two-layer formation model.

Material properties Vp, m/s Vs, m/s ρ, kg/m3

Fast formation 6350 3450 2710
Slow formation 4000 2300 2200
Borehole fluid 1500 1000
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generated (Fig. 5) to verify the correctness of material property 
assignments and formation interface positions.

Numerical simulations were performed using the above 
models. A monopole transmitter and a linear array of ten receivers 
are used in the simulations. The minimum TR spacing is set to 1.0 
m, and the receiver-to-receiver spacing is 0.1 m. This generalized 
single-source-multi-receiver geometry is adopted to provide suf
ficient offset sampling for analyzing the first-arrival response and 
borehole wave mode responses. The source signal is a Ricker 
wavelet with a time delay of 0.15 ms and a dominant frequency of 
10 kHz (Su et al., 2022). The recorded signals are the time-domain 
full-waveforms of the stress response at each receiver location. 
The analytical form of the Ricker wavelet is shown in Eq. (5) and 
the source and recorded waveforms are shown in Fig. 6. 

s(t) =
[
1 − 2π2f 2

0 (t − t0)
2
]
e
[
− π2f 2

0 (t− t0)
2
]

(5) 

In the equation, f0 is the dominant frequency and t0 is the time 
delay.

Fig. 6(a) illustrates the source waveform generated using Eq. 
(5), while Fig. 6(b) shows the recorded array acoustic full- 
waveforms simulated using the FD method for L= 0.30 m model. 
We extracted three key attributes: propagation velocities (Vp, Vs), 
relative energy amplitudes, and dominant frequencies of P- and 
S-wave modes. These parameters enable a comprehensive 

investigation of the effects of formation interface position on 
acoustic propagation characteristics.

3.2. Velocity response to formation interfaces

Waveforms from adjacent receivers were grouped into over
lapping three-receiver sets (TR1.0–TR1.1–TR1.2, TR1.1–TR1.2–TR1.3, 
…) to construct a series of single-transmitter, three-receiver 
datasets. P- and S-wave velocities were then extracted using the 
slowness-time coherence (STC) method. For each three-receiver 
set, the STC-derived velocity was assigned to the midpoint TR 
spacing (Fig. 7(a)), for example, the velocity obtained from 
TR1.0–TR1.1–TR1.2 array data represents the value at TR = 1.1 m. 
This approach enhances the stability of the velocity estimates 
while preserving the TR resolution, enabling velocity variations to 
be examined with respect to both L and TR spacing.

The comprehensive results are presented in Fig. 7(b), where 
each curve represents a TR spacing, and the results from multi- 
layer models are distinguished by different line styles, colors, 
and symbols. As shown in the figure, when L is small, the measured 
P-wave velocity in the borehole is approximately 6100 m/s (close 
to the P-wave velocity of the fast formation). As L increases, the P- 
wave velocity gradually decreases and then stabilizes at 4000 m/s 
(close to the P-wave velocity of the slow formation). Furthermore, 
the L corresponding to the velocity transition increases with TR. 
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This demonstrates that the investigation depth of the P-wave in 
acoustic logging increases with TR spacing. Conversely, the S-wave 
velocity remains stable approximately 2300 m/s (close to the S- 
wave velocity of the slow formation). This stability indicates that 
the S-wave exhibits minimal response to variations in L values.

To better visualize the variations of characteristic parameters 
with L and TR, we performed two-dimensional interpolation of the 
parameter array in the TR–L domain and represented the results 
using a color scale. This visualization is referred to as the TR–L 
spectrum.

Fig. 7(c) shows the TR–L spectrum of P-wave velocity. The 
spectrum exhibits a distinct linear boundary separating the high- 
velocity (yellow) and low-velocity (blue) regions, indicating a 
linear relationship between P-wave investigation depth and TR 
spacing. The TR–L spectrum of S-wave velocity in Fig. 7(d) shows 
no distinct variation pattern with TR or L. In summary, the for
mation interface exerts a significant influence on P-wave velocity 
but has negligible effect on S-wave velocity.

3.3. Energy response to formation interfaces

The first-arrivals of P- and S-waves are used to determine the 
start positions of the time windows. Each wave mode segment, 
with a window length of 1.5 periods, is extracted from the full- 
wave signal (Fig. 8). The energy of each wave mode segment 
within the window is calculated according to Eq. (6), by accounting 
for the contribution of each sample point. 

E=

(
∑n

i=1

A2
i

)

⋅ n− 1 (6) 

In the equation, E is the energy, A is the amplitude, n is the 
sample point number of the waveform in the windows, and i is the 
sample point index.
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We extracted the P-wave and S-wave energies at each TR 
spacing from models with varying L values. This yields the 
energy–TR relationships for both wave modes across all models. In 
homogeneous isotropic formations, the energies of P- and S-waves 
typically decay exponentially with increasing TR spacing (Tang and 
Cheng, 2004).

However, the adjacent formation interface alters the energy 
decay behavior in horizontal wells, resulting in a deviation from 
the exponential trend. Fig. 9 shows the variation of P-wave energy 

with TR spacing and L. Fig. 9(a) reveals a non-monotonic variation 
of P-wave energy as a function of TR spacing, characterized by an 
initial increase followed by decay, forming a distinct peak. The 
peak position systematically shifts toward larger TR values as L 
increases. Meanwhile, the peak feature gradually diminishes, and 
the energy decay becomes monotonic, eventually approaching the 
exponential decay characteristic of homogeneous media. As 
shown in Fig. 9(b), the P-wave energy decay for the L= 0.75 m 
model (red curve) closely matches that of the isotropic model 
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(purple curve). Fig. 9(c) shows the variation of P-wave energy with 
L for different TR spacings, with each curve representing a specific 
TR spacing. The figure indicates that each curve exhibits an energy 
peak, which shifts along the L-axis as TR increases. Fig. 9(d) pre
sents the TR–L spectrum of P-wave energy, with color representing 
the energy magnitude. The spectrum peak exhibits a clear linear 
TR–L relationship. Fig. 9(e) illustrates the linear fit between TR and 
L at the spectrum peak, with the fitted relationship given in Eq. (7). 

L=0:2172⋅TR + 0:0534 R2 = 0:9942 (7) 

In the equation, L is the distance from the formation interface to 
the borehole axis, TR is the transmitter-receiver spacing, and R2 is 
the coefficient of determination.

Fig. 10 illustrates the S-wave energy variation pattern with 
increasing TR spacing and varying L values. As shown in Fig. 10(a), 
when L < 0.50 m, the formation interface at different positions 
affects the S-wave energy decay and induces fluctuations  in the 
decay curve. However, the overall trend still follows an exponen
tial decay. When L > 0.50 m, the fluctuations in the S-wave energy 
decay curve diminish. The decay trend stabilizes and gradually 
approaches the exponential behavior characteristic of an isotropic 
medium. As shown in Fig. 10(b), the S-wave energy decay trend for 
the L = 0.75 m model (orange curve) closely matches that of the 
isotropic medium (blue curve). In Fig. 10(c), the S-wave also shows 
an energy peak similar to that of the P-wave, though less pro
nounced. Meanwhile, the peak gradually shifts along the L-axis 

with increasing TR. Fig. 10(d) faintly exhibits a general linear trend 
in the S-wave energy TR–L spectrum.

In summary, the formation interface significantly  affects P- 
wave energy, while its effect on S-wave energy is comparatively 
weaker. A plausible contributing factor is that the refracted S- 
wave (shear head wave) energy is more concentrated near the 
borehole wall, implying a shallower effective investigation 
depth; therefore, the S-wave energy response to an external 
formation interface may be weaker and less distinguishable than 
that of the P-wave (Wang et al., 2020). Building on these results, 
we propose a first-arrival-based interface detection concept: the 
interface position can be inferred by exploiting the quantitative 
relationship between the P-wave energy peak, the interface dis
tance, and the TR spacing. However, this detection method is 
exclusively applicable to near-borehole configurations  in which 
the borehole is located in a slower formation adjacent to a faster 
outer formation (i.e., Vp, out>Vp, in). For the reversed velocity 
contrast (Vp, out<Vp, in), the first-arrival becomes weakly sensitive 
to the outer slower formation, the method is no longer suitable 
for such scenarios.

3.4. Frequency response to formation interfaces

To examine the influence  of formation interfaces on wave 
mode frequency characteristics, we extracted the dominant fre
quencies of P-waves and S-waves. First, the wave segments (Fig. 
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8) were windowed using a Hann function. The segments were 
then zero-padded to an appropriate length. Subsequently, the 
extended waveform segments were transformed into the fre
quency domain using FFT. The dominant frequency of each wave 
mode was determined by identifying the frequency at the half- 
power point of its spectrum. The relationship between the 
dominant frequencies of P- and S-waves and L and TR spacing is 
shown in Fig. 11.

Fig. 11(a) shows the variation of P-wave dominant frequency 
with L for different TR spacings. Each curve, distinguished by 
color, represents the P-wave frequency for a specific TR spacing. 
The P-wave dominant frequency exhibits a distinct oscillatory 
behavior caused by the formation interfaces. For small L, the P- 
wave frequency is relatively low, around 11 kHz. As L increases, 
the frequency gradually rises while exhibiting oscillations. When 
L exceeds a threshold, the dominant frequency stabilizes at 
approximately 13 kHz. This phenomenon is more clearly 
observed in the P-wave dominant frequency TR–L spectrum (Fig. 
11(b)), which exhibits distinct color bands and a clear linear 
relationship between L and TR. Fig. 11(c) shows the relationship 
between the S-wave dominant frequency and L for different TR 
spacings. The S-wave frequency oscillates primarily between 11 
and 15.5 kHz, exhibiting no clear correlation with L variations. 
The S-wave dominant frequency TR–L spectrum in Fig. 11(d) also 
shows no distinct variation pattern with L or TR spacing.

In summary, the formation interface exerts a significant influ
ence on the P-wave dominant frequency, whereas its impact on 
the S-wave dominant frequency is relatively minor.

4. Mechanism analysis of formation interface effects on 
wave modes

Building on the previous findings, the formation interface ex
erts a more significant influence on P-wave characteristics than on 
S-wave characteristics. To elucidate the underlying physical 
mechanisms, we analyzed XZ-plane stress wavefield snapshots at 
successive propagation times (t) across models with varying L 
values. The grayscale visualizations of stress wave intensity illus
trate how P-wave propagation dynamics evolve with interface 
proximity and wavefront advancement. Analysis of wavefield 
patterns under different (L, t) conditions reveals how interface 
interactions govern P-wave behavior in the borehole environment.

4.1. Influence mechanism of horizontal interfaces

Fig. 12 presents wavefield snapshots at t = 0.534 ms for two- 
layer models with different L values. After being excited by the 
transmitter, elastic waves propagate through the borehole wall 
and the slow formation before reaching the fast formation. This 
process produces two distinct types of P-waves (red and blue 

0.15 0.25 0.35 0.45 0.55 0.65 0.75
10

12

14

16

18

Fr
eq

ue
nc

y,
 k

H
z

0.15 0.25 0.35 0.45 0.55 0.65 0.75
6

8

10

12

14

16
Fr

eq
ue

nc
y,

 k
H

z

L, m L, m

L, mL, m

TR = 1.0 m
TR = 1.2 m
TR = 1.4 m
TR = 1.6 m
TR = 1.8 m

TR = 1.1 m
TR = 1.3 m
TR = 1.5 m
TR = 1.7 m
TR = 1.9 m

TR = 1.0 m
TR = 1.2 m
TR = 1.4 m
TR = 1.6 m
TR = 1.8 m

TR = 1.1 m
TR = 1.3 m
TR = 1.5 m
TR = 1.7 m
TR = 1.9 m

0.2 0.3 0.4 0.5 0.6 0.7

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0.8

0.9

1.0

1.2

1.3

1.4

TR
 s

pa
ci

ng
, m

1.0

1.9

0.2 0.3 0.4 0.5 0.6 0.7

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

TR
 s

pa
ci

ng
, m

1.1

1.2

1.3

1.4

1.5

1.6
×104

×104

1.0

1.9

(a) (b)

(c) (d)

Fig. 11. Wave mode dominant frequency dependence on TR spacing and L. (a) Variation of P-wave frequency with L at different TR spacings; (b) TR–L spectrum of P-wave 
frequency; (c) variation of S-wave frequency with L at different TR spacings; and (d) TR–L spectrum of S-wave frequency.

Z.-Y. Lei, Y. Xin, D. Wu et al. Petroleum Science 23 (2026) 4686–4703

4694



curve). The first  are slow refracted P-waves generated at the 
borehole wall by waves propagating through the slow formation. 
The second are fast refracted P-waves formed at the formation 
interface by waves in the fast formation, which subsequently 
generate secondary fast refracted waves at the borehole wall. For 
clarity, these are referred to as slow P-waves and fast P-waves, 
respectively. Both wave types are eventually detected within the 
borehole, and their relative arrival times and amplitudes provide 
critical information about the formation interface position.

Fig. 12(a) shows the stress wavefield for the model with L = 0.20 
m. At this time, the first-arrival recorded in the borehole corre
sponds to the fast P-wave excited from the fast formation on one 
side. In the grayscale image, this waveform appears in light gray, 
indicating a relatively low amplitude. Fig. 12(b) shows the wavefield 
for the model with L = 0.35 m. At this time, the fast and slow P- 
waves overlap in the borehole, coinciding at the first-arrival. The 
wavefield exhibits a marked increase in grayscale intensity at the 
overlap point, indicating that the in-phase superposition of the two 
waves leads to significant  amplitude enhancement. Additionally, 
slight variations in the widths of the light and dark bands at the 
first-arrival suggest a phase shift between the overlapping wave
forms, potentially causing fluctuations in the dominant frequency. 
Fig. 12(c) shows the wavefield for the model with L = 0.50 m. At 
this time, the first-arrival in the borehole corresponds to the slow P- 
wave propagating from the slow formations on both sides. Its 
waveform appears more prominent than that of the fast P-wave, 
reflecting a higher signal amplitude at the first-arrival.

A receiver is placed at 1.4 m along the X-axis, and P-wave 
segments at TR = 1.3 m are extracted for various L values to 
compare the trends in velocity, energy, and dominant frequency. 
Fig. 13 exhibits the variations in P-wave characteristic parame
ters with L at TR = 1.3 m, the extraction procedure of the 
first-arrival segments is described in Section 3.3.

Fig. 13(a) shows the P-wave segments for different L values at 
TR = 1.3 m. The axes represent the time and amplitude of the P- 
wave segment at L = 0.35 m. The remaining curves are vertically 
and horizontally offset. Based on the arrival time, amplitude, and 
dominant frequency of the extracted first-arrival segments, the 
waveforms are classified as fast and slow P-waves, and the iden
tified types are labeled in figure for clarity. Noticeable amplitude 
variations, peak splitting, and waveform broadening are observed, 
indicating corresponding variations in both the energy and 
dominant frequency of P-waves as L increases.

Fig. 13(b) shows the variation in normalized P-wave velocity, 
energy, and dominant frequency with L at TR = 1.3 m. In figure, the 
green, blue, and yellow curves represent normalized velocity, en
ergy, and dominant frequency, respectively. When L < 0.25 m, the 
first-arrival velocity corresponds to that of the fast P-wave. In this 
range, P-wave energy remains relatively low, and the dominant 
frequency is nearly constant. At L = 0.35 m, the first-arrival velocity 
lies between the fast and slow P-wave velocities. P-wave energy 
reaches its maximum, and notable fluctuations  in dominant fre
quency are observed on either side of this location. These variations 
indicate the overlap of the two wave modes at this moment. When L 
> 0.45 m, the first-arrival corresponds to the slow P-wave. In this 
range, the P-wave energy remains relatively high, and the dominant 
frequency gradually stabilizes. Additionally, near L = 0.25 m and 
0.45 m, a reduction in dominant frequency accompanied by an in
crease in energy suggests interference between the fast and slow P- 
waves. This interpretation is supported by the peak splitting (L =
0.25 m) and waveform broadening (L = 0.45 m) observed in Fig. 
13(a). Mode conversion between the two wave types occurs 
within this interval. Fig. 13(c) presents the P-wave mode conversion 
interval for TR = 1.1–1.9 m. Across different TR spacings, the P-wave 
characteristic parameters exhibit consistent trends with L. However, 
the L thresholds used to distinguish the first-arrival components are 
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TR-dependent and increasing in a near-linear trend as the TR 
spacing increases. This phenomenon is consistent with the results 
observed in the wavefield snapshots.

The above analytical results are consistent with the wavefield 
snapshot observations, providing mutual validation for the wave 
mode response characteristics. To further investigate the 

conversion mechanism between fast and slow P-waves, wavefield 
snapshots of the model with L = 0.30 m at various time steps are 
shown in Fig. 14.

At t = 0.406 ms, the slow P-wave constitutes the first-arrival in 
the borehole (Fig. 14(a)). At t = 0.502 ms (Fig. 14(b)), the fast P- 
wave overtakes the slow P-wave, and the two overlap, jointly 
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constituting the first-arrival. At t = 0.614 ms (Fig. 14(c)), the fast P- 
wave completely overtakes the slow P-wave and becomes the 
dominant component of the first-arrival.

This suggests that even within a single model, the first-arrival 
composition evolves over time. With increasing propagation 
time, the fast P-wave gradually overtakes the slow P-wave and 
becomes the first-arrival in the borehole. Consequently, the slow 
P-wave is mainly observed at near-receiver positions, whereas the 
fast P-wave dominates at larger offsets.

4.2. Influence mechanism of small-angle dipping interfaces

A small dip angle is assumed for the formation interface, and 
the interface is fixed near the borehole and does not intersect the 
borehole, as shown in Fig. 15. The distance from the transmitter to 
the interface in the Z direction is fixed at L = 0.40 m. The formation 
is rotated about point T’, and the dip angle (α) is set to − 6◦, − 4◦, 
− 2◦, 0◦, 2◦, 4◦, and 6◦. The model extends to 2.6 m in the X 

direction, and the minimum receiver offset is set to 0.8 m. All other 
parameters remain identical to those used in the horizontal- 
interface model.

Fig. 16 shows wavefield snapshots at t = 0.566 ms for inclined- 
interface models with different dip angles. The snapshots indicate 
that, at a fixed L, the interface dip angle affects the timing at which 
the P-wave first-arrival transition occurs. When α < 0◦, a larger dip 
angle leads to an earlier arrival of the fast P-wave, and the first- 
arrival is the fast P-wave. When α > 0◦, a larger dip angle delays 
the arrival of the fast P-wave, and the first-arrival is the slow P- 
wave.

The P-wave velocity was extracted, and the variation of P-wave 
velocity with TR for different dip angles is shown in Fig. 17. As 
indicated in Fig. 17(a), the overall P-wave velocity increases from 
low to high with increasing TR and finally stabilizes at a high value. 
However, this overall trend is modulated by the dip angle: When α 
< 0◦, a larger dip angle results in a higher stabilized velocity, which 
can even exceed the fast formation value specified in the model (α 
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= − 6◦, Vp > 6500 m/s). When α > 0◦, a larger dip angle leads to a 
lower stabilized velocity, falling below the slow formation value 
specified in the model (α = 6◦, Vp < 5500 m/s).

Fig. 17(b) presents the TR–angle spectrum of P-wave velocity, 
which is separated into two zones by distinct color bands. The 
upper yellow zone corresponds to the fast formation velocity, 
whereas the lower blue zone corresponds to the slow formation 

velocity. With increasing dip angle, the color in the fast formation 
zone gradually becomes lighter, indicating that the corresponding 
velocity decreases as the dip angle increases.

Fig. 18 shows the P-wave propagation paths in the fast forma
tion for different interface dip angles, which account for the ve
locity deviation discussed above. After excitation by the 
transmitter, the wave propagates in the borehole fluid and enters 
the slow formation across the borehole boundary, and then rea
ches the interface. A head wave (critically refracted P-wave) is 
generated at the interface and propagates along it at approxi
mately the P-wave velocity of the fast formation. Part of its energy 
returns from the interface into the slow formation and borehole 
and is recorded by the receivers. Therefore, the effective path 
segment from the interface to the borehole boundary near each 
receiver differs. These two segments are labeled as A1B1 and A2B2 
in Fig. 18.

In Fig. 18(a), with α < 0◦, the interface dip angle leads to A1B1 > 
A2B2. Therefore, the measured P-wave time difference between the 
two receivers becomes smaller, resulting in an overestimated ve
locity. Similarly, in Fig. 18(b), with α > 0◦, A2B2 > A1B1. The 
measured P-wave time difference becomes larger, leading to an 
underestimated velocity. Accordingly, for a near-borehole interface 
with a small dip angle, mode conversion of the first-arrival still 
occurs. However, the dip angle can introduce a systematic bias in 
the estimated velocity of the fast formation. Therefore, the interface 
dip angle should be explicitly considered in the velocity-correction 
procedure.
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Fig. 19. Schematic of the three-layer formation model with an interlayer.

Table 4 
Material properties used in the three-layer formation model.

Material properties Vp, m/s Vs, m/s ρ, kg/m3

Fast formation 6350 3450 2710
Interlayer 5100 2900 2500
Slow formation 4000 2300 2200
Borehole fluid 1500 1000
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In summary, the first-arrival composition in the borehole 
consistently exhibits a slow-to-fast P-wave transition pattern, 
observed both temporally within individual models and spatially 
among models with different L values. Specifically, P-waves 

associated with the fast outer formation progressively overtake 
those in the slow inner formation, arriving earlier at borehole re
ceivers. This process is primarily controlled by the formation 
interface position: closer interfaces cause earlier wave overlap, 
whereas increasing interface distance delays the overtaking pro
cess. If the interface is sufficiently distant, overtaking is completely 
suppressed. During this transition, constructive interference be
tween the two waves leads to amplitude superposition, resulting 
in a significant increase in the total P-wave energy. Simultaneously, 
phase differences between the two waves cause destructive 
interference, leading to noticeable fluctuations  in the dominant 
frequency. Moreover, when the near-borehole interface has a small 
dip angle, mode conversion of the first-arrival still occurs. How
ever, the dip angle can systematically bias the estimated P-wave 
velocity of the fast formation. A negative dip tends to advance the 
fast P-wave arrival and yield an overestimated velocity, whereas a 
positive dip delays the fast P-wave arrival and yields an under
estimated velocity. Therefore, the interface dip angle should be 
explicitly considered in the velocity-correction procedure.

5. Formation interface effects on horizontal borehole wave 
modes under multi-interface conditions

The previous analysis examined the mechanism of formation- 
interface influence  on borehole wave modes based on a two- 
layer model. Building on this analysis, a three-layer horizontal 
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well formation model was developed to examine the effects of 
multi-interface coupling on borehole wave mode responses.

Building on the two-layer model, a three-layer formation 
model was developed by introducing an interlayer between the 
fast and slow formations. The interlayer forms Interface 1 with the 
slow formation, and Interface 2 with the fast formation (see Fig. 
19). Its wave velocity is intermediate between those of the fast 
and slow formations, and its material properties are listed in Table 
4. In the simulation, Interface 1 was fixed at L1= 0.30 m, while the 
interlayer thickness (H) was varied from 0.15 to 0.40 m with 0.05 m 
increments, corresponding to L2 values of 0.45 to 0.70 m. To ensure 
sufficient detection depth of borehole wave modes, the maximum 
TR spacing was increased to 3.0 m, and the dominant frequency of 
the transmitter was set to 10 kHz.

Fig. 20 illustrates wavefield snapshots at various time steps for 
interlayer thicknesses of H = 0.15 m and 0.40 m.

The results indicate that, for a thin interlayer (as seen in Fig. 
20(a)), the borehole first-arrival transitions directly from the 
slow P-wave (red curve) to the fast P-wave (blue curve) as prop
agation time increases. The interlayer P-wave (yellow curve) only 
becomes discernible at larger TR spacings, when the P-wave 
components are separated, and appears between the slow and fast 
P-waves. With a thicker interlayer (as seen in Fig. 20(b)), the first- 
arrival initially transitions from the slow P-wave to the interlayer 
P-wave before finally transitioning to the fast P-wave.

According to the preceding theoretical analysis, when the 
interface is sufficiently  distant, the P-wave originating from the 
outer fast formation cannot overtake that from the inner slow 
formation before it reaches the receiver. In this case, Interface 1 
remains fixed, thus keeping constant the overtaking time (t1) of 
the interlayer P-wave relative to that of the slow P-wave. As 
Interface 2 moves farther away, the arrival time of the fast P-wave 
(t2) is delayed. The interlayer P-wave becomes the borehole first- 
arrival once t2 > t1 (Fig. 21).

The TR–L spectrum of P-wave parameters in Fig. 22 validates 
the previously described process, where L denotes the distance 
from Interface 2 to the borehole axis (L2). Variations in P-wave 
velocity, dominant frequency, and energy produce three distinct 
boundaries in the figure, which indicate P-wave mode conversions 
induced by multiple formation interfaces. These boundaries are 
distinguished by distinct colors: the purple solid line denotes the 
conversion from the interlayer P-wave to the fast P-wave; the red 
dashed line denotes the transition from the fast P-wave to the slow 
P-wave; and the black long-dashed line denotes the transition 
from the interlayer P-wave to the slow P-wave. By these bound
aries, the TR–L spectrum is divided into several regions.

The triangular region in the upper left represents the fast for
mation, characterized by a P-wave velocity greater than 6000 m/s, 
a steady dominant frequency of approximately 13.5 kHz, and 
relatively low energy. The triangular region in the right center 
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represents the interlayer, with a P-wave velocity of approximately 
5100 m/s. Resulting from mode conversions with the fast and slow 
formation P-waves, its dominant frequency is oscillatory and 
relatively low, while its energy fluctuates due to interference from 
overlapping waveforms. The bottom rectangular region (TR < 1.6 
m) represents the slow formation, characterized by a low P-wave 
velocity of approximately 4200–4600 m/s, a stable dominant fre
quency near 15 kHz, and locally enhanced energy resulting from 
constructive interference during mode conversions.

Furthermore, when Interface 1 is fixed, variations in interlayer 
thickness (H) have no effect on the time of overlap between the 
slow and interlayer P-waves. Consequently, the TR value corre
sponding to the black boundary remains constant and exhibits a 
horizontal trend. The interlayer-fast and fast-slow P-wave con
versions exhibit inclined trends as the interlayer thickness in
creases (i.e., as Interface 2 moves farther from the borehole axis), 
consistent with the P-wave mode conversion patterns observed in 
the two-layer model.

A fast-interlayer model was constructed by interchanging the 
material properties between the fast formation and the interlayer. 
Wavefield snapshots for this model are shown in Fig. 23.

The figure  illustrates that as propagation time increases, the 
fast-interlayer P-wave overtakes the slow P-wave and emerges as 
the first-arrival. In contrast, the slower outer-formation P-wave 
does not participate in this process. The relationship between P- 
wave velocity and TR in Fig. 24 further validates this behavior: as 
TR increases, the first-arrival velocity increases from approxi
mately 4000 m/s (slow-formation P-wave) to about 6000 m/s 
(fast-interlayer P-wave) before stabilizing, exhibiting a pattern 
consistent with that of the two-layer model.

In summary, the response characteristics of P-waves under the 
coupling effects of multiple interfaces were revealed through 
wavefield  and TR–L spectrum analyses of multilayer formation 
models. These results further validate the mechanism by which 
formation interfaces influence borehole wave modes.

6. Conclusions

This study conducted numerical simulations to investigate the 
influence of adjacent formation interfaces on acoustic wave modes 
in horizontal wells. The effects of the interfaces on the velocity, 
energy, and dominant frequency of borehole wave modes were 
systematically analyzed. Wavefield  snapshots were analyzed to 
elucidate the underlying mechanisms governing interface-induced 

variations in acoustic wave propagation. The main findings  are 
summarized as follows:

The effect of the adjacent formation interface on borehole wave 
modes is primarily attributed to the mode conversion occurring in 
the first-arrivals, which predominantly influences  P-wave char
acteristics—including velocity, energy, and dominant fre
quency—while exerting a relatively minor impact on S-waves.

The mode conversion of the first-arrival is primarily governed 
by the dynamic interaction between fast and slow P-waves from 
different formations, in which the fast P-wave overtakes the slow 
P-wave. This process is largely governed by the formation interface 
distance and interface dip angle, with the overlap time of the two 
waves positively correlated with it.

Variations in borehole first-arrival velocity arise from the 
conversion between the fast and slow P-waves across the forma
tion interface. During mode conversion, constructive interference 
locally increases P-wave energy, and the dominant frequency os
cillates. The effects of interface distance and TR spacing on wave 
mode velocity, energy, and dominant frequency were summarized.

The TR spacing at which the two waves interfere shows a linear 
relationship with both the interface distance and dip angle. 
However, the dip angle can bias the estimated P-wave velocity of 
the fast formation: a negative dip angle leads to an overestimation 
of the velocity, whereas a positive dip angle results in an under
estimation. This bias primarily stems from the variations in wave 
propagation path lengths induced by the interface inclination. 
Therefore, it should be included in the velocity-correction 
procedure.

Borehole wave mode responses under multi-interface coupling 
conditions can be regarded as the superposition of first-arrival 
mode conversions between adjacent formations. The behavior of 
wave mode parameters in this process is consistent with the 
theoretical predictions.

In future work, physical experiments on formation models with 
near-borehole interfaces will be conducted, and quantitative re
lationships may be established by incorporating the interface po
sition, acoustic impedance contrast between formations, and P- 
wave characteristic parameters. Such relationships would enable 
more accurate extraction and correction of wave mode slowness 
and amplitude attenuation for horizontal well acoustic logging.
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