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Grouting is a widely used method for addressing the issue of karst caves in 
geotechnical engineering. However, the extent and reinforcement effectiveness 
of grout after injection remain unclear in practical applications. To evaluate 
the grouting effect in karst caves, time-lapse seismic full waveform inversion 
(FWI) was employed in a series of field tests in Guizhou Province. The FWI 
results indicate that the horizontal range of the cave extends from 15 m to 25 m, 
with a depth range of 6 m–12 m. These findings are consistent with the drilling 
results, which show a burial depth of 6.2 m–12.4 m. The experimental results 
demonstrate that FWI can accurately determine the location and size of karst 
caves. The dispersion energy image of surface waves provides valuable input 
for the initial FWI model. The karst cave was also detected after grouting, and 
a wave velocity difference map was obtained. The results suggest that time-
lapse FWI is more effective than direct inversion in eliminating the influence 
of the surrounding environment and highlighting changes in the slurry. The 
solidification range of the slurry after the second grouting closely matches the 
shape of the karst cave, suggesting that the cave has been completely filled 
with slurry. This conclusion is further supported by the drilling and subsequent 
construction results. Additionally, a comparison of the S-wave and P-wave 
inversion results shows that S-waves velocity models are more accurate than 
P-wave ones. These findings provide valuable insights for grouting detection in 
practical engineering applications.
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 1 Introduction

The random distribution of karst caves is a common geological hazard in karst 
regions. If the location and size of karst formations are not identified promptly during 
tunnel excavation, it can lead to geological disasters such as collapses and water inrushes 
(Wang et al., 2020). Grouting is a widely used method to address karst caves; however, 
it is a hidden process. The precise location and reinforcement status of the grout after
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FIGURE 1
Flowchart of time-lapse FWI.

application are often unknown (Li et al., 2024). Therefore, there is 
an urgent need for methods that can effectively detect the location 
of karst caves and assess the effectiveness of grouting.

Geophysical exploration is the primary method for advanced 
detection of karst caves in tunnel engineering (Wang et al., 
2020; Lou et al., 2023; Liu D. et al., 2024; Liu Y. H. et al., 2024; 
Huang J. P. et al., 2023). Seismic exploration, due to its long detection 
range and ease of construction, has gradually become one of 
the most popular detection methods (Xue et al., 2021). Recent 
improvements in seismic exploration, such as the use of ellipsoid 
positioning velocity analysis, have been applied to the advance 
geological prediction of the Hei-song-yi Tunnel (Gao et al., 2023). 
The results demonstrate that this method can effectively identify the 
degree of surrounding rock fragmentation and detect unfavorable 
geological features such as karst caves ahead of the tunnel face. 
However, most seismic data processing methods primarily rely 
on wave velocity information, overlooking the vast potential 
provided by amplitude and phase data, which limits detection
accuracy.

Full waveform inversion (FWI) is a prominent imaging 
technique in seismic exploration. It inverts the physical properties 
of subsurface media by analyzing the complete waveform data of 
seismic waves (Krampe et al., 2019; Kwon et al., 2015; Alkhalifah, 
2016). Unlike traditional inversion methods, FWI utilizes both 
amplitude and phase information, significantly improving the 
accuracy and resolution of imaging (He et al., 2020; da Costa et al., 
2019). Sirgue (Sirgue et al., 2008) successfully applied three-
dimensional frequency-domain FWI to the oil and gas industry, 
demonstrating for the first time that FWI can recover high-
frequency structures by using industrial seismic data. Subsequently, 
numerous researchers have introduced various improvements to the 

FWI method, enhancing its inversion speed and detection accuracy 
(Thiel et al., 2019; Liu et al., 2021; Vigh et al., 2023; Jiang et al., 2024; 
Huang and Schuster, 2017; Cai and Zhang, 2016; Wu and Alkhalifah, 
2017). These advancements have made FWI become one of the 
research hotspots in the field of geophysical inversion algorithm.

Time-lapse seismic exploration is widely used in the oil and 
gas industry (Fu and Innanen, 2022; Keating and Innanen, 2024; 
Kotsi et al., 2019; da Silva et al., 2024; Raknes and Arntsen, 2014; 
Huang et al., 2020; Li et al., 2021). By analyzing data differences from 
various stages of oilfield development, time-lapse seismic methods 
monitor reservoir dynamics and guide subsequent oil extraction 
efforts (Egorov et al., 2017). Compared to traditional seismic 
methods, time-lapse seismic exploration offers greater resistance to 
environmental interference (Chen et al., 2008). Consequently, many 
scholars have integrated time-lapse seismic exploration with FWI, 
resulting in the development of time-lapse FWI methods. Practical 
applications have demonstrated that this method effectively removes 
the influence of surrounding strata, thereby highlighting changes 
of oil during the mining process. Although the application 
fields of grouting monitoring and oil exploitation monitoring 
differ, their underlying principles are similar (Xiong and Lumley, 
2025). Therefore, time-lapse FWI can effectively eliminate the 
influence of the formation environment, highlighting the effects of 
slurry on the seismic waveform and thereby improving detection
resolution.

Guizhou Province, known for its karst landscape and abundance 
of karst caves, presents significant challenges for tunnel and road 
construction. To assess the feasibility of time-lapse FWI for karst 
grouting detection, a field test was conducted in Guizhou Province. 
The results of this test will offer valuable insights for grouting 
treatment in karst environments.
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FIGURE 2
Site tests (a) a diagram depicting the survey (b) pictures of the karst cave grouting.

2 Theory and methods

2.1 Surface wave methods

The surface wave method has become one of the most 
commonly used techniques in engineering geophysical exploration 
due to its high efficiency and convenience. Surface waves exhibit 
dispersion characteristics, with propagation depth depending on the 
frequency. The basic process of the surface wave method involves 
exciting surface waves within a specific frequency range using, 
for example, a hammering technique, followed by the separation 
of Rayleigh waves through amplitude spectrum analysis. This 
allows for the interpretation of subsurface formation distribution. 
While surface waves are typically characterized by fast attenuation 
and shallow propagation depths, which often result in their 
removal as noise in traditional geophysical data processing, 
they are particularly useful for geotechnical detection. Surface 

waves mainly propagate near the surface and have a higher 
signal-to-noise ratio, making them more advantageous in this
context.

The two most commonly used data acquisition and 
processing methods for surface waves are the surface wave 
spectrum analysis method and the multichannel analysis of 
surface waves (MASW). In particular, the multi-channel surface 
wave analysis method, with its high acquisition efficiency and 
resolution, has become widely adopted in site stratification
work.

However, a key assumption in traditional surface wave data 
processing is that of horizontal stratigraphy—specifically, the 
assumption that the strata in the test site are absolutely horizontal, 
without any undulations. In a layered model, surface-wave phase 
velocity Vph is determined by a function D in a nonlinear, implicit 
form as Equation 1 (Pan et al., 2019).

D(Vph( f),m) = 0 (1)
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FIGURE 3
Dispersion image of surface wave method.

FIGURE 4
Inversion results of P-wave (a) initial model (b–d) results with 
frequency of 20 Hz, 30 Hz and 40 Hz.

where f  represents frequency and m represents the elastic model 
parameters as a function of depth (1D).

The surface wave phase velocity can be acquired by solving 
Equation 1. In MASW, we aim at minimizing the misfit 
between synthetic and observed dispersion curves, which can be 
written as Equation 2.

ΦMASW(m) =
1
2
∑

f
‖Vsyn

ph ( f) −Vobs
ph ( f)‖

2
, (2)

where, Vsyn
ph ( f) and Vobs

ph ( f) are the synthetic and observed phase 
velocities, respectively. Then the dispersion can be extracted 
and inverted.

This assumption enhances computational efficiency and 
works well for many engineering applications involving layered 
strata (Bohlen et al., 2004; Ikeda et al., 2013). Nevertheless, 
this assumption limits the method’s applicability to more 
complex, non-horizontal strata media, particularly when 
detecting non-layered underground anomalies such as isolated 
rocks, karst caves, or pile foundations (Socco et al., 2009;
Di Fiore et al., 2016). 

2.2 Full waveform inversion

Compared to traditional surface wave data processing methods, 
FWI leverages both amplitude and phase information from seismic 
wave data, significantly enhancing its resolution. Additionally, FWI 
does not rely on the assumption of horizontal strata and is directly 
solved using the wave equation, addressing a key limitation of 
traditional surface wave methods. While much of the research on FWI 
has focused on the inversion of body waves, there has been limited 
exploration of joint inversion involving both surface and body waves. 

The wave equations for elastic waves in 2D media described by 
coordinates x and z are given by Equations 3–7.

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2025.1616895
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xing et al. 10.3389/feart.2025.1616895

FIGURE 5
Inversion results of S-wave (a) initial model (b–d) results with frequency of 20 Hz, 30 Hz and 40 Hz.
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FIGURE 6
Relative error during the process of FWI.
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where τxx, τxz  and τzz  are the components of stress, μ and λ are lame’s 
coefficients, b is the specific density, Vx and V z  are particle velocity. 
The objective function is given by Equation 8.

Φ = 1
2
∑
s,xr

∫
T

0
‖usyn(t,xr;S) − uobs(t,xr; s)‖

2dt, (8)

where T is the maximum recording time, xr  is the geophone, s
is the source, uobs is the observed waveform, usyn is the synthetic
waveform.

Seismic wavelet estimation is a critical step in seismic data 
preprocessing. Initially, the Green’s function is derived by assuming a 
seismic wavelet and performing forward modeling in the frequency 
domain. Next, the seismic data is deconvolved using the Green’s 
function to estimate the seismic wavelet. Finally, the estimated 
wavelet is transformed from the frequency domain to the time 
domain via an inverse Fourier transform.

An inappropriate initial model can easily lead to inversion 
into a local minimum, reducing the accuracy of the result. To 

improve the alignment of the initial model with the actual wave 
velocity distribution, we construct it using the surface wave 
dispersion image.

The conjugate gradient method is employed as the iterative 
approach. The absorbing boundary width is set to 2 m. In practical 
inversion workflows, employing a good-chosen initial model can 
enhance stability and accelerate convergence. Therefore, a sequential 
inversion strategy, starting from low frequencies and progressing to 
higher frequencies, is often used in the FWI method. 

2.3 Time-lapse FWI

Time-lapse seismic refers to the repeated seismic surveying 
of the same area at different times, enabling the analysis of 
parameter changes in the reservoir through the differences 
in seismic responses obtained (Huang C. et al., 2023; 
Park et al., 2025; De Lima et al., 2024).

The physical properties of grouts undergo significant changes 
during the solidification process. While this process differs 
considerably from the conditions in oil and gas exploitation, 
the fundamental principles are similar. Consequently, time-lapse 
seismic techniques should be useful for dynamically monitoring the 
grouting effect in karst caves.

The principle of time-lapse FWI involves separately inverting the 
karst cave detection data before and after grouting. By subtracting 
the results of these two inversions, the differences in parameters 
are obtained. The change in slurry properties is then highlighted 
by the variations in wave velocity parameters, as illustrated in
Figure 1.
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FIGURE 7
Inversion results after first grouting (a) P-wave velocity (b) S-wave velocity.

3 Site tests

A karst cave in Guizhou Province was selected for field tests to 
assess the effectiveness of time-lapse FWI. Drilling results indicate 
that the cave depth ranges from 6.2 m to 12.4 m. The surface 
wave method was employed to detect the karst cave, with survey 
lines arranged as depicted in Figure 2. Each survey line consists 
of 24 vertical geophones, spaced 1 m apart. A 7-kg hammer was 
used as the seismic source, and five seismic sources were evenly 
distributed along the survey line, with a 5-m spacing between
them.

After using FWI to approximate the location and shape of 
the karst cave, a borehole was drilled directly above the cave. 
These boreholes served to validate the accuracy of the FWI 
results and provided access for slurry injection. Following the 
completion of grouting, repeated measurements were conducted 
using the same survey line configuration. The post-grouting 
detection data were then processed to generate a wave velocity image 
of the karst cave after grouting.

4 Results and discussion

4.1 Inversion results of karst cave before 
grouting

An appropriate initial model is essential to prevent the iteration 
process from converging to a local minimum. To accurately 
represent the shape and location of the karst cave, the initial model 
is constructed based on the dispersion image of the surface wave.

The dispersion spectrum of the surface wave 
is shown in Figure 3. The phase velocity of the high-frequency 
component of the seismic wave ranges from 100 to 300 m/s. 
Accordingly, a gradient model with velocities between 100 and 
300 m/s is used as the initial model for shear wave FWI. Typically, 
the velocity of the P-wave is slightly higher than that of the S-wave; 
thus, the gradient range for the P-wave initial velocity model is set 
between 200 and 400 m/s.

Environmental noise and surface distortion often negatively 
impact the accuracy of FWI. Inversion of low-frequency data 
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FIGURE 8
Results after second grouting (a) P-wave (b) S-wave.

imposes fewer demands on the initial model, making it easier for the 
results to converge to the optimal solution. Therefore, a sequential 
inversion strategy, progressing from low to high frequency, is 
employed to mitigate the effects of high-frequency noise and 
enhance accuracy.

The inversion process is divided into three stages based on 
different frequencies (20 Hz, 30 Hz, and 40 Hz). Once the inversion 
for the first stage (20 Hz) reaches its limit, the process automatically 
progresses to the next stage (30 Hz). The inversion results from each 
preceding stage are then used as the initial model for the subsequent 
stage. Likewise, the inversion results at 30 Hz serve as the initial 
model for the 40 Hz inversion.

The inversion results for different stages are presented in 
Figure 4 (P-wave velocity) and Figure 5 (S-wave velocity). The model 
dimensions for the inversion are 40 × 26 m, and the finite difference 
mesh size is 0.2 × 0.2 m. The variation in relative error with respect 
to iteration count during the inversion process is shown in Figure 6. 
As the iteration count and angular frequency increase, the average 
relative error decreases from 2.7% to 0.2%. This demonstrates that 

the low-to-high frequency inversion strategy effectively reduces 
inversion errors.

As shown in Figures 4, 5, the P-wave velocity decreases 
significantly within the horizontal range of 15 m–25 m and 
the vertical range of 6 m–12 m. This indicates the presence of 
underground karst caves within this area. Due to the smoothing 
effect, the boundary of the karst cave in the inversion results 
appears slightly blurred. However, the results demonstrate that the 
FWI method effectively delineates both the location and size of 
the karst cave. The clarity of the cave boundary improves as the 
frequency range increases. The diagram shows that the wave velocity 
of the background in the inversion result is higher than that in 
the dispersion spectrum and the initial model. In one-dimensional 
surface wave detection, the velocity of the surface wave corresponds 
to the average velocity over a specific depth range. Therefore, karst 
cave has significant influence on the surface wave velocity, causing 
the obtained wave velocity to be lower than that of the actual 
formation. Drilling results confirm that the depth of the karst 
cave ranges from 6.2 m to 12.4 m, which aligns with the inversion 
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FIGURE 9
The velocity difference after first grouting (a) P-wave (b) S-wave.

findings. This further validates the effectiveness of FWI technology 
in detecting underground karst caves. 

4.2 Inversion results after grouting

The inversion results following the first grouting 
are shown in Figure 7. Compared to the pre-grouting results, the 
extent of the abnormal body is significantly smaller and located at 
a shallower depth. This indicates that the slurry has filled the lower 
portion of the cave. However, it also suggests that the slurry did not 
fully fill the entire cave as intended, with a substantial amount of 
slurry flowing from the fissures into the surrounding layers.

Supplementary grouting was performed following the initial 
grouting. After 1 week of static solidification, the test was 
conducted to verify the strength of the slurry. The detection results 

are shown in Figure 8. The results indicate that the velocity of the 
solidified slurry is significantly higher than that of the surrounding 
soil. The slurry’s location approximately corresponds to the original 
cave area, suggesting that the slurry has effectively filled the cave. 

4.3 The velocity difference after grouting

The velocity difference diagram is obtained by subtracting 
the waveforms recorded before and after grouting. The velocity 
difference diagram following the first grouting is shown in Figure 9. 
The results indicate that the velocity difference effectively highlights 
the diffusion range and solidification of the slurry. A greater velocity 
difference signifies a more effective solidification of the slurry.

The velocity difference following the second grouting 
is shown in Figure 10. Compared to the results after the 
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FIGURE 10
The velocity difference after second grouting (a) P-wave (b) S-.wave.

first grouting, the anomaly area and velocity difference 
are both larger after the second grouting. This suggests 
that the diffusion range of the slurry has been effectively 
increased, and the solidification effect has been significantly
enhanced. 

5 Limitations and discussion

By comparing the wave velocity difference diagrams (Figures 9, 
10) with the direct inversion result diagrams (Figures 7, 8), it 
is clear that the wave velocity difference diagrams more clearly 
illustrate the spatial distribution of the slurry region. This difference 
is particularly noticeable after the second grouting. The slurry 
diffusion range depicted in the diagram closely matches with 
the shape of the target karst cave, providing evidence of the 
grouting process’s effectiveness. Previous research methods, such as 
high-density electrical tomography methods or other geophysical 

techniques, typically focus on the inversion imaging of karst cave 
morphology after grouting. If a reduction in the physical properties 
of the karst cave or a decrease in the abnormal range is observed, it is 
assumed that the grouting has been successful. However, in practice, 
this judgment is often inaccurate for two main reasons. First, karst 
cave filling typically requires multiple grouting stages (Zhu et al., 
2022). A decrease in the abnormal values of the karst cave only 
indicates that the first grouting allowed the slurry to enter the cave, 
but it does not imply complete saturation of the fill. Even when 
the grouting volume is calculated in the initial stage, some slurry 
may be lost to underground concealed channels during the process, 
leading to insufficient actual filling. Second, the selection of grouting 
locations and dosage for secondary grouting is crucial. Relying 
solely on the initial grouting hole can lead to issues such as slurry 
inrushing. Therefore, accurately detecting the slurry concentration 
area and its filling degree is crucial for developing an effective 
secondary grouting plan. Based on these detection results, the 
optimal construction location and depth for secondary grouting can 
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be determined more precisely. Compared to traditional methods, the 
time-lapse method offers distinct advantages: it effectively eliminates 
the interference from surrounding media, focusing on wave velocity 
changes caused by the slurry itself. This significantly enhances the 
detection accuracy of the grouting effect. Consequently, this method 
provides a crucial reference for the precise guidance of secondary 
grouting, which is difficult to achieve by traditional technical means.

A comparison of the inversion results for S-wave and P-wave 
reveals that the resolution of the S-wave is generally superior 
to that of the P-wave. This difference can be attributed to three 
main factors. Firstly, S-waves have a shorter wavelength than P-
waves. According to diffraction theory, the resolution of inversion 
is positively correlated with wavelength, meaning that S-waves can 
detect smaller-scale geological anomalies more effectively. Secondly, 
S-wave propagation depends on the shear stiffness of the medium, 
meaning it can only travel through solid materials and cannot 
propagate through fluids or air. After grouting, the karst cave is 
filled with consolidation material, leading to a significant increase in 
the shear modulus of the medium and an associated rise in S-wave 
velocity. In contrast, P-waves depend on the bulk modulus and can 
propagate through both fluids and solids. Before and after grouting, 
the fluid in the cave is replaced by solid material. However, the P-
wave velocity is less affected by the presence of fluid, making it less 
sensitive to changes in the grouting material compared to S-waves. 
Thirdly, surface waves are more sensitive to the S-wave velocity than 
the P-wave velocity (Zhang and Alkhalifah, 2019).

The current research has several limitations. Only the difference 
in wave velocity is used to qualitatively assess the solidification 
of the slurry, which does not allow for a quantitative evaluation. 
Future studies will include relevant laboratory tests to quantitatively 
investigate the relationship between the compressive strength of 
the slurry and wave velocity. Based on the inversion results, the 
reinforcement effect and compressive strength of the slurry will be 
accurately evaluated. 

6 Conclusion

The detection of grouting effects in karst areas is a longstanding 
challenge in the geotechnical field. We proposed the use of time-
lapse FWI technology by integrating surface wave detection, FWI, 
and time-lapse geophysical techniques. Time-lapse FWI was then 
applied to detect grouting effects in karst caves in Guizhou, China. 
The main conclusions are as follows: 

1. Experimental results show that FWI effectively reflects the 
range and depth of karst caves. Using the dispersion spectrum 
to establish the initial model can effectively improve the 
inversion speed.

2. A serial inversion strategy, starting from low frequencies 
and progressing to higher frequencies, significantly enhances 
detection accuracy. As the iteration count and frequency increase, 
the average relative error decreases from 2.7% to 0.2%.

3. The accuracy of direct inversion after grouting is limited. The 
velocity differences profile after grouting can effectively highlight 
the diffusion range and reinforcement effects of the slurry.

4. Inversion results for the S-wave velocity demonstrate that it is 
more sensitive to changes in the slurry compared to P-waves, 

due to the shorter wavelength of S-waves and their higher 
sensitivity to liquid.

In summary, experimental results show that the application 
of time-lapse seismic FWI in the detection of karst cave grouting 
is feasible and effective. The research findings provide valuable 
technical insights for the assessment of grouting effectiveness in 
practical engineering applications.
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