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ABSTRACT

Safe and efficient roadway excavation is critical to intelligent coal mine development, while advance geological

detection remains challenging under continuous excavation conditions. Conventional advance detection methods often

require excavation interruptions, which reduce construction efficiency and limit their applicability in modern intelligent

drivage systems. To address this issue, this study proposes a seismic advance detection method conducted concurrently

with excavation, utilizing vibrations generated by roadheaders as seismic sources to achieve real-time geological fore-

casting without interrupting production. A complete processing workflow, including time-window selection, band-pass

filtering, first-arrival picking, cross-correlation signal extraction, and depth migration imaging, was developed to extract

effective reflection signals from random excavation-induced vibrations and to construct accurate subsurface images ahead

of excavation faces. An intelligent while-excavation detection system integrating underground signal acquisition, remote

transmission, and rapid interpretation was further established. Field applications were conducted in Roadways 2110 and

2209 of Dongzhouyao Coal Mine under different geological conditions. Results demonstrate successful identification of

faults, collapse columns, fractured zones, and lithological transitions ahead of excavation. Imaging results agree well with

excavation exposure and drilling verification data, confirming the reliability and practical applicability of the method. The

proposed technology enables continuous advance detection during excavation, improves operational safety, and enhances

construction efficiency. It shows strong potential for practical application in intelligent roadway drivage and advance
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geological hazard prevention in underground coal mines.

Keywords: Intelligent Drivage; Seismic Advance Detection; While-Excavation Monitoring; Geological Anomaly Identifi-

cation

1. Introduction

The intelligent transformation of coal mines represents

a core technological pillar for aligning with modern indus-

trial revolution trends, safeguarding national energy security,

and achieving high-quality development in the coal industry.

In recent years, China has vigorously promoted the intelligen-

tization of coal mining operations, significantly accelerating

the technological upgrading of fully-mechanized mining and

excavation faces [1,2]. However, challenges such as confined

drivage spaces, demanding construction conditions, and out-

dated rapid support techniques have resulted in an unclear

developmental philosophy for intelligent drivage, coupled

with insufficient research on foundational theories and key

technologies. Consequently, advance rates often fail to meet

production demands, leading to severe imbalances between

excavation and extraction activities. Furthermore, as un-

derground roadway drivage is a high-risk zone for safety

incidents, achieving safe and rapid roadway development is

paramount for the overall intelligent advancement of coal

mines.

Within this context of intelligent mining development,

geophysical advanced detection technologies play an increas-

ingly critical role in ensuring drivage safety [3–5]. Under

conventional mining conditions, the combined approach of

comprehensive geophysical surveys followed by verification

drilling generally meets the accuracy and predictability re-

quirements necessary for safe production. However, these

conventional advanced detection methods are incompatible

with continuous excavation activities, significantly imped-

ing operational efficiency [6,7]. The high-speed drivage envi-

ronment demands real-time, rapid detection and interpreta-

tion, rendering traditional detection modes impractical. This

discrepancy often pressures mining operations to prioritize

progress over essential detection procedures, thereby intro-

ducing potential safety hazards. The integration of detection

systems directly onto roadheaders, enabling simultaneous

while-excavation detection, offers an effective solution to

this challenge.

The implementation of detection while-driving elimi-

nates the need for production stoppages, allowing parallel

probing and mining operations, which maximizes the pro-

ductivity of excavation machinery [8]. Moreover, this tech-

nology facilitates the continuous acquisition of detection

data through real-time dynamic monitoring, and the stacking

of multiple detection results enhances overall accuracy [9,10].

In recent years, with the development of geophysical ad-

vance detection technologies in underground mines, seismic,

electrical, and electromagnetic methods have been widely

applied in geological forecasting ahead of excavation [11–13].

Among these methods, seismic methods performed during

excavation have become one of the most promising tech-

nologies for real-time geological forecasting ahead of tunnel

faces [8–10].

Seismic advanced detection technology while driv-

ing has been developed from traditional seismic advance

prospecting methods. A key distinction lies in the seis-

mic source: traditional methods rely on explosives (posing

safety risks, requiring work stoppages, and offering limited

range and capability), whereas while-excavation seismic

techniques utilize the abundant vibrations generated by the

roadheader itself during cutting operations. These vibrations

carry substantial energy, representing a highly suitable poten-

tial seismic source. Significant contributions have beenmade

in this field: Taylor et al. [14] pioneered the concept of using

the roadheader as a seismic source, experimentally validating

its feasibility and highlighting its potential as an efficient and

low-interference underground detection scheme. Petronio et

al. [15] introduced a method employing a near-source signal as

a reference trace and applying cross-correlation between this

reference and the seismic signals acquired during full-face

excavation. This approach effectively extracts meaningful

signals and enables fault identification. Lu et al. [16] systemat-

ically analyzed the source characteristics of vibrations from

shearers, roadheaders, and drills. Their research indicated

that shearer vibrations share characteristics with microseis-

mic events, and drill signals exhibit broad-band properties,

substantiating the potential of mining machinery vibrations
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as effective seismic sources. Regarding signal processing and

imaging for while-excavation seismic data, Li and Zhang [17]

proposed a deconvolution-domain cross-correlation algo-

rithm to transform the random roadheader signals into struc-

tured impulsive data. Liu Qiang [18] significantly enhanced

signal denoising fidelity and the signal-to-noise ratio using

an inverse problem-solving model incorporating L1-norm

constraints. Li et al. [10] and Zhang et al. [9] improved signal

compression and structural identification accuracy through

Wiener filter-constrained deconvolution and pulse-shaping

algorithms, respectively.

In summary, extensive research has been conducted on

various while-excavation detection methods. Seismic meth-

ods are highly sensitive to wave impedance contrasts and are

effective for detecting geological structures like faults. This

paper presents a seismic advance detection system performed

concurrently with roadway excavation for identifying geo-

logical anomalies ahead of excavation faces in underground

coal mines. Field applications conducted in two roadways of

Dongzhouyao Coal Mine validated the system’s capability in

detecting faults, collapse columns, fractured zones, and litho-

logical transitions. Imaging results show good agreement

with excavation exposure and drilling verification results,

demonstrating reliable detection accuracy and imaging sta-

bility under different geological conditions. The technology

exhibits strong repeatability during continuous excavation

and shows high consistency with actual geological condi-

tions encountered during drivage, indicating strong potential

for practical application in intelligent roadway excavation

and advance geological hazard forecasting.

2. Methodology

2.1. Seismic Advance Detection While-Driving

Seismic While-Excavation Advance Detection is based

on the principle of seismic wave reflection. As shown in Fig-

ure 1, when the road-header cuts the coal wall, the generated

seismic waves propagate in multiple directions. One part

travels directly backward, forming direct waves, which are

received directly by the geophones. Another part propagates

forward and laterally. When impedance contrast interfaces,

such as faults or fracture zones, exist ahead of the excavation

face, a portion of the seismic wave energy is reflected back

and captured by the geophones. By analyzing these reflected

signals, geological anomalies can be inferred.

Figure 1. Diagram of seismic advance detection while-driving.

2.2. Seismic Source Generation Mechanism

During the rock-breaking process, the roadheader’s

cutting head generates an axial force (Fz) in the direction of

drivage and a transverse shear force parallel to the tunnel face.

These forces are the primary sources of seismic wave excita-

tion. Axial Force Fz: Determined by the working pressure

of the telescoping cylinder, this force primarily generates

P-waves and the vertical component of S-waves (SV-waves).

Transverse Shear Force Fn: Determined by the cutter head’s

motor power and rotation speed, this force mainly generates

the horizontal component of S-waves (SH-waves).

Unlike the instantaneous pulse of an explosive, the road-

header’s cutting process is a continuous, pseudo-random,

multi-source superimposed seismic source. The roadheader’s

operating state changes randomly, and other machinery like

shuttle cars and conveyor belts also produce continuous vibra-

tions (see Figure 2). Spectral analysis of measured signals

shows that the roadheader’s random seismic source has a wide

frequency band, with most energy concentrated between 50

and 150 Hz, which allows for higher resolution detection.
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Figure 2. Schematic diagram of excavation-induced seismic source.

2.3. Intelligent Signal Processing

Signal preprocessing is performed to suppress noise

and enhance reflection signals prior to migration imaging.

To ensure reliable imaging results, raw excavation-induced

seismic data are subjected to several preprocessing proce-

dures before cross-correlation processing. These procedures

mainly include time-window selection, band-pass filtering,

and first-arrival picking, followed by cross-correlation pro-

cessing to extract effective signals from random excavation

sources.

(1) Time Window Selection

In practical measurements, recording length should be

adjusted according to exploration objectives and reflection

signal quality. Deep reflections usually exhibit weak energy

and low signal-to-noise ratios, and excessive recording win-

dows mainly introduce noise while increasing processing

time.

Therefore, an appropriate time window is selected to

retain useful reflections while compressing unnecessary late-

time data. The window length is commonly estimated by:

Td =
L × 2 × 2.5

Vp
(1)

Where, Td is the selected time window length, L de-

notes the target detection depth, and Vp represents the aver-

age P-wave velocity estimated from geological information.

Proper window selection improves computational efficiency

and data quality.

(2) Band-Pass Filtering

Excavation seismic exploration mainly utilizes re-

flected waves, while surface waves, refracted waves, and

mechanical vibrations act as noise. Band-pass filtering is ap-

plied to suppress unwanted frequency components based on

spectral differences between useful signals and interference.

Since three-component seismic data contain mixed P-

and S-wave energy before wavefield separation, the passband

is selected sufficiently wide to avoid loss of useful signals.

Appropriate cutoff frequency selection ensures effective sup-

pression of low-frequency noise while preserving reflection

information. Figure 3 compares the signals before and after

filtering. It can be seen that filtering significantly improves

signal clarity and prepares data for subsequent correlation

processing.

(3) First Arrival Picking

First arrivals correspond to direct waves traveling along

the shortest path between source and receivers. Accurate

picking is essential for velocity estimation and imaging cor-

rection.

Asliding-window energy ratiomethod is adopted due to

its robustness and computational efficiency. P-wave arrivals

are primarily picked from the X component, where P-wave

energy dominates. S-wave arrivals in Y and Z components

are approximated using:

VP

VS
= 1.73 (2)

where 1.73 is an empirical P-to-S velocity ratio. Manual

adjustment may be required when automatic picking devi-

ates from observed phase continuity. Reliable first-arrival

picking improves velocity estimation and imaging accuracy.

(4) Trace Energy Equalization

Trace energy equalization is applied to compensate for

amplitude variations among traces caused by differences in

source coupling conditions, ensuring that the reflection am-

plitudes primarily reflect subsurface geological structures

rather than variations in excitation. The method computes

the average amplitude of each trace within a selected time

window and then applies a proportional weighting to scale

the trace amplitudes, so that the average energy across all
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traces is approximately equal. This can be expressed as:

A
′

i,j = Bi ·Ai,j (3)

where Ai,j is the original amplitude, Bi is the gain factor for

the i-th trace, and A
′

i,j is the equalized amplitude.

In the processing workflow, trace energy equalization

is typically applied after first-arrival picking. Prior to equal-

ization, high-amplitude near-source traces can dominate the

signal, obscuring weaker reflections in traces at larger offsets.

After equalization, the amplitudes of all traces are harmo-

nized, reducing the dominance of near-source signals and

enabling weak reflections at greater offsets to be more ef-

fectively detected, making coherent reflection events more

apparent.

Figure 3. Comparison of signals before and after filtering and first arrival picking.

(5) Cross-Correlation Processing

Cross-correlation is the core of seismic signal prepro-

cessing for random excavation sources and the most com-

monly used method for extracting effective signals from

random signals. Similar to controlled source technology,

seismic exploration with random excavation sources requires

the collection of reference signals during data acquisition.

The cross-correlation technique is then used to process the

reference signals and other received signals. Based on the

principle of weak signal extraction through cross-correlation,

this method can extract weak signals from the cutting head

during the tunneling process of the excavation machine. It

compresses prolonged seismic signals into pulse signals, en-

abling the identification of effective signals obscured by

noise. Additionally, cross-correlation processing offers a

certain filtering effect, effectively suppressing signals unre-

lated to the reference channel signals, thereby improving the

signal-to-noise ratio of downhole testing.

However, the application of cross-correlation in the

context of excavation-induced seismic signals exhibits dis-

tinct characteristics compared with conventional controlled-

source conditions. In roadway excavation, the source is

continuously excited by the cutting head, producing signals

that are continuous, random, and non-stationary. Meanwhile,

as the heading face advances, the relative geometry between

the source, receivers, and anomalies continuously changes,

requiring multiple sensor relocations and repeated deploy-

ments. The same anomaly may manifest different reflection

responses at different stages, and the imaging focus varies

with the source-to-target distance. These conditions neces-

sitate a targeted adaptation of cross-correlation processing,

including reference trace selection, correlation time-window

control, and input trace stability management.

In this study, cross-correlation is implemented fol-

lowing raw data editing, adaptive time-window selection,

band-pass filtering, first-arrival picking, and trace-energy

balancing, serving as a key step to convert continuous ran-

dom excavation vibrations into interpretable reflection re-

sponses. Specifically, time-window selection restricts the

correlation to effective signal intervals, reducing contamina-

tion from late-arrival mechanical vibrations and unrelated

noise; band-pass filtering emphasizes frequency compo-

nents corresponding to effective reflections; first-arrival

picking constrains the time window for relevant signal seg-

ments; and trace-energy balancing mitigates the dominance

of high-amplitude near-source traces, improving the visi-

bility of weak reflections in the correlated output. The pro-

cessed cross-correlation results compress the long-duration

random vibrations into near-impulse responses, enhancing

coherent reflection energy associated with geological in-
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terfaces, and provide a stable basis for subsequent velocity

analysis, migration imaging, and reflector extraction. Fig-

ure 4 illustrates the signals after cross-correlation pulse

processing.

Figure 4. Comparison of signals before and after cross-correlation pulse processing.

2.4. Imaging Method

The key to migration processing lies in establishing a

highly accurate velocity model, which is typically an iterative

process requiring multiple migration tests. In recent years,

prestack depth migration imaging technology has undergone

significant development. On the other hand, the current cri-

teria for migration velocity analysis are still largely based

on principles proposed in the 1980s, such as the consistency

between zero-time imaging depth and zero-offset imaging

depth [19,20]. The residual curvature analysis method for com-

mon image gather (CIG) flattening and the equal traveltime

criterion [21,22]. The velocity analysis procedure in TSPWIN,

dedicated software for while-excavation technology, adopts

the common image gather flattening criterion. This method

closely integrates velocity analysis with migration imaging,

ensuring the extraction of relatively accurate velocity in-

formation while also suppressing multiples, improving the

signal-to-noise ratio, and eliminating the influence of forma-

tion dip.

This criterion posits that for a given subsurface imag-

ing point, if the velocity model used for imaging is cor-

rect, the imaging results derived from different prestack data

should be consistent. The events in the common image gather

formed by these results should be flat. If the velocity model

is incorrect, the imaging results from different prestack data

will be inconsistent, leading to residual moveout in the com-

mon image gather. Specifically, overly high imaging ve-

locities cause events to curve downward, while overly low

velocities cause them to curve upward.

In tunnel engineering, only the most significant reflec-

tion elements are of practical interest. Therefore, correspond-

ing algorithms are used to extract the most valuable P-wave

and S-wave reflection surfaces required for construction.

This algorithm involves three steps:

(1) Energy compensation balances the energy loss of re-

flection surfaces. Since Q-value compensation cannot

fully offset the loss, the amplitude of different reflection

surfaces decreases with distance.

(2) The software simplifies the image as much as possible

by ignoring less influential reflection points.

(3) The parameters of each reflection line are calculated,

such as size, length, spatial orientation, or the position

of the intersection point with the tunnel axis. Reflection

elements primarily provide information about structural

surfaces at physical boundaries.

The physical properties of reflection surfaces can be
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represented by wave reflection strength and polarity, gener-

ally assessed using the following rules: (a) The stronger the

reflection amplitude, the greater the reflection coefficient,

and the higher the contrast in elastic wave impedance of the

rock medium. Elastic wave impedance is the product of rock

density and wave velocity. (b) Red reflection signals indicate

positive amplitude, while blue indicates negative amplitude.

Positive amplitude suggests a positive reflection coefficient,

meaning the rock in front of the reflection surface is hard.

Negative amplitude indicates softer rock. (c) Comparing the

amplitudes of P-wave and S-wave reflection signals from the

same structure helps accurately characterize the reflection

surface. Differences between P-wave and S-wave reflec-

tion amplitudes help characterize lithological contrasts and

fracture development.

When extracting reflection interfaces, parameters

should be reasonably selected based on relevant geologi-

cal data. For example, in areas where the surrounding rock is

limestone and karst development is present, the extensibility

of karst is limited. In such cases, the extension degree of the

reflection axis should be appropriately set to a smaller value

during parameter selection.

The key to migration imaging lies in establishing a

highly accurate velocity model, which is a typical iterative

process requiring multiple migration tests. On the platform

of this project, velocity analysis is completed through an

iterative operation consisting of four steps:

• Establishing an initial velocity model by estimating di-

rect waves based on picked first-arrival times;

• Defining the detection area and performing grid dis-

cretization, then calculating travel times for each grid

node using direct wave velocities to create initial travel-

time tables for P-waves and converted waves;

• Performing finite-aperture Kirchhoff depth migration

based on the initial travel-time tables;

• Updating the velocity model using the common image

gather (CIG) flattening criterion as the judgment stan-

dard, and reconstructing the travel-time tables.

The updated travel times are then used to perform depth

migration again. When the migration results meet the above

criterion, the final velocity model and the final migration

results are generated as from Figure 5. The final result of

depth-migrated seismic records appears as a series of ellipti-

cal curves, each representing the amplitude image of different

reflected signals.

The migration imaging and velocity analysis imple-

mented in this study extend conventional seismic processing

methods to accommodate continuous, random excavation-

induced sources and dynamically changing source-receiver

geometries. Unlike static or controlled-source settings, the

workflow integrates iterative velocity model updates with

pre-stack depth migration, guided by the common image

gather (CIG) flattening criterion. This approach ensures

imaging consistency across different pre-stack data, sup-

presses multiples, and enhances the signal-to-noise ratio

under challenging in-situ conditions. Furthermore, the pro-

cessed reflection surfaces are selectively compensated for

energy loss, simplified to focus on themost significant events,

and parameterized to provide spatial position, amplitude, po-

larity, and orientation information, which directly supports

geological interpretation and construction planning.

Overall, the imaging results are affected by source char-

acteristics, environmental noise, velocity-model uncertainty,

and acquisition geometry. The vibration source generated by

the roadheader cutting process is continuous, random, and

time-varying, and its energy and spectral characteristics may

fluctuate under different operating conditions. Meanwhile,

mechanical and environmental noise generated by excava-

tion, transportation, ventilation, and support activities may

overlap with the effective wavefield, thereby reducing the

detectability of reflected signals. In addition, the construc-

tion and iterative updating of the velocity model depend on

the quality of first-arrival picking and the reliability of the

imaging criterion, while the limited roadway space, restricted

receiver aperture, and variable sensor coupling conditions

may further increase the instability of the acquisition sys-

tem. To mitigate these effects, repeated data acquisition was

adopted to improve statistical stability, reference-trace cross-

correlation was used to suppress random interference unre-

lated to the seismic source, and preprocessing procedures

including time-window selection, band-pass filtering, first-

arrival picking, and trace energy equalization were applied

to enhance the separability of effective reflections. Further-

more, the velocity model was iteratively updated using the

common image gather flattening criterion in order to reduce

the impact of uncertainty on the final imaging results as much

as possible.
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Figure 5. Comparison of imaging results before and after migration processing.

3. Intelligent Advance Driving Detec-

tion Prototype System Design

3.1. System Composition and Working Princi-

ple

By utilizing contrasts in elastic wave impedance of

coal and surrounding rock, a physical basis is established

for detecting geological structures ahead of the excavation

face. Seismic elastic wave methods are highly effective in

identifying geological structures in underground environ-

ments.

In this study, vibrations generated by the roadheader

during cutting operations are used as seismic sources. When

these continuous vibration waves encounter interfaces with

acoustic impedance contrasts in the surrounding rock, re-

flected waves are produced. By recording and analyzing

these reflections, geological structures located ahead of and

beside the roadway can be detected and interpreted.

This approach provides technical support for intelli-

gent remote-controlled advanced geological detection dur-

ing roadway excavation. The intelligent remote-controlled

while-excavation advanced geological detection system is

illustrated in Figure 6. As shown, seismic vibration sensors

are deployed along both sides of the roadway and connected

to multiple detection host units to acquire vibration signals

generated at the excavation face in real time. The collected

data are transmitted from underground to the surface of-

fice through IoT communication systems, after which the

intelligent while-excavation advanced detection platform

performs rapid processing and imaging to obtain geological

information ahead of the excavation face. When unfavorable

geological structures, such as fractured zones, are detected,

early warnings can be issued promptly.

The remotely controlled while-excavation advanced

geological detection system mainly consists of one detection

host unit, two vibration sensors, and an intelligent compre-

hensive analysis platform. The while-excavation detection

host unit is a mine-use intrinsically safe portable device de-

signed for underground operation. Its primary function is to

acquire voltage signals output by vibration sensors and dis-

play them in real time on an LCD interface. Signals collected

from each sensor are transmitted and conditioned through

operational amplifiers and transmission circuits. After ini-

tial signal conditioning, channel gains can be adjusted, typi-

cally providing approximately tenfold amplification through

selectable circuit configurations to accommodate varying

signal strengths encountered in field conditions.

The vibration sensors used in the system are mine-use

intrinsically safe electrical devices capable of converting

three-component ground velocity signals into corresponding

voltage outputs. These sensors operate reliably in hazardous

underground environments containing methane and coal dust

explosion risks and provide essential input data for subse-

quent signal processing and geological interpretation.

The intelligent analysis platform is primarily used for

processing and interpreting detection data to identify un-
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favorable geological structures ahead of excavation faces.

While-excavation seismic detection is a branch of geophys-

ical exploration adapted for underground engineering appli-

cations. This method features long detection range, strong

resistance to electromagnetic interference, and clear wave-

form characteristics, making it effective for identifying

faults, fractured zones, goafs, and other structural anoma-

lies. Core modules include signal preprocessing, velocity

analysis, migration imaging, reflector extraction, and 3D

visualization.

Figure 6. Intelligent advance driving detection prototype system and detection diagram.

3.2. SensorArray Layout

To achieve continuous geological advance detection

during roadway excavation, the receiver array should be

dynamically deployed and relocated as the heading face ad-

vances. Considering the limited underground space, the

continuously changing source position, and the complexity

of field construction conditions, a double-row receiver array

deployed along the two roadway sidewalls was adopted in

this study. The layout procedure is described in Figure 7 as

follows.

(1) Field inspection and determination of the initial deploy-

ment position. Before sensor installation, the heading-

face position, roadway cross-sectional conditions, rock-

bolt distribution, and surrounding-rock stability are first

examined, and the distance between the heading face

and the existing monitoring array is measured. Based

on these field conditions, the initial sensor group is in-

stalled at approximately 20 m behind the heading face

so as to balance near-source signal strength, receiver

coverage, and field safety requirements.

(2) Receiver array deployment. The receiver array is ar-

ranged symmetrically along the left and right sidewalls

of the roadway. A total of 24 geophones are deployed,

with 12 receivers on each side. The channel spacing

is controlled within 2–4 m according to the local rock-

bolt distribution and field conditions. All geophones

are firmly coupled to the coal wall or surrounding rock

through rock bolts to ensure stable signal acquisition.

(3) Cable laying and fixation. After sensor installation, sig-

nal cables are laid separately along the two sidewalls

and fixed to the mesh or support structures in order to

reduce the influence of construction disturbance and

cable loosening on signal quality. This arrangement

also facilitates repeated relocation of the receiver array

during continuous excavation.

(4) Sensor positioning and coordinate definition. To facili-

tate subsequent data processing and imaging interpre-

tation, a unified coordinate system is established. The

geophone closest to the heading face is defined as the

zero point of the X-coordinate, and the roadway ad-

vance direction is taken as the positive X-direction. The

Y-coordinate uses the roadway centerline as the refer-

ence zero, with sensors on the two sidewalls located on
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opposite sides of the centerline, while the Z-coordinate

is defined based on a unified elevation reference. After

coordinate definition, all sensors are numbered and their

spatial positions are recorded.

(5) Dynamic relocation of the receiver array. As the head-

ing face continues to advance, the distance between the

original receiver array and the seismic source gradually

increases. When the heading face is approximately 80 m

away from the first sensor group, the near-source signal

energy decreases significantly and the effectiveness of

reflection-wave recording is correspondingly reduced.

In this case, the sensors and signal cables are removed

and reinstalled at a new position about 20 m behind

the updated heading face, using the same deployment

scheme as the initial array. By repeating this procedure,

the receiver array can move synchronously with the

advancing heading face, thereby forming a continuous

while-excavation monitoring mode.

Figure 7. Schematic diagram of double-row sensor layout for while-excavation geological advance detection.

Through the above layout procedure, the receiver ar-

ray can be maintained within a reasonable distance behind

the excavation face, ensuring effective acquisition of near-

source vibration signals and providing a stable data basis for

subsequent cross-correlation processing, velocity analysis,

migration imaging, and reflector interpretation.

3.3. Observation Procedure and Dynamic Re-

location Strategy

In this study, the excavation-induced vibration gener-

ated by the roadheader cutting process is used as the seismic

source, without interrupting excavation for additional ar-

tificial excitation. This observation mode allows seismic

data to be acquired simultaneously with roadway excavation,

thereby improving operational efficiency and meeting the

requirement of continuous advance detection under active

construction conditions.

During data acquisition, the deployed geophones con-

tinuously record vibration signals generated by the cutting

process. Each individual dataset is acquired for approxi-

mately 2–5 min, and multiple datasets can be recorded de-

pending on data quality and field conditions. In general,

a total acquisition duration of about 30 min is considered

appropriate to balance data quality and construction effi-

ciency. The recorded signals are transmitted through the

underground acquisition system and subsequently uploaded
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to the intelligent analysis platform for further processing.

By combining excavation-induced source recording

with dynamic receiver-array relocation, the observation pro-

cedure enables the acquisition system to remain closely cou-

pled to the advancing excavation face. This provides a stable

and continuous data source for subsequent signal prepro-

cessing, cross-correlation-based reflection extraction, veloc-

ity analysis, migration imaging, and reflector interpretation,

thereby supporting real-time geological forecasting during

roadway excavation.

4. Field Application

This study conducted advance detection during road-

way excavation at Dongzhouyao Coal Mine, where two road-

ways (Roadway 2110 of Panel 1 and Roadway 2209 of Panel

2) were selected for field application and validation of the

proposed detection technique. The investigations targeted

typical underground geological conditions, including litho-

logical variations, fractured zones, and broken or isolated

rock blocks, in order to evaluate the reliability and practi-

cal performance of the method in underground mining en-

vironments. Detailed results and analyses for the selected

roadways are presented in the following sections.

4.1. Advance Detection in Roadway 2110 of

Panel 1

4.1.1. General Information

A series of advance detection experiments during ex-

cavation was conducted in Roadway 2110, which is located

in Panel 1 of the No. 4 coal seam at Dongzhouyao Coal

Mine, China. Surface elevations range from 1,391 to 1,418

m, while the roadway elevation lies between 902 and 914 m,

corresponding to a burial depth of approximately 489–504

m. The ground surface is characterized by loess-covered

hilly terrain with locally developed gullies and no permanent

surface water bodies, resulting in limited direct influence on

underground operations. The roadway has a designed length

of approximately 1,030 m with a cross-sectional dimension

of 5.5 m × 3.6 m. Adjacent areas include previously mined

panels, while portions of overlying Jurassic seams have ex-

perienced historical mining disturbance; however, due to

the large interlayer distance, their influence on the current

excavation area remains limited.

The 2209 roadway is situated in the No. 4 layer of the

Permian lower Shanxi Formation’s first district. The coal

seam is a composite seam with a total thickness ranging from

3.31 to 11.43 meters and an average thickness of 7.37 m. It

has 2 to 4 layers of gangue, with an average thickness of 0.46

m. The coal seam dip is gentle, generally ranging from 1°

to 3°, with an average inclination of approximately 2°. The

immediate roof mainly consists of interbedded mudstone

and fine-grained sandstone, locally intercalated with con-

glomeratic sandstone, while the main roof is dominated by

fine- to silt-grained sandstone. The floor strata are composed

primarily of silty mudstone and fine sandstone, underlain by

medium- to coarse-grained sandstone. Geological structures

in the panel are relatively simple, although localized nor-

mal faults and collapse columns may be encountered, where

surrounding rock fracturing tends to intensify and requires

strengthened support measures. Detailed information on the

lithological characteristics and physical-mechanical prop-

erties of the coal seam roof and floor is provided in Table

1.

Table 1. Roof and Floor Characteristics of Coal Seam of 2110.

Layer Rock Thickness (m) Lithology Description
Compressive

Strength (MPa)

Old Roof
Fine-grained sandstone,

siltstone
4.45–4.7, average 4.58

Fine-grained sandstone: Gray to grayish-white,

fine-grained, massive. Siltstone: Gray, silty.

Contains a small amount of mica debris, with a

horizontal layered texture.

34.15

Direct Roof

Interbedded mudstone,

fine-grained sandstone,

sandy conglomerate

4.45–6.52, average 5.47

Fine-grained sandstone: Gray to grayish-white,

fine-grained, massive. Sandy conglomerate:

Grayish-white, with coarse sand and small

gravels (0.20–0.50 m).

64.25

Direct Floor Silty mudstone 0.32–9.11, average 4.72
Mudstone: Gray to dark gray, contains clay.

Siltstone: Grayish-white, silty.
34.97
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Table 1. Cont.

Layer Rock Thickness (m) Lithology Description
Compressive

Strength (MPa)

Old Floor

Fine-grained sandstone,

sandy mudstone, silty fine

sandstone

3.40–6.08, average 4.44

Fine-grained sandstone: Grayish-white,

fine-grained, massive. Coarse-grained sandstone:

Grayish-white, with a coarse-grained texture.

51.00

Geological structures within the panel are relatively sim-

ple, but localized faults and collapse columns are predicted

along roadway development. The 2110 roadway revealed two

normal faults, with displacements of 1.5 and 9.0 m. Observa-

tions from adjacent workings indicate gentle seam occurrence

with locally developed fractures. Several small normal faults

with throws generally less than 10 m may be encountered,

and surrounding rock fracturing tends to intensify near struc-

tural zones, requiring strengthened support during excavation.

Within the detection section of Roadway 2110, a fault structure

crossing the roadway was identified, as illustrated in Figure 8.

The fault trends obliquely across the roadway alignment and

intersects the haulage gateway approximately 81.41 m ahead

of the reference point M16 of the detection section.

Figure 8. Detection test design and layout of Face 8110-2209 roadway.

Hydrogeological conditions are classified as moder-

ately complex, with the primary water sources being sand-

stone fracture water in the roof strata and possible water

accumulation in nearby mined-out areas. Surface water in-

fluence is negligible, while Ordovician limestone aquifers

beneath the seam exhibit weak water-bearing properties with

sufficient aquiclude thickness separating them from the work-

ing seam. Calculated water inrush coefficients remain below

critical thresholds, indicating overall safe mining conditions,

although localized structural zones may still serve as poten-

tial water-conducting pathways.

4.1.2. Advanced Detection Design

During the initial on-site installation, the first sensor on

each side was mounted on the sidewalls approximately 20 m

from the excavation face. Subsequently, additional sensors

were installed against the direction of excavation at inter-

vals of one rock bolt, meaning the actual spacing between

sensors varied based on the on-site rock bolt spacing. The

coordinates of each sensor were measured and recorded after

installation. The schematic layout of the sensors is shown in

Figure 8.

As the tunnel advanced and the distance between the

excavation face and the first set of sensors increased, leading

to weakened signal reception, the equipment was relocated

and reinstalled approximately 20 m from the new excava-

tion face. In the 2110 tunnel experiment, sensors were in-

stalled five times. The relocation points, based on tunnel

advancement milestones, were at chainage 750, chainage

813, chainage 843, chainage 907, and chainage 951. The

specific X-coordinates of the sensors for these three instal-

lations are listed in Table 2. A total of 24 receivers were

arranged with a channel spacing of 2 m. Sensors connected

with detection instrument L or R have a Y-coordinate of 2.75

m and −2.75 m, respectively. The Z-coordinate uses the cen-

ter of the tunnel height (or the datum line) as the reference

zero point. The geophones were coupled to the coal wall

by mounting them on rock bolts. The observation system is

illustrated in Figure 9. The on-site installation of the sensors

is shown in Figure 10.
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Table 2. X-coordinates of the sensors in Face 8110-2110 roadway of Dongzhouyao Coal Mine.

Vibration
Sensor
No.

X-Coordinates (m)
Vibration
Sensor
No.

X-Coordinates (m)

Mileage

750

Mileage

813

Mileage

843

Mileage

907

Mileage

951

Mileage

750

Mileage

813

Mileage

843

Mileage

907

Mileage

951

1 0.0 1.0 0.0 0.0 0.0 13 0.0 0.0 0.0 0.0 0.0

2 2.2 3.9 2.2 2.9 2.1 14 1.8 3.2 1.8 3.2 1.7

3 4.1 7.1 4.1 5.8 4.2 15 3.7 6.4 3.7 6.7 3.6

4 5.8 10.4 5.8 8.9 7.1 16 6.3 9.5 6.3 9.5 5.7

5 8.1 12.5 8.1 12.1 8.1 17 8.5 12.5 8.5 11.6 7.9

6 10 15.8 10 15 10.1 18 10.6 15.3 10.6 14.6 10.3

7 11.9 18.5 11.9 17.5 12.3 19 12.7 18.6 12.7 17.2 12.3

8 13.9 21.6 13.9 20.7 14.3 20 14.5 20.9 14.5 20.5 14.5

9 16.2 24.4 16.2 23.7 16.2 21 16.8 24 16.8 23.9 16.5

10 17.4 27.1 17.4 26.6 18.2 22 18 27.4 18 27 18.5

11 19.3 30.2 19.3 29.6 21 23 20.2 30.1 20.2 30.2 20.7

12 21.3 33.1 21.3 32.4 22 24 22.2 33.1 22.2 33.2 22.7

Figure 9. Vibration sensor layout plan.

Figure 10. On-site vibration sensor layout and installation photos.

4.1.3. Detection Results and Verification

Figure 11 presents the migrated imaging results ob-

tained during advance seismic detection performed concur-

rently with excavation. Figure 11a,b shows typical imaging

results acquired using the first set of sensors installed at

chainage 750 m. As illustrated, two successive advance de-

tections conducted at different excavation positions under

the same sensor layout both reveal enhanced reflection en-

ergy near the fault located approximately 81.41 m ahead

of reference point M16. Compared with Figure 11a, the

imaging result in Figure 11b, obtained when the excavation

face moved closer to the fault zone, shows a more accu-

rately defined fault position and stronger reflection energy

concentration, indicating improved imaging resolution as

the source approaches the structural target. Figure 11c,d

display imaging results corresponding to the first sensor set

when the excavation advanced to chainage 813 m. Due to

the shorter distance between the excavation face and the first
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vibration sensor, reflection energy focusing associated with

the advancing face becomes more pronounced. Two main

anomalous reflection zones are observed behind the exca-

vation face, located respectively within chainage ranges of

approximately 925–950 m and 1,000–1,010 m. The anomaly

within chainage 925–950 m appears slightly shifted forward

relative to the mapped fault position, which is interpreted

to be influenced by the presence of a switch niche located

near chainage 940 m, affecting wave propagation and re-

flection characteristics. The reflection anomaly observed

within chainage 1,000–1,010 m is consistently revealed in

both Figure 11e,f. Subsequent excavation verification, as

shown in Figure 12 confirmed the presence of a collapse col-

umn and fractured zone within the coal seam at this location,

demonstrating strong agreement between seismic imaging

results and actual geological conditions.

Figure 11. Variation of imaging results after migration processing during excavation.

Figure 12. Field photo of the haulage gateway at 159 m ahead of M16.

4.2. Advance Detection in Roadway 2209 of

Panel 2

4.2.1. General Information

This advance detection experiment during excavation

was conducted in Roadway 2209, which is located in Panel

2 of the Carboniferous C5 coal seam at Dongzhouyao Coal

Mine, China. Surface elevations range from 1,293 to 1,336

m, while the roadway elevation lies between 970 and 980 m,

corresponding to a burial depth of approximately 330–360 m.

The ground surface is mainly covered by loess with locally

developed gullies and no permanent surface water bodies, re-
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sulting in limited direct influence on underground operations.

The roadway has a designed length of approximately 1,841

m with a cross-sectional dimension of 5.5 m × 3.6 m. Sur-

rounding zones remain largely unmined, and no overlying

goaf exists above the excavation area.

The C5 coal seam is nearly horizontal, with dip angles

ranging from −5° to 5° and averaging approximately 4°. Coal

thickness varies between 5.45 and 10.89 m, with an average

value of 8.38 m. The seam exhibits a relatively complex

internal structure, commonly containing 2–6 interbedded

partings composed mainly of mudstone, sandy mudstone,

and carbonaceous mudstone, with a cumulative thickness

of approximately 1.65 m. Local structural disturbance and

igneous intrusion may result in seam thinning or partial seam

loss in limited zones.

Roof and floor strata are generally competent. The

main roof consists of thick coarse sandstone with good in-

tegrity and relatively high strength. The immediate roof

is composed of thin silty mudstone layers with compara-

tively weaker mechanical properties. The immediate floor

is mainly siltstone, while the main floor comprises medium-

grained sandstone with good structural integrity. Overall,

the surrounding rock mass provides favorable conditions for

roadway excavation, although local stability may decrease in

structurally disturbed sections. The roof and floor conditions

are detailed in the following Table 3.

Table 3. Roof and Floor Characteristics of Coal Seam of 2209.

Layer Rock Thickness (m) Lithology Description
Compressive

Strength (MPa)

Main Roof
Coarse-grained

sandstone

11.55–29.5,

average 20.09

Grayish-white, coarse-grained, massive structure; mainly composed

of quartz and feldspar with minor gravels and loose cementation.
64.25

Immediate

Roof
Silty mudstone

0.21–0.76,

average 0.46

Dark gray to gray-black mudstone with massive structure and

developed bedding, prone to weathering.
23.15

Immediate

Floor
Siltstone

2.70–5.00,

average 4.09

Grayish-white siltstone with massive structure and calcareous

cementation, mainly composed of quartz and feldspar.
36.00

Main Floor
Medium-grained

sandstone

3.40–6.08,

average 4.73

Grayish-white medium-grained sandstone with massive structure

and calcareous cementation, well cemented and relatively intact.
60.00

During roadway excavation, multiple faults, collapse

columns, and localized igneous intrusions may be encoun-

tered, with some normal faults exhibiting vertical displace-

ments of up to 20–25 m. Seismic anomaly zones identified

along the alignment may correspond to seam thinning or

local seam absence. Lamprophyre intrusions and collapse

columns may disrupt the coal seam structure and induce

fractured surrounding rock conditions, while potentially en-

hancing local groundwater conductivity.

Hydrogeological conditions are classified as moder-

ate. Groundwater inflow is mainly controlled by roof sand-

stone fracture water and locally by structurally induced con-

duits. Thick mudstone strata beneath the seam act as effec-

tive aquicludes, and the calculated water inrush coefficient

remains below the critical safety threshold, indicating an

overall low risk of water inrush. However, localized seepage

may occur within faulted or fractured zones, and advance

probing together with appropriate drainage measures is there-

fore required during excavation.

4.2.2. Detection Test Design

The advance seismic detection procedure conducted

in Roadway 2209 of Panel 2 was generally consistent with

that implemented in Roadway 2110 of Panel 1. The vibra-

tion sensor layout and field installation conditions during

excavation are shown in Figure 13.

Figure 13. Vibration sensor layout plan and photos.
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Prior to advance seismic detection, water-probing

drilling was carried out at chainage 1,128 m in Roadway

2209 as a comparative verification measure. Three advance

water-probing boreholes were arranged at the excavation

face to investigate geological and hydrogeological condi-

tions ahead of the roadway. The boreholes were deployed in

a fan-shaped configuration to achieve vertical coverage of

different zones in front of the excavation face.

As illustrated in Figure 14, Borehole No. 1 was drilled

approximately along the roadway axis to identify the general

occurrence of coal seams and surrounding rock ahead of the

face. Boreholes No. 2 and No. 3 were inclined upward and

downward, respectively, thereby providing upper and lower

detection coverage. Specifically, Borehole No. 1 was drilled

with an azimuth of 247° and an inclination of 0°, forming an

approximately horizontal borehole with a measured depth of

85 m. Borehole No. 2 was drilled with an azimuth of 232°

and an inclination of −7°, reaching a measured depth of 89

m. Borehole No. 3 was drilled with an azimuth of 262° and

an inclination of −7°, also reaching a measured depth of 89

m. Together, the three boreholes formed a forward probing

coverage of the excavation area, providing geological veri-

fication data for subsequent advance seismic detection and

excavation safety assessment.

Figure 14. Layout of advance water-probing boreholes.
Note: Borehole 1#, azimuth of 262°39′, inclination of −7°, depth of 89 m; Borehole 2#, azimuth of 247°39′, inclination of 0°, depth of 85 m; Borehole 3#, azimuth of 232°39′,
inclination of 7°, depth of 89 m, permitted advance distance 55 m.

4.2.3. Detection Results and Verification

Figure 15 presents a typical imaging result obtained

from seismic advance detection during excavation in Road-

way 2209. Three significant reflection anomalies were iden-

tified ahead of the working face, mainly located at chainages

1,186–1,206 m, 1,220–1,228 m, and 1,260–1,290 m, indi-

cating possible geological or lithological anomalies. The

borehole investigations results show as follows:

Borehole No. 1: coal (0–62 m), limestone (62–81 m),

coal (81–85 m);

Borehole No. 2: coal (0–30 m), limestone (30–89 m);

Borehole No. 3: coal (0–29 m), limestone (29–89 m).

A comparison shows that the first seismic anomaly at

1,186–1,206 m corresponds closely to the limestone interval

detected by drilling at 1,190–1,209 m, confirming that the

anomaly is mainly caused by impedance contrasts between

coal and limestone strata. This demonstrates the effective-

ness of excavation seismic detection in identifying litholog-

ical changes ahead of the face. The remaining anomalies

were not directly intersected by boreholes but are interpreted

as potential structural or lithological disturbances requiring

further verification during subsequent excavation.

Figure 15. Imaging results after migration processing.
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4.3. Integrated Analysis and Discussion

4.3.1. Physical Interpretation of Seismic Re-

sponses

The reflected seismic responses during roadway ex-

cavation are governed primarily by contrasts in elastic

impedance, which is determined by the combined effects of

density and seismic wave velocity. Faults, collapse columns,

fractured coal–rock masses, and coal–limestone interfaces all

disturb the continuity of elastic impedance and therefore gen-

erate reflected waves. In Roadway 2110, the enhanced reflec-

tion energy near the mapped fault and collapse-column zone

is interpreted as the combined response of fracture-induced

velocity reduction, impedance discontinuity, and wave scat-

tering. In Roadway 2209, the strong anomaly at 1,186–1,206

m is mainly attributed to the sharp impedance contrast be-

tween coal and limestone. The gradual strengthening and

spatial focusing of the reflected events as the excavation face

approaches the target further indicate that the effective signal

amplitude is affected by source–target distance, attenuation,

and geometric spreading.

The polarity and continuity of reflection events pro-

vide additional geological information. Continuous high-

amplitude events are more likely to correspond to laterally

persistent lithological interfaces, whereas discontinuous or

chaotic reflection patterns usually indicate fractured zones,

collapse-related disturbance, or irregular structural bound-

aries. Therefore, the interpretation in this study was based

not only on the presence of reflection energy, but also on the

spatial continuity, amplitude concentration, and consistency

of anomalies among repeated detections.

4.3.2. Influence of Geological Conditions

Geological conditions exert a direct influence on de-

tection accuracy. When the target has a strong impedance

contrast with the surrounding coal seam, such as a coal–

limestone interface or a major fault zone, reflected energy is

concentrated and the anomaly location can be constrained

more reliably. By contrast, weak lithological variations

within coal-bearing strata may generate low-amplitude re-

flections and are more difficult to interpret. Highly fractured

zones may also scatter seismic energy, producing chaotic but

less continuous events.

The two field cases show different but complemen-

tary geological responses. Roadway 2110 demonstrates that

faults and collapse-related fractured zones can be recognized

by enhanced and discontinuous reflection patterns, whereas

Roadway 2209 demonstrates that lithological transitions can

be identified when the coal–rock impedance contrast is suf-

ficiently strong. This comparison suggests that the method

is especially suitable for detecting major structural discon-

tinuities and high-contrast lithological boundaries in coal

roadway drivage.

4.3.3. Reliability and Quantitative Evaluation

Results from both Roadway 2110 and Roadway 2209

demonstrate that excavation seismic advance detection per-

forms reliably under different geological conditions. In Road-

way 2110, faults, collapse columns, and fractured zones were

successfully detected, whereas in Roadway 2209, lithological

transitions between coal and limestone were clearly identi-

fied. These cases indicate that the method is sensitive to both

structural disruptions and lithological variations.

Table 4 presents a quantitative comparison between

seismic prediction and field verification. The two field cases

provide complementary validation conditions: Roadway

2110 mainly verifies structural anomalies by excavation ex-

posure, whereas Roadway 2209 verifies lithological changes

by advance drilling. Although the available engineering ver-

ification data are limited by mining safety and production

constraints, the comparison demonstrates meter-scale con-

sistency between the predicted seismic anomalies and the

verified geological targets.

The quantitative results indicate that the proposed

method can identify major geological anomalies within an

engineering-acceptable error range. For the mapped fault in

Roadway 2110, repeated detections constrained the anomaly

before exposure, with a positioning deviation of approxi-

mately 6–10 m. For the coal–limestone transition in Road-

way 2209, the first seismic anomaly overlapped well with

the drilling-confirmed limestone interval, and the boundary

deviation was generally less than about 5 m. These results

are considered sufficient for advance warning and support

adjustment in roadway drivage, where the objective is to iden-

tify hazardous zones before the excavation face reaches them

rather than to produce a high-resolution stratigraphic model.
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Table 4. Quantitative comparison between seismic imaging results and field verification.

Case Predicted Seismic Anomaly Verification Data
Estimated Positioning

Error
Interpretation

Roadway 2110

Fault-related reflection near the

mapped fault ahead of M16;

collapse/fractured-zone anomaly

around chainage 1,000–1,010 m

Subsequent excavation

exposure and field

geological mapping

Fault: approx. 6–10 m;

collapse/fractured zone:

consistent with exposed

section

Structural discontinuity

and fractured coal–rock

mass

Roadway 2209
Major anomaly at chainage

1,186–1,206 m

Boreholes indicate

limestone interval at

chainage 1,190–1,209 m

Generally <5 m at the

anomaly boundary

Coal–limestone

lithological transition

Overall

Repeated high-energy reflection

zones under different

source–receiver positions

Excavation exposure and

drilling verification

Meter-scale consistency

for major anomalies

Reliable for advance

warning and support

adjustment

5. Discussion and Limitations

Compared with conventional controlled-source tunnel

seismic prediction methods, the while-excavation seismic

method does not require blasting, hammer excitation, or pro-

duction stoppage, which gives it clear operational advantages

in underground coal mines. Compared with TBM-based

seismic-while-drilling studies, the present roadheader-based

coal roadway environment involves lower source repeata-

bility, stronger mining noise, and more restricted sensor in-

stallation conditions. Therefore, direct transplantation of

conventional TSP or TBM-SWD processing is insufficient,

and an engineering-adapted workflow is required for coal

roadway excavation [14,15,23–25].

The advantage of the proposed method is its compat-

ibility with continuous drivage and its ability to provide

repeated anomaly warnings as the excavation face advances.

The main disadvantage is that the source is not actively con-

trolled, which makes data quality more dependent on the

cutting state and receiver coupling. Thus, the method should

be regarded as complementary to drilling, electrical, elec-

tromagnetic, and radar methods. Its greatest value lies in

providing continuous, non-interruptive seismic information

to guide where more targeted verification or support rein-

forcement should be implemented.

During roadway excavation advance detection, the

monitoring environment is inherently dynamic, strongly dis-

turbed, and constrained by limited acquisition conditions,

which makes a certain degree of uncertainty unavoidable in

the imaging results. Although repeated acquisition, cross-

correlation-based signal extraction, preprocessing enhance-

ment, and iterative velocity-model updating were employed

in this study to reduce such uncertainty, the method may

still show reduced capability in identifying anomalies under

weak lithological contrast conditions, where the impedance

contrast across interfaces is limited and the reflected re-

sponse is intrinsically weak. Moreover, under complex three-

dimensional structural conditions, the imaging results may

still suffer from positioning errors or simplified interface

geometry due to the limitations of two-dimensional acquisi-

tion geometry, finite receiver aperture, and multipath wave

propagation. Therefore, the interpretation results should still

be evaluated together with drilling verification, geological

mapping, and other auxiliary information.

6. Conclusions

This study developed and validated a seismic advance

detection method performed concurrently with roadway ex-

cavation in underground coal mines. By utilizing vibrations

generated by roadheaders as seismic sources, continuous ad-

vance detection and imaging of geological structures ahead

of excavation faces were achieved without interrupting pro-

duction.

1. Signal preprocessing procedures, including time-

window selection, band-pass filtering, first-arrival

picking, and cross-correlation processing, effectively

enhanced signal quality and enabled reliable extrac-

tion of reflection information from random excavation-

induced signals. Combined with iterative velocity anal-

ysis and depth migration imaging, accurate delineation

of geological anomalies was achieved.

2. Field applications conducted in Roadway 2110 and

Roadway 2209 of Dongzhouyao Coal Mine demon-

strated that the proposedmethod successfully identified

faults, collapse columns, fractured zones, and litholog-

ical transitions ahead of excavation faces. Quantita-

tive comparison showed that the major fault-related
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anomaly in Roadway 2110 had a positioning deviation

of approximately 6–10 m, while the coal–limestone

transition in Roadway 2209 showed a boundary devi-

ation of generally less than about 5 m compared with

drilling verification. These results confirm the reli-

ability and stability of the technique under different

geological conditions.

3. The proposed while-excavation seismic advance de-

tection method enables continuous, real-time geologi-

cal forecasting without interrupting excavation opera-

tions, significantly improving construction safety and

efficiency. The method exhibits strong potential for

widespread application in intelligent coal mine road-

way development and advance geological hazard pre-

vention.
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