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Abstract: Geologic interpretation results from conventional ground-penetrating radar (GPR) detection
methods tend to have a certain degree of uncertainty. In order to improve the reliability of ground-
penetrating radars in the detection of rock mass fissures in grottoes, this study proposes a ground-
penetrating radar detection method with the logging data constraint, which is applied to detect the
fractured rock mass in the Baodingshan Scenic Area of Dazu Rock Carvings, Chongging, China.
First, conventional logging and borehole televiewer data were compared and verified, yielding
detailed lithological and wellbore fissure information. Next, electromagnetic wave velocity was
calibrated using GPR profile and the depth of the stratigraphic interface determined by borehole data.
Utilizing this calibrated velocity, we are able to accurately calculate the depth values of anomalies in
GPR interpretation profiles. Subsequently, we compared the preliminary GPR interpretation profile
with the borehole televiewer images. After eliminating false anomalies caused by interference, we
obtained more reliable location information for detection targets such as fissures, fracture zones,
and weak interlayers. The results of fissure detection in the Dazu Rock Carvings indicate that the
detection results of ground-penetrating radar are verified and supplemented under the constraints of
stratigraphic and well-wall fissure information obtained by logging. This effectively mitigates the
influence of multiplicity and false anomalies of GPR detection on interpretation results. GPR with
the logging data constraint enhances the accuracy of the fissure detection results, providing novel
technical means for the protection and restoration of grotto relics.

Keywords: Dazu Rock Carvings; GPR; conventional logging; borehole televiewer; rock mass fissures

1. Introduction

Grottoes are ancient artworks created by excavating rocks, and they possess significant
historical, cultural, artistic and scientific value [1]. However, grotto cultural relics are sus-
ceptible to various diseases caused by long-term natural weathering and human activities.
Among them, rock mass fissure is recognized as one of the most severe diseases [2]. Non-
destructive detection technology can systematically examine the interior of the grotto rock
mass and promptly identify fracture zones. This technology can provide valuable reference
materials for the subsequent restoration of the grotto rock mass. Consequently, this type of
detection technology is crucial for the preservation and research of grotto cultural relics.

Various geophysical methods have been applied for fissure detection, such as Ground-
Penetrating Radar (GPR) [3,4], electrical prospecting [5,6], electromagnetic prospecting [7],
Nuclear Magnetic Resonance (NMR) [8,9], acoustic exploration [10,11], CT scanning [12,13],
and comprehensive logging [14,15]. However, these methods are rarely applied to detect
fissures in rock cultural relics; they are mostly used for fissures in reservoir rock mass and
hydrogeological related fissures [16-18].
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GPR is a common near-surface geophysical method with high resolution, high effi-
ciency and non-destructiveness. It has been widely used to detect various fissures [19,20]
in recent years. Eskandari et al. [21] analyzed the images of fissures detected by GPR using
the SVD algorithm, and successfully reduced the clutter in the profile. They demonstrated
that this method could detect fissures with a width greater than 1.3 mm, which proves that
the GPR system can effectively detect road fissures in practice. Previous studies have also
combined GPR with other techniques to detect different types of fissures. For example,
Dorn et al. [22] detected the solute transport in the aquifer fissure using GPR and tracer test
data, and obtained information on the number, connectivity and geometric characteristics of
the fissures that contribute to the migration. Solla et al. [23] detected and described road fis-
sures and their sources using GPR and infrared thermal imaging technology. They showed
that this combination can detect road fissures more comprehensively and non-destructively.

Numerous logging techniques, including natural gamma logging, acoustic logging,
and resistivity logging, have been extensively employed in the detection of fissures within
rock masses [24-26]. Leal et al. [27] showed that the fractal dimension of resistivity image
logging can effectively identify the fissures in the oil well formation of natural fractured
reservoirs. They also applied the SVM model to automatically detect natural open fissures
in resistivity image logging before the long interpretation process. Lopes et al. [28] used
logging technology and three-dimensional GPR to characterize karst dissolution zone, fault
network and formation interface in three dimensions. Tokhmechi et al. [29] introduced a novel
approach to detect fracture zones and fissure density using water saturation log data. This
approach employs wavelet transform and shale volume (or gamma) logging data to filter
errors and estimate the number of fissures within each fracture zone. This method has been
effectively implemented in four wells within an Iranian oil field, yielding positive results.

In addition to conventional logging methods, the borehole televiewer is a special
logging technique that effectively detects rock mass fissures. Lau et al. [30] used subsurface
fissure surveys with a borehole camera and acoustic televiewer to detect underground
fissures. They demonstrated that borehole camera survey and acoustic televiewer logging
is a fast, cost-effective and accurate method to measure fissures and their characteristics
in boreholes ranging from 7.6 to 15.3 cm in diameter. Li et al. [31] employed a borehole
televiewer to observe fissures within rock mass and detail the apparatus and operating
procedures for this approach. Supported by case study data, the study concludes that
borehole televiewer is an effective tool for observing fissures and that the proposed method
yields accurate and dependable results.

GPR is commonly used for detecting fissures in cultural relics, while logging is rarely
utilized in this context. Capineri et al. [32] used RASCAN holographic radar to detect
subsurface defects, including fissures, in the decorative marble medallions of the Temple
of San Biagio and frescoes in the Church of San Rocco in Italy. Heerlé et al. [33] con-
ducted a GPR survey of two rock art sites in the KwaZulu-Natal Drakensberg, South
Africa, to assess the presence of cracks in the rock walls that could lead to destabilization.
The findings demonstrate the radar’s capability to locate potential crack formation areas.
Masini et al. [34] employed ground-penetrating radar with a high-frequency antenna to
analyze the internal structure of the rose window of Troia Cathedral. The results indicate
that the GPR survey yielded valuable insights into the internal structure, including the
detection of fissures and boundaries of previously repaired sections.

Although GPR and logging technology are commonly utilized for fissure detection,
they possess certain limitations when used independently for detecting rock mass fissures.
GPR is mainly applied to detect shallow targets in cultural relics [35]. When the detection
target depth reaches more than ten meters, the GPR detection requires antenna frequencies
below 200 MHz. At this frequency, the radar resolution is low, and there are numerous inter-
ference signals in the radar profile. The detection environment is complex and diverse, and
GPR has technical limitations. These factors result in multiplicity and uncertainties in GPR
interpretation, which prevent accurate detection of fissures in cultural relics. Conventional
logging technology can only obtain information from the local area around the borehole,
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with limited ability to obtain formation information from far away. The utilization of a
borehole televiewer exclusively offers imaging data restricted to the surface of the borehole
wall. Moreover, it is influenced by factors like fissures generated during drilling and wall
debris, which impede its accuracy in detecting fissures and geological layers.

To investigate a refined detection method of fractures in the cave rock mass and
improve the accuracy of fracture detection, this study introduces a ground-penetrating
radar detection method with the logging data constraint. The method was applied to the
detection of fracture diseases in the rock mass of Dazu Rock Carvings. Conventional logging
and borehole televiewer data provided accurate information on geological stratification. By
matching the GPR profile with the stratigraphic information, we obtained electromagnetic
waves velocity of the strata. This improved the accuracy of depth interpretation in GPR
profiles. The stratigraphic and fissure information obtained from logging data was utilized
to verify the interpretation results of GPR. In addition, the verified anomalies in the GPR
profile were used to infer other anomalies of the same type.

2. Materials and Methods
2.1. Study Area

The Dazu Rock Carvings are situated in the Dazu District of Chongqing, China,
making them one of the eight largest grottoes in the world and the largest center of grotto
art in China. In 1999, they were added to the list of world cultural heritage sites due to their
significant historical, artistic, and scientific value. The carvings depict the development and
evolution of grotto art in China during the Tang and Song Dynasties, spanning from the 9th
to the 13th century. There are 23 sites scattered throughout the southwest, northwest, and
northeast regions of the county, with the Baodingshan cliff statues being the most exquisite
and largest among all the carvings. The Dafowan rock carvings area is a crucial part of
these statues and serves as their primary concentration area. The study area is situated at
the southern cliff top of Dafowan Bay in the Baodingshan Rock Carvings scenic spot of the
Dazu Rock Carvings (Figure 1).
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Figure 1. Location of the study area. (a) the location of Baodingshan Rock Carvings Scenic Spot in
Chongging; (b) the location of the study area in the Baodingshan Rock Carvings Scenic Spot (the blue
line frame area is the Dafowan rock carvings area, and the red line frame area is the study area).

Figure 2a shows the geological profile of the study area based on geological data. The
exposed strata in the study area are mainly sandstone, with a weak layer of shaly sand
intercalated in the sandstone strata. The weak interlayer is a signature stratum that runs
through the entirety of the Dafowan Bay. The overburden layer in the study area generally
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has a double layer structure. The upper layer consists of loose artificial fill, and the lower
layer consists of colluvial and residual deposits. The overburden layer on the south bank of
Dafowan Bay is about 2-3 m thick. The structure of this area is relatively gentle, with nearly
horizontal rock layers. The strata have good continuity, with dip angles mostly between 2°
and 9°. After investigating this area, it was found that the fissures in this area are mainly
tensile cracks, with no obvious shear crack observed. During the investigation, no faults or
other large geological structures were found.
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Figure 2. Geological profile map of the Dafowan rock carvings area and photos of fissures exposed
on the cliff face. (a) Geological profile; (b) a seepage fissure exposed in the shaly sand layer of the
cliff face; (c) a high dip angle seepage fissure exposed on the cliff face of rock carvings.

In recent years, the Dazu Rock Carvings have been severely affected by various
diseases, among which the most obvious damage to the grottoes is caused by fissures and
seepage. Figure 2b,c shows the fissures and seepage conditions exposed on the cliff face
of the grotto statues. These fissures not only affect the aesthetics of the grottoes, but also
seriously endanger the stability of the grotto rock mass. Despite repeated treatments, these
seepage phenomena have not been completely and effectively solved so far. Under water
pressure, water from different sources communicates with each other through unloading
fissures, bedding fissures and weathering fissures encountered. These fissures form a
seepage network, which makes the water spread throughout the grottoes. Therefore, an
urgent problem for the current protection of the Dazu Rock Carvings cultural relics is how
to detect the seepage fissures in the grotto rock mass effectively and non-destructively.

2.2. Data Acquisition

Six GPR survey lines (L1 to L6) were laid along the south cliff top road at Dafowan
Bay and five drill holes (ZK1 to ZK5) were found near the survey lines. ZK3 was excluded
from this survey due to its small diameter. Conventional logging and borehole televiewer
surveys were conducted for the remaining four boreholes. RTK was used to accurately
locate the endpoints of each survey line and the position of the borehole wellhead. This
helped record their relative positions and facilitate comprehensive comparative analysis of
later exploration data. Figure 3a shows the location of the GPR survey lines and boreholes.
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Figure 3. (a) GPR survey lines and borehole locations in the study area; (b) GPR L6 survey line data
acquisition using a MALA 100 MHz antenna; (c) borehole televiewer image acquisition in borehole
ZK2 using a JKX-4A borehole full-wall imaging system.

Most fissures exposed on the cliff surface have a depth of 10-15 m. Initially, a 100 MHz
GPR antenna was considered to achieve the required detection depth. With a formation
electromagnetic wave velocity of 0.11 m/ns, an electromagnetic wave with a frequency of
100 MHz has a wavelength of 1.1 m. The resolution of GPR can be determined using the
Huygens-Fresnel principle, which calculates it as one-fourth of the GPR wave’s wavelength,
resulting in a resolution of 0.275 m. This resolution meets the detection requirements for
fracture zones. Ultimately, the Swedish MALA ProEx control unit and a 100 MHz GPR
antenna were selected for detection based on their GPR detection depth and resolution.
GPR data were collected using a single point measurement method with a distance interval
of 0.1 m, a sampling time window of 500 ns, and a sampling frequency of 994.95 MHz.
Figure 3b shows the on-site situation during GPR data collection.

Four conventional logging data were measured: natural gamma logging, well temper-
ature logging, acoustic logging, and three lateral resistivity logging. The natural gamma
value reflects the shale content in the stratum, which is useful for detecting the main seep-
age layer (weak interlayer of shaly sand). It can also be used to determine the location of
water bearing strata [36]. Well temperature logging can help estimate the water level depth
in the well. The acoustic logging curve is capable of reflecting the lithological and structural
features of the formation. The resistivity logging curve reflects the rock type, permeability,
and water content of the formation. Natural gamma ray, acoustic wave and resistivity
logging are suitable for seepage fissure detection and fracture zone exploration due to their
distinct characteristics and advantages. We used JGS-6 integrated digital logging system
and JKX-4 A borehole wall imaging system produced by CGE(Chongqing)Geological In-
strument Co., Ltd. to acquire conventional logging data and borehole televiewer images.
Figure 3c shows the borehole televiewer image scene photo.

2.3. Single Geophysical Method Data Analysis
2.3.1. Ground-Penetrating Radar

The collected GPR data were processed using Reflexw software for DC removal, zero
correction, gain and bandpass filtering. This produced a GPR profile that allowed for easy
determination of formation interfaces. Figure 4 illustrates the GPR profiles before and after
processing the data from the L2 and L3 survey lines. Formation interfaces can be determined
based on characteristic changes of reflected signals [37] as the reflection characteristics of
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electromagnetic waves vary among strata of different lithologies. The lithology of the strata
can then be determined in conjunction with the available geological information. According
to geological data and logging information, the shale content in the deep part of the shaly
sand layer is relatively low, which exhibits high similarity to the geophysical properties
of the sandstone layer. In addition, severe energy attenuation of radar waves through
the shaly sand layer, so no clear reflection signal is observed at the interface between the
shaly sand and the lower sandstone layer in the profile. Therefore, we did not mark this
interface during stratigraphic interpretation. The remaining survey lines exhibit geological
stratification characteristics similar to those of the L2 and L3 survey lines.
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Figure 4. GPR profiles before and after data processing. (a) Original GPR profile of the L2 survey
line; (b) GPR profiles of the L2 survey line showing lithological stratification; (c) original GPR profile
of the L3 survey line; (d) GPR profiles of the L3 survey line showing lithological stratification.

We chose the GPR profile of the L2 survey line shown in Figure 4b for our analysis.
An obvious change in the characteristics of reflection events is observed at a depth of
45 ns within the L2 survey line profile. By combining geological data, this area has been
identified as the interface between overburden and sandstone. At a depth near 180 ns
within the profile, an abrupt change in both reflected wave energy and event continuity
is observed. By combining the geological profile of the survey area, this region has been
identified as the interface between sandstone formation and shaly sand formation. A strong
and perfectly horizontal reflection event is observed at 390 ns within the profile and is
consistently present at this location across all six survey lines. Given this consistency, it has
been identified as an interference signal originating from detection equipment.

Profiles from survey lines L1 to L6 were synthesized into a single profile, to which
the same data processing steps were applied. Subsequently, lithological interpretation of
the profile was conducted. Figure 5 presents the resulting combined profile, inclusive of
annotated stratigraphic boundaries. As shown in Figure 5, good continuity is observed
between the different line profiles for the two stratigraphic interfaces mentioned above.
Stratification results from the combined profile indicate good continuity among strata
within the study area and an absence of large structural faults, which is consistent with the
stratigraphic description present within geological data.
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Figure 5. The profile of the L1 to L6 survey line after splicing and its lithological stratification.

A GPR profile, obtained through the performance of background removal in addition
to the aforementioned data processing steps, is better suited for the identification of anoma-
lies. Figure 6 illustrates the GPR profiles of the L2 survey line before and after removing
the background.
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Figure 6. (a) GPR profile of the L2 survey line before background removal; (b) the L2 survey line
profile after background removal and its geological interpretation.

Survey line L2 was also selected for analysis, as depicted in Figure 6b. A strong
amplitude signal, extending from the ground to a depth of 400 ns, is present at a distance
of 3.9 m from the starting point within the L2 profile. Owing to its proximity to ZK1
borehole, this strong amplitude signal has been identified as interference originating from
the borehole. Straight linear events are depicted within regions No.1 and No.2 of the
figure. Given the complexity of underground media and structures, we believe that these
events represent not reflected waves from underground structures but rather interference
signals reflected from surface objects. Reflection events within regions No.3 to No.5 exhibit
characteristics including dislocation, strong amplitude, low frequency, and oscillation; it
is thus inferred that rock mass within these areas may represent water-bearing fracture
zones or strata with high shale content. Within the range of 50-150 nanoseconds along
the L2 survey line, a significantly stronger reflection signal was observed in the 18-19 m
area. Meanwhile, we found a high-dip seepage fissure on the corresponding cliff face, as
shown in Figure 2c. Therefore, we surmised that near-vertical seepage fissure may exist
here. Reflection events in other areas of the profile are weak in comparison, indicating good
rock integrity in these areas.
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2.3.2. Conventional Logging

Prior to lithology interpretation of logging data, preprocessing is required including
depth alignment, correction of inclined well curves to vertical well curves, curve smoothing,
environmental correction, and numerical standardization [38]. Sandstone and mudstone
can be distinguished by characteristics of acoustic interval transit time curves, natural
gamma curves, and resistivity curves in conventional logging [39].

Following interpretation of the lithology of the logging data using the characteristics
of three types of logging curves, a ZK4 borehole logging lithology interpretation diagram
was generated, as shown in Figure 7. The diagram indicates that shallow strata above 11 m
near the ZK4 borehole primarily consist of sandstone with low shale content. At depths of
11-20 m, shaly sand and sandstone formations are interbedded within formations. Below a
depth of 20 m, a thick layer of mudstone is present.

Sonic velocity(Km/s)
0 10
GR (APD) Resistivity(Q-m)
1:100 |0 200{0 1000
Overburden 2 12
Medium grained|
sandstone
Shaly sand 4.13
Medium grained
sandstone
11.1
Shaly
sand
14. 69
File gained —
1 15.35
————
Shaly
sand
19. 62
Fine grained
sandstone 20. 64
Mudstone
22.19
Shaly
sand
24.85

Figure 7. ZK4 borehole logging lithology interpretation diagram.

Observations on the cliff indicate that the shaly sand formation is the primary water
seepage layer, with clear indications on the logging curve. As a result, we use the interface
between this stratum and the overlying sandstone formation as a marker for cross-well
stratigraphic correlation. Based on wellhead elevation data measured by RTK, we deter-
mined each borehole’s relative height and created a stratigraphic correlation diagram for
four boreholes, as shown in Figure 8. The figure shows that the area has good stratigraphic
continuity. Additionally, shaly sand formation thickness varies among boreholes. From
south to north, formation lithology uniformity decreases, and shale becomes more widely
distributed within the formation.
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Figure 8. The stratigraphic correlation of ZK1, ZK2, ZK4 and ZK5 boreholes.

2.3.3. Borehole Televiewer

To obtain borehole wall images for analysis, borehole televiewer data requires only
depth correction. High-definition borehole images obtained using borehole televiewer
technology can help us observe changes in formation lithology and understand the distri-
bution of fissures and fracture zones [40]. For single fissure surfaces observed in borehole
televiewer images, we use borehole wall imaging system analysis software to fit the fissure
edge curve. Through a series of calculations of the fitted curve by this software, we can
obtain information about the depth range, dip angle and azimuth angle of the fissure sur-
face. In addition, this software allows for manual extraction of fissure width data. Figure 9
displays a section of a ZK2 borehole televiewer image and its associated fissure surface

occurrence information.

epth|

2.9

3.0

3.1

3.2

3.3

Stretch-out view

Core Description

Depth range (2.950m~2.998m)
Dip angle :23.76°
Azimuth angle :313.59°
Slit width :8.819mm

Depth range (3.133m~3.270m)
Dip angle :51.25°
Azimuth angle :161.02°
Slit width :20.939mm

Figure 9. ZK2 borehole televiewer image and fissure plane occurrence information within 2.9~3.3 m
depth of ZK2 borehole.
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4%

(a)

Rock mass fissure occurrence data were obtained from the borehole walls of four
boreholes using the software. The data underwent classification, organization, and sta-
tistical analysis to produce the fissure occurrence statistics graph depicted in Figure 10.
Preliminary analysis of the graph data revealed several characteristics of fissure occurrence
parameters within the measurement zone. Fissures were primarily distributed within an
intermediate depth range of 8-16 m. Low dip angle fissures predominated, and no apparent
patterns were observed in the dip direction distribution of fissure surfaces.

0°-60°

(b) (c)

Figure 10. Pie chart of wellbore fissure occurrence parameters. (a) Pie chart of fissure depth distribu-
tion; (b) pie chart of dip direction distribution of fissure surfaces; (c) pie chart of dip angle distribution
of fissure surfaces.

3. Results
3.1. Comprehensive Analysis of Borehole Data

Before using borehole data to compare and verify the content of GPR data inter-
pretation, we should comprehensively analyze logging data to improve the reliability of
borehole data. Geological environments are often more complex in reality. Similar logging
curve characteristics may correspond to different stratigraphic structures and combinations.
Although borehole televiewer images are intuitive, they may contain false targets and
can be challenging to distinguish. For example, the borehole wall may be contaminated
by mud, the imaging of the borehole wall after weathering is different from that of the
original borehole wall, and the fracture of the borehole wall during drilling. Therefore, a
comparative analysis of conventional logging and borehole televiewer data is necessary for
the interpretation of strata and fissures using borehole data.

To eliminate interfering information, data from both conventional logging and bore-
hole televiewer were compared at the same depth. The final composite logging interpreta-
tion of borehole ZK4 is illustrated in Figure 11. The depth of the stratigraphic interface and
the lithology of the strata in the conventional logging interpretation diagram are in general
agreement with those on the borehole televiewer images.

Fracture zones can be clearly characterized by physical parameter from various log-
ging curves. The development of fissures in formations and rocks can cause volume
loosening, increased porosity, and enhanced permeability, resulting in changes in physical
parameters. In conventional logging curves, the fracture zone primarily manifests as a
comb-like high and low value anomalous response in sonic time difference curves and mul-
tiple low value anomalous responses in apparent resistivity curve anomalies. Figure 11b
shows the interpretation of borehole ZK4's logging lithology. The interval from 15.3 to
16.3 m coincides with logging characteristics of a fracture zone and is thus interpreted as
such. The borehole televiewer image in Figure 11a at the corresponding depth confirms
this interpretation.
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Figure 11. Comparative analysis chart of information of borehole. (a) Borehole televiewer image of
ZK4 borehole; (b) logging lithological interpretation of ZK4 borehole.

3.2. Obtain Formation Electromagnetic Wave Velocity

During previous exploration work within the research area, formation electromagnetic
wave velocity was calibrated by scholars based on overburden layer thickness obtained
during drilling and corresponding radar reflection time. The calibration results indicated
that an electromagnetic wave velocity of 0.07 m/ns is more suitable for the overburden of
the study area. Regrettably, the electromagnetic wave velocity values of the strata beneath
the overburden have not undergone calibration.

Since the L4 GPR line is near ZK4 borehole, we matched the L4 line’s lithological
interpretation profile with the ZK4 borehole televiewer image (Figure 12). We previously
determined interface depth between sandstone and shaly sand formation accurately using
borehole televiewer images and conventional logging curves. Strata electromagnetic wave
velocity was calibrated using this depth value and the corresponding radar reflection time.
This allowed for the calculation of GPR wave velocity for sandstone layers and average
electromagnetic wave velocity for strata above interfaces near boreholes, respectively.

DISTANCE [METER] 7K4 (b)

TIME [ns]

Figure 12. Comparison of GPR profile lithological interpretation and borehole televiewer image.
(a) GPR L4 line profile and its lithological interpretation; (b) partial image of borehole televiewer for
ZK4 borehole.
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For the L2 and L3 lines in proximity to the borehole, strata matching, and electromag-
netic wave velocity calculations were performed as previously described, with the obtained
velocities recorded in Table 1. The average wave velocities presented in Table 1 indicate that
the electromagnetic wave velocity of the sandstone formation is approximately 0.135 m/ns,
while the average electromagnetic wave velocity for strata above the shaly sand formation
is approximately 0.116 m/ns. These data can aid in more accurately determining the depth
of anomalies during time-depth conversion of GPR profiles.

Table 1. Statistical table of electromagnetic wave velocity of the strata in the study area.

Survey Line Number Sandstone Formation Velocity Average Velocity
L2 0.135m/ns 0.117 m/ns
L3 0.134 m/ns 0.114 m/ns
L4 0.136 m/ns 0.118 m/ns
average value 0.135 m/ns 0.116 m/ns

3.3. Integrated Interpretation

The interpretation of GPR data has multiplicity and can be affected by interference
signals that may obscure anomalies or create false ones. Borehole televiewer images can
accurately identify fissures in the borehole wall and provide their location information,
thereby effectively verifying and supplementing the interpretation of GPR anomalies. In
Section 3.1 of this paper, borehole televiewer images of fissures were verified by conven-
tional logging to ensure accurate identification of fissures.

In our previous analysis of processed radar profiles, we examined and eliminated
certain interference signals and conducted a preliminary interpretation. However, there
was a high degree of uncertainty in the interpretation. To verify the previous interpretation
results and accurately locate anomalous areas, we compared the preliminary interpretations
of the profiles with borehole televiewer images. In certain areas of the same radar profile,
events were found to be connected to those at the borehole location and exhibited similar
characteristics. These areas could be interpreted as exhibiting the same anomaly as their
corresponding borehole locations due to the continuity of shaly sand formations and
fissures within a limited range of rock mass. Furthermore, geological characteristics within
the same formation generally remain consistent over distances spanning tens of meters.
Consequently, verified anomalies can be utilized to interpret areas that are distant from the
borehole location but exhibit similar anomaly characteristics within the same profile.

We used the average GPR wave velocity of the strata calculated in Section 3.2 to
estimate the depth values in the GPR profiles preliminarily. Figure 13 compares the
borehole televiewer anomaly images of ZK1 with the GPR interpreted profile of Line L2.
In Figure 13a, the borehole televiewer image information at depths between 10.3-10.8 m,
13.8-15.3 m, and 18.7-19.5 m in borehole ZK1 corresponds to regions No.1, No.2, and
No.3 in Figure 13b, respectively. Based on this analysis, we determined that region No.1
corresponds to a weak interlayer of shaly sand containing fissures, region No.2 represents
shaly sand with a few horizontal fissures, and region No.3 is constituted of shaly sand with
a fracture zone. There are also strong reflection signals with similar characteristics in the
area far from the borehole. For example, the regions No.4 and No.5 in the figure are similar
to region No.1. Therefore, regions No.4 and No.5 are also interpreted as weak interlayers
of shaly sand and containing fissures.

Using the interpretation principle and analysis method of line L2, we conducted
a comprehensive interpretation of the remaining lines. Figure 14 shows the results of
comparing the borehole televiewer anomaly images of ZK4 borehole with the interpretation
of the L4 GPR profile. The two anomalies below a depth of 15 m have unclear signals in the
GPR profile. These anomalies were identified through Borehole televiewer images.
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Figure 13. Comparison of borehole televiewer images from ZK1 borehole with L2 GPR profile
interpretation. (a) ZK1 borehole televiewer fissure images; (b) L2 GPR survey line profile and its

geological interpretation.
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Figure 14. Comparison of borehole televiewer images from ZK4 borehole with L4 GPR profile
interpretation. (a) L4 GPR survey line profile and its geological interpretation; (b) ZK4 borehole

televiewer fissure images.



Remote Sens. 2023, 15, 4452

14 0f 18

DEPTH (METER)

5

0
S

In order to conduct a comprehensive analysis of the geological conditions present
within the study area, stratigraphic information, fracture zones, and structural fissures
obtained from previous sections were plotted on a profile. The depth values of the profile
were calculated utilizing electromagnetic wave formation velocities from both overburden
and sandstone layers. This methodology provides a higher degree of accuracy for inter-
preting anomaly depth when compared to conventional methods that rely on estimated
average velocities of strata for depth calculation. Comprehensive geological interpretation
profiles for lines L2 and L4 are presented in Figures 15 and 16, respectively.
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Figure 15. L2 survey line comprehensive geological interpretation profile.
DISTANCE (METER)
0 10 20 ZK4 30
........................................................................................................................................................................................................ 0
i _Overburden o - .
Sandstone
e T 2 o e : e ey o g
: 1 _ _Inferred area of fracture zone ,M, Inferred area of fractute zone 1| ~
: Shalysand @ le-moooooo s s se e - il il === -
: H =
I:lArea of fracture zone i E
Sandstone ;
B PP TP PP PP PP PP PP PP PP PR PPRRPRR LT SEERTREE T 20 X
[ Area of fracture zone | =

Figure 16. L4 survey line comprehensive geological interpretation profile.

Combining the seepage fissure information observed on the cliff face (Figure 2), bore-
hole televiewer seepage fracture images, and the comprehensive geological interpretation
profiles, we make the following speculations.

The shallow rock mass, ranging from 2 to 10 m in depth and located within the
southern cliff area of Dafowan Bay, exhibits relatively good integrity. Within the shaly sand
formation, at depths ranging from 10 to 12 m, well-developed fissures are present which
may serve as horizontal seepage channels. Fissures are present within the rock mass at
depths ranging from 15 to 22 m; however, these fissures exhibit poor continuity. Steeply
dipping structural fissures are also present within the sandstone layer and may serve as
channels for water infiltration from shallow to deeper sections.
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4. Discussion

This paper focuses on the application of GPR detection method constrained by logging
data for the detection of fractures in the cave rock mass. We present a novel methodology
for the detection of fissures within rock relics, thereby enhancing technical capabilities
within the field of relic disease detection and providing a valuable reference for related
applications. According to our research findings, the proposed approach is effective in
detecting water-bearing fissures and fracture zones within sandstone grottoes.

In previous GPR detections, empirical GPR wave velocity was commonly used for
time-depth conversion. However, this method was often influenced by subjective fac-
tors during wave velocity selection, which led to inaccurate depth data. The detection
method employed in this study successfully resolves this issue. Accurate depth data of
stratigraphic boundaries was obtained by integrating data from conventional logging and
borehole televiewer. By combining these data with GPR profiles, the GPR wave velocity
for time-depth conversion was calculated, providing accurate depth data for the final GPR
interpretation profiles.

Compared with the conventional GPR detection method, the proposed approach
exhibits distinct advantages with respect to the credibility of anomaly interpretation. GPR
techniques are highly effective for the detection of shallow geological targets, however,
these techniques exhibit a degree of multiplicity when interpreting anomalies and are sus-
ceptible to external interference, potentially resulting in the generation of false anomalies.
Conventional logging techniques can be utilized to accurately determine the location of
stratigraphic interfaces, while borehole televiewer techniques can be employed to accu-
rately identify fissures and obtain associated location information. However, the range of
detection for logging methods is limited to a small area in close proximity to the borehole.
With respect to the detection of grotto relics, the number of available boreholes is greatly
limited, thereby further restricting the range of detection for logging methods when ap-
plied to relic detection. The joint application of GPR, conventional logging, and borehole
televiewer techniques can effectively mitigate issues associated with GPR multiplicity
and the limited range of detection for logging methods. Comprehensive data obtained
from boreholes can serve to verify GPR interpretation content, while GPR profiles are
capable of detecting areas that are not accessible via boreholes. This enables a more com-
prehensive and reliable approach for the detection of rock mass fissures and evaluation of
rock integrity.

The detection method proposed in this paper also has certain limitations. Firstly,
boreholes used to provide constraint information generate reflected signal on the GPR
profile, which can cause certain interference to the GPR data. As the distance between
boreholes and GPR survey lines decreases, the correlation between their data increases.
However, this closer proximity also results in an increase in the strength of interference
signals caused by boreholes within GPR data. In addition, the limited number of boreholes
resulted in some areas where the results of the GPR interpretation could not be verified by the
logging data. Therefore, the proposed approach in this paper still has certain uncertainties
for the GPR interpretation of areas outside the range of logging data validation, and other
subsequent detection methods are needed to verify the interpretation results. Finally, when
low-frequency GPR antennas are utilized for the detection of fissures with large depth, the
resolution of GPR is low, and the detection effect of narrow fissures is poor. In order to
address these limitations, future research may consider the implementation of more effective
noise-suppressed methodologies for the reduction in borehole interference on GPR data.
Furthermore, the integration of more effective non-destructive detection technologies may
facilitate the acquisition of more comprehensive and accurate detection results.
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5. Conclusions

This study proposes a GPR detection method with the logging data constraint for
the detection of fractured rock mass within the Baodingshan scenic area of the Dazu Rock
Carvings, Chongging, China. Initially, through the comparison of conventional logging
data with borehole televiewer data, information pertaining to stratigraphic lithology and
borehole wall fissures can be obtained. Subsequently, GPR profiles and borehole strati-
graphic data were combined for the purpose of calibrating electromagnetic wave velocities
of the strata in the study area. Utilizing calibrated stratigraphic electromagnetic wave
velocities, accurate anomaly depth values can be calculated. Finally, a comparison of GPR
profiles with borehole televiewer images can serve to verify and complement anomalies
interpreted within GPR profiles. The results of the detection indicate that numerous fissures
have developed in the shaly sand formation at a depth of 10-12 m in the southern cliff
of Dafowan Bay. These fissures may be horizontal seepage channels. Additionally, some
structural fissures exhibiting large dip angles are present within the sandstone layer and
may serve as vertical seepage channels. The shaly sand formation exhibits poor rock mass
integrity and fracture zones are evident within certain areas.

The GPR detection method with the logging data constraint used in this study allows
for the validation and supplementation of GPR detection. This reduces the influence of the
ambiguity and false anomaly of GPR on the detection results to a certain extent. This non-
destructive detection method improves the accuracy of GPR rock mass fracture detection,
providing new technical means and ideas for the protection and restoration of large stone
cultural relics, such as grottoes.
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