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Abstract: GeoGauge is a portable instrument for rapid determination of the stiffness and modulus of
compacted soil, which can quickly, safely, and nondestructively evaluate the quality of each com-
pacted layer. In order to deeply study the effectiveness of the detection instrument and equipment
used in the soil-rock mixed subgrade, based on the construction project of Beijing-Qinhuangdao
Expressway, the influence of water content and compaction degree on the test results and the correla-
tion between GeoGauge detection stiffness and settlement difference were studied and analyzed by
indoor model test and field test. Finally, the subgrade compaction uniformity is evaluated according
to the measured data of the test section and the predicted value obtained by the ordinary Kriging
interpolation method. The results show that: The GeoGauge detection stiffness value shows a trend
of first increasing and then decreasing as the water content increases. When the water content is
8%, the detection stiffness value of the earth rock mixture reaches the maximum value. There is a
good exponential relationship between the compactness of soil-rock mixture and the stiffness value
of GeoGauge detection, and the correlation coefficient is 0.9231, which indicates that the stability
of GeoGauge detection results is high. The GeoGauge detection stiffness value increases with the
increase of the number of rolling passes. When the number of rolling passes is greater than five, the
increase in the detection stiffness of subgrade soil decreases, indicating that the subgrade filler has
approached the compaction standard after five passes of rolling. The regression equation between
GeoGauge detection stiffness value and settlement difference is established, and the specific index of
subgrade stiffness is calculated according to the regression equation when the compactness meets the
design conditions, which provides reference for practical engineering.

Keywords: GeoGauge; differential settlement; model test; field test; uniformity of subgrade

1. Introduction

During the construction of expressway subgrade, the settlement control and overall
stability are the main concerns. The effective detection and control of subgrade compaction
is important to ensure the road quality [1]. Some of the subgrade during operation in
China has caused severe cracking and large uneven settlement since the compaction of
subgrade is not uniform during construction [2,3]. Therefore, it is essential to evaluate the
compaction uniformity of subgrade in highways. In order to ensure the compaction quality
and smooth construction, convenient and accurate detection technology should be adopted
to detect the compaction quality of subgrade [4–6]. A soil stiffness modulus compaction
tester (GeoGauge), as a rapid non-destructive testing equipment for subgrade compaction
quality, can effectively monitor the compaction process of subgrade and pavement, ensure
that the compaction quality meets the engineering requirements, and avoid the damage
caused by over-compaction [7].
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The engineering application shows that GeoGauge stiffness measurement is more practi-
cal than the commonly used compaction quality detection method [8]. Nazzal [9] measured
the stiffness parameters of highway materials and subgrade soil during construction and
post-construction observation. The results show that GeoGauge can be used to evaluate the
stiffness characteristics of different pavement layers and roadbeds, and the device can also de-
termine the thickness of the measured soil layer and detect the weak points of the compacted
soil. Dwivedi [10] analyzed the correlation between GeoGauge detection modulus value,
dry density and CBR value. The research shows that there is a good nonlinear relationship
between the rebound modulus obtained by the nondestructive testing equipment and the
destructive test results, and the model is verified by statistical analysis, which proves that
there is a significant correlation between the observed values and the predicted values of
various parameters. Sawangsuriya [11–13] found that the detection depth of loose sand with
a GeoGauge can reach 300 mm through laboratory tests and finite element analysis. However,
if the detection object is a multi-layer structure with different stiffness values, the detection
depth of the GeoGauge is 125 mm. Lim [14] tested and evaluated embankment materials
composed of sand, gravel, and rock using PBT, LWDT, and a Geogauge. The results showed
that the correlation between GeoGauge test results and other test equipment on gravel soil
subgrade was poor. According to the experimental research conducted by Jozef Vlcek [15],
the GeoGauge has a wider range of applications, and its detection results are consistent with
those of a lightweight dynamic deflectometer when evaluating the quality of earthworks. The
GeoGauge instrument can evaluate the quality of earthwork projects, and the accuracy of the
test results is close to the level of the widely used Light Dynamic Deflectometer. Shubhm
Dwivedi [16] shows that GeoGauge detection technology can effectively evaluate the quality
of pavement layer during construction and quickly measure and analyze relevant data, so as to
carry out quality maintenance on specific sections of expressway. Visvanathan Anusudha [17]
tested the compaction quality of subgrade using the Benkelman Beam Deflection (BBD) test,
the GeoGauge test, and static plate load tests, and proved that the GeoGauge test results
are consistent with other detection methods, which can reflect the compaction quality of
the subgrade.

Compared with the traditional subgrade compaction quality control method, the Ge-
oGauge is more widely used and more practical in terms of stiffness evaluation and pave-
ment structure damage identification. However, there are few applications of GeoGauge
detection technology in China, and there are few studies on the accuracy evaluation of
GeoGauge subgrade compaction quality test results. Therefore, based on the construction
project of Beijing-Qinhuangdao Expressway, this paper first studies the impact of changes
in moisture content and compactness of subgrade fillers on test results based on indoor
model tests. Then, in the field test, the GeoGauge and the settlement difference method
are used for point-to-point detection, and the correlation between GeoGauge subgrade
detection index and conventional compaction quality evaluation index is studied. The
compaction effect of subgrade is evaluated using a regression analysis of detection data.
Finally, based on the ordinary Kriging interpolation method, the subgrade compaction
uniformity of the field measured data is evaluated, which provides a reference for the
practical application of GeoGauge detection technology. The flowchart of the research
method of the paper is shown in Figure 1.
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2. Compaction Quality Test Method

The detection of compaction quality is an important work in the process of filling
construction. GeoGauge detection method evaluates the compaction quality of subgrade
through mechanical indexes (Stiffness and Young’s modulus), while the settlement dif-
ference method evaluates the compaction quality of subgrade through physical indexes
(differential settlement). The principle of GeoGauge detection and the principle of differen-
tial settlement detection are as follows.

2.1. GeoGauge Detection Principle

GeoGauge measures the resulting displacement by applying a constant vibration force
to the subgrade surface. This dynamic technology well simulates the actual application
conditions and dynamically reflects the engineering characteristics of compacted subgrade,
thus improving the quality control and evaluation level [18,19]. GeoGauge can detect
the stiffness and modulus of the subgrade structure layer. Based on the assumption of
linear elasticity and isotropic half space, the stiffness K and Young’s modulus E satisfy the
following functional relationship:

K =
1.77ER
1 − µ2 (1)

where E is Young’s modulus (MPa); R is the radius (m) of the GeoGauge base ring; and µ is
Poisson’s ratio.

Young’s modulus E and shear modulus G have the following functional relationship:

E = 2G(1 + µ) (2)

The relationship between soil stiffness K and soil shear modulus G is:

K =
3.54GR
1 − µ

(3)

2.2. Differential Settlement Detection Principle

The settlement difference method is a method to test the compaction degree of the
earth-rock subgrade or rock-filled subgrade by measuring the settlement variation of the
earth-rock subgrade or rock-filled subgrade during the rolling process and combining
it with the construction process parameters [20–22]. The settlement difference detection
requires setting an observation section every 20 m along the longitudinal direction of the
road. Settlement observation points are evenly distributed on each observation section at
intervals of 5 m~10 m. A fixed object is set at each observation point to ensure that the
horizontal position remains unchanged during construction and testing. The construction
is carried out according to the established rolling machinery combination and process
parameters. After rolling, a level gauge is used to measure the top surface elevation of
the fixture Hi1, Hi2 . . . Hij point by point, accurate to 0.1 mm. The above rolling and
measurement process is repeated until the settlement data meet the requirements.

The calculation formula of settlement difference ∆H is:

∆Hi(i+1)−j = H(i+1)−j − Hi−j (4)

In the formula, ∆Hi(i+1)−j is the settlement difference of the jth fixture after the (i) th
and (i + 1) th rolling, (0.1 mm); H(i+1)−j is the top surface elevation of the jth fixture after
(i + 1) repetitions of rolling, (0.1 mm); and Hi−j is the elevation of the jth fixture after i
repetitions of rolling, (0.1 mm).

3. Indoor Model Test

In mountainous and hilly areas, highway subgrade fillers are mainly soil-rock mixtures.
This type of filler has good road performance and can save construction costs by using
local materials. The soil-rock mixture used in the test is the roadbed filler of the test
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section. The basic mechanical indexes of the material are determined by geotechnical test.
According to the screening test, the gradation curve of the subgrade filler can be obtained
(as shown in Figure 2a). According to the vibration hammer test, the compaction curve
of the subgrade filler can be obtained (as shown in Figure 2b). According to the uniaxial
saturated compressive strength test, the compressive strength of the embankment filler is
determined. The basic mechanical indexes of the test materials are shown in Table 1.
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Figure 2. Basic mechanical properties of test materials: (a) gradation curve of soil-rock mixture;
(b) compaction curve of soil-rock mixture.

Table 1. Basic mechanical indexes of test materials.

Coefficient of
Uniformity Cu

Coefficient of
Curvature Cc

Optimum
Moisture Content

ωopt [%]

Maximum Dry
Density ρdmax

[g/cm3]

Uniaxial
Saturated

Compressive
Strength [MPa]

soil-rock mixture 14.83 1.46 8.0% 2.28 62.9

3.1. Indoor Model Test Scheme

The GeoGauge detector has a weight of about 10 kg, a diameter of 280 mm, and a
height of 254 mm. The diameter of the annular base in contact with the soil surface is
114 mm. Considering the influence range and boundary effect of the instrument test, the
self-designed model cylinder was used for the test. The inner diameter of the cylindrical
steel barrel was 610 mm and the height was 600 mm. In order to facilitate disassembly, the
model barrel is composed of four semi-circular steel plates. After the test, the samples in
the barrel can be quickly demoulded, saving manpower and improving work efficiency.

During the test, the soil-rock mixed fill shall be backfilled in layers in the model
cylinder according to the set compactness (93%, 94%, 96%) and water content (taking
two points above and below the optimum water content at the interval of 2% water content).
The quality method is used to control the compaction degree. After reaching the designed
compaction degree, GeoGauge is used to detect the compaction quality. Each point is
detected three times, and the average value is used as the final detection result. The model
test is shown in Figure 3.
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3.2. Test Result Analysis
3.2.1. Influence of Water Content on Test Results

In order to avoid an accidental test, the test was carried out under 93%, 94%, and 96%
compaction conditions, respectively. The test results are shown in Figure 4. It can be seen that:

(1) When the degree of compaction is constant, the stiffness value of soil-rock mixture
increases first and then decreases with the increase of water content. When the water
content is lower than 8%, the stiffness curve under the influence of water content
changes slightly, which indicates that the water content has little influence on the
rigidity of compacted soil-rock mixture within this range. When the water content
is higher than 8%, the variation amplitude of the stiffness curve increases, which
indicates that when the water content is higher, the stiffness of the compacted soil-
rock mixture is greatly affected.

(2) The quadratic polynomial was used to fit the test results. When the compactness is
93%, the moisture content corresponding to the maximum rigidity of the soil-rock
mixture is 8.0%. When the compactness is 94%, the water content corresponding
to the maximum rigidity is 7.7%. When the compactness is 96%, the water content
corresponding to the maximum rigidity is 8.0%. The above results show that the
maximum stiffness of the soil-rock mixture is near the optimum moisture content.

(3) When the water content of the soil is fixed, the stiffness value of the soil increases with
the increase of the compactness. Under the optimum moisture content, the stiffness
of the soil with a compactness of 94% is 3.6% higher than that with a compactness
of 93%. The rigidity of soil with compactness of 96% is 9.9% higher than that with
compactness of 93%.
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Figure 4. Relation curve between water content and stiffness.

3.2.2. Influence of Compactness on Test Results

In order to analyze the influence of compaction degree on GeoGauge test results, the
soil-rock mixture under the optimal moisture content condition was put into the model
cylinder and compacted in layers. After each layer is compacted, the soil height is measured,
and the compaction degree of the filler is calculated according to the mass and volume of
the soil-rock mixed filler, and then GeoGauge is used to detect the center position of the
model bucket. Figure 5 shows the corresponding stiffness values of earth-rock mixture
under different levels of compactness.
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Figure 5. Relation curve between compactness and rigidity of soil-rock mixture.

As shown in the figure, the GeoGauge detection stiffness value increases with the
increase of the compactness of the soil-rock mixture, and there is a good exponential
relationship between the compactness of the soil-rock mixture and the GeoGauge detection
stiffness value. The correlation coefficient is 0.96855. It can be seen that the regression
equation has a high degree of fitting, indicating that the GeoGauge test results have high
stability and small dispersion. It shows that it is feasible to use GeoGauge to detect the
compactness of soil-rock mixture subgrade.

4. Field Test
4.1. Field Test General Introduction

The field test section of the Beijing-Qinhuangdao Expressway is located at the
K27 + 860~K28 + 000 section. The subgrade filling in the test section is earth-rock mix-
ture. The settlement difference detection method and GeoGauge detection method are
used to control the compaction quality of subgrade during site construction. Starting from
K27 + 860 section, one test section is set every 10 m, and five test points are set for each
section, and each test point is uniformly numbered. A total of 20 detection points were set
up in the test section. The 36t vibratory roller is used for rolling. The elevation value of the
inspection point is recorded every time, and then the stiffness of the point is measured with
GeoGauge, and the data are collected throughout the construction process. The on-site
detection is shown in Figure 6.
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4.2. Analysis of Test Results
4.2.1. Relationship between Settlement Difference and Rolling Repetitions

Figure 7 is the relationship between the number of rolling passes and the average
settlement difference of each measuring point. It can be seen that with the increase of rolling
repetitions, the average settlement difference of measuring points gradually decreases, and
the decrease rate of settlement difference gradually decreases with the increase of rolling
variable. It shows that the settlement difference changes greatly in the previous rolling
process. After 4–5 rolling passes, the compaction degree of subgrade soil is relatively large,
and the change range of settlement difference decreases. The main reason is that after a
certain number of passes of rolling, the soil particles are compacted with each other, and
the space for soil particles to reassemble is small. When the soil reaches a certain degree of
compaction, the ability of subgrade soil to resist deformation gradually increases, resulting
in a gradual reduction of settlement difference.
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Figure 7. Relationship between rolling repetitions and average settlement difference.

In order to more accurately reflect the change rule of rolling repetitions and settlement
difference, Figure 8 shows the change trend of settlement difference of each detection point
with the increase of rolling repetitions. It can be seen from the diagram that the settlement
difference decreases with the increase of the number of rolling passes, and the dispersion
of the settlement difference of each observation point gradually decreases. It shows that
with the increase of rolling repetitions, the compactness of subgrade soil is improved, the
variability of subgrade construction is reduced, and the uniformity of subgrade compaction
is improved.
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Figure 8. Relationship between rolling repetitions and compactness of soil-rock mixture: (a) variation
trend of compaction degree; (b) relationship between rolling times and settlement difference of each
inspection point.
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4.2.2. Relationship between Stiffness and Rolling Times

By comparing and analyzing the stiffness values and their changing trends between
different rolling passes, the compaction quality of subgrade is evaluated. Figure 9 shows
the variation rule of rolling variables and average stiffness of each section inspection point.
It can be seen that with the increase of rolling times, the average stiffness of each section
detection point gradually increases, which is opposite to the change rule of settlement
difference (as shown in Figure 8). Compared with the first rolling, the average stiffness of
the subgrade after the second rolling is increased by 16.9%. Compared with the second
rolling, the average stiffness of the subgrade increased by 19.7% after the third rolling.
Compared with the third rolling, the average stiffness of the subgrade after the fourth
rolling is increased by 18.8%. Compared with the fourth rolling, the average stiffness of
the subgrade increased by 21.4% after the fifth rolling. Compared with the fifth rolling, the
average stiffness of the subgrade increased by 9.7% after the sixth rolling. It can be seen
that when the number of rolling passes is small (less than 5), the growth rate of subgrade
soil compaction stiffness is large, while the growth rate of subgrade stiffness decreases
during the sixth rolling. It shows that the subgrade filler has been close to the compaction
standard after 5 repetitions of rolling, and the compaction degree will not be improved
after the second rolling. This is consistent with the result of differential settlement method.
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Figure 9. Relationship between rolling times and average stiffness.

In order to more accurately reflect the change rule of rolling times and compaction
stiffness, Figure 10 shows the change trend of the stiffness value of each test point with
the increase of rolling repetitions. Compared with the settlement difference detection
results of each observation point (as shown in Figure 8a), the stiffness values detected by
GeoGauge have certain discreteness. The main reason is that due to the inhomogeneity of
the embankment filler, the sensitivity and accuracy of GeoGauge are high, and the change
of the relative position between the filler particles will cause the deviation of the test results.

Sustainability 2023, 15, x FOR PEER REVIEW  9  of  13 
 

 

Figure 9. Relationship between rolling times and average stiffness. 

In order to more accurately reflect the change rule of rolling times and compaction 

stiffness, Figure 10 shows the change trend of the stiffness value of each test point with 

the increase of rolling repetitions. Compared with the settlement difference detection re‐

sults of each observation point (as shown in Figure 8a), the stiffness values detected by 

GeoGauge have certain discreteness. The main reason is that due to the inhomogeneity of 

the embankment filler, the sensitivity and accuracy of GeoGauge are high, and the change 

of the relative position between the filler particles will cause the deviation of the test re‐

sults. 

 
(a)  (b) 

Figure 10. Relationship between rolling repetitions and stiffness: (a) variation trend of compaction 

degree; (b) relationship between rolling repetitions and compaction degree of each detection point. 

4.2.3. Relationship between Stiffness and Settlement Difference 

In order to analyze the relationship between GeoGauge soil stiffness instrument and 

settlement observation method,  the correlation between  the  two methods was studied. 

Carry out regression analysis on the point‐to‐point test results in the above compaction 

process, and the analysis results are shown in Figure 11. It can be seen from the figure that 

there is a good exponential relationship between the GeoGauge detection stiffness value 

and the settlement difference, and the correlation coefficient is 0.88675. The current spec‐

ification only introduces the detection method of settlement difference of stone subgrade 

and soil‐rock mixed subgrade, and does not give the specific index of foundation stiffness 

detection [23]. According to the site construction experience, the compaction control index 

of settlement difference of soil‐rock fill subgrade is generally between 2 mm and 5 mm. 

According to the regression equation, the stiffness value corresponding to the settlement 

1 2 3 4 5 6

8

10

12

14

16

18

20

St
if

fn
es

s 
(M

N
/m

)

Number of roller passes

1 2 3 4 5 6

5

10

15

20

25

St
if

fn
es

s 
(M

N
/m

)

Number of roller passes
0 2 4 6 8 10 12 14 16 18 20 22

6

8

10

12

14

16

18

20

22

24

26

S
ti

ff
ne

ss
 (

M
N

/m
)

Measuring point number

 The 1st rolling  The 2nd rolling
 The 3rd rolling  The 4th rolling
 The 5th rolling  The 6th rolling

Figure 10. Relationship between rolling repetitions and stiffness: (a) variation trend of compaction
degree; (b) relationship between rolling repetitions and compaction degree of each detection point.
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4.2.3. Relationship between Stiffness and Settlement Difference

In order to analyze the relationship between GeoGauge soil stiffness instrument and
settlement observation method, the correlation between the two methods was studied.
Carry out regression analysis on the point-to-point test results in the above compaction
process, and the analysis results are shown in Figure 11. It can be seen from the figure that
there is a good exponential relationship between the GeoGauge detection stiffness value and
the settlement difference, and the correlation coefficient is 0.88675. The current specification
only introduces the detection method of settlement difference of stone subgrade and
soil-rock mixed subgrade, and does not give the specific index of foundation stiffness
detection [23]. According to the site construction experience, the compaction control index
of settlement difference of soil-rock fill subgrade is generally between 2 mm and 5 mm.
According to the regression equation, the stiffness value corresponding to the settlement
difference of the soil-rock mixture subgrade during the rolling process of the 36t vibratory
roller can be obtained. The results are shown in Table 2.
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Table 2. Corresponding relationship between settlement difference and stiffness value after fitting.

Differential settlement (mm) 2 3 4 5

Stiffness (MN/m) 17.57 16.23 15.00 13.86

5. Analysis of Subgrade Compaction Uniformity Based on Ordinary Kriging Method

In the process of expressway construction, due to the large variability in the spatial
distribution of construction technology and subgrade fillers, the evaluation of subgrade
compaction uniformity has always been a major problem in the inspection and control of
subgrade compaction quality. Due to the limited number of test points in the test section
and the uneven distribution of subgrade compaction test data, this section uses the Kriging
interpolation method to evaluate the uniformity of subgrade.

5.1. Ordinary Kriging Interpolation

The Kriging interpolation method is based on spatial statistics. The semivariogram is
used to calculate the spatial relationship between data points, which not only considers
the spatial distance relationship between the predicted point and the adjacent sampling
point, but also considers its position relationship. This method is based on the theoretical
analysis of regionalized variables, and uses the semivariogram as a tool to make a linear
unbiased optimal estimation of the value of regionalized variables in a limited area. The
ordinary Kriging method is a local linear optimal unbiased estimation method for a single
variable. Assume that Z(x) is a random process that satisfies the intrinsic assumption, and
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the random process has n observation values Z(xi)(i = 1, 2, · · · , n). To predict the value at
the unsampled point x0, the linear Z∗(x0) prediction model is:

Z∗(x0) =
n

∑
i=1

λiz(xi) (5)

5.2. Analysis of Interpolation Prediction Results

The field test data were visualized through ArcGIS geostatistical analysis software,
and the interpolation results were mapped to obtain the spatial interpolation distribution
images of Young’s modulus of different subgrade sections, as shown in Figure 12. The
subgrade compaction quality meets the specification requirements (compaction degree is
greater than 90%). It can be seen that the prediction result of ordinary Kriging interpolation
is relatively smooth, and the extreme value of the detection index only appears at the
sampling point, However, there are many isolated abnormal spots on the edges of both
sides of the test section, which are different from the actual detection values, and the
predicted values at different positions are quite different. The main reason is that the
subgrade filling, rolling parameters, and rolling surface at different detection locations
are different, so the predicted value changes greatly. However, in general, the results of
ordinary Kriging interpolation have a good transition, which can reflect the spatial variation
trend of subgrade compaction quality. The above analysis shows that even if measures
are taken to ensure the consistency of rolling parameters according to the specification
requirements, the change of compaction quality parameters still has a certain impact on
the predicted value, and the Kriging interpolation method can be used to predict the
continuous change of the actual compaction degree.
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6. Conclusions

Based on the field test of the Beijing-Qinhuangdao Expressway, this paper adopts the
research method of combining an indoor model test and field test. The influence of water
content and compaction degree on compaction stiffness is analyzed, and the correlation
between GeoGauge detection stiffness and settlement difference is analyzed. Finally, the
compaction quality uniformity is evaluated according to the ordinary Kriging method. The
results show that:

(1) When the degree of compaction is constant, the stiffness value of soil-rock mixture
increases first and then decreases with the increase of water content. The compaction
stiffness is the largest near the optimal water content. When the water content of soil
is lower than the optimum water content, the change of water content has a relatively
small impact on the stiffness of the filler. When the soil moisture content is greater
than the optimum moisture content, the change of moisture content has a relatively
large impact on the stiffness of the filler.

(2) The GeoGauge detection stiffness value increases with the increase of the compactness
of the soil-rock mixture, and there is a good exponential relationship between the
compactness of the soil-rock mixture and the GeoGauge detection stiffness value. The
correlation coefficient is 0.96855. It can be seen that the regression equation has a high
degree of fitting, indicating that the GeoGauge test results have high stability and
small dispersion.

(3) In the field test, with the increase of the number of rolling passes, the settlement
difference of the foundation decreases gradually, and the compaction stiffness value
increases gradually. At the same time, the compaction uniformity of the subgrade has
also been improved.

(4) There is a good exponential relationship between the GeoGauge detection stiffness
value and the settlement difference, which indicates that the GeoGauge detection
method is feasible for the compaction quality detection of soil-rock mixed subgrade.
According to the regression equation, the specific index of subgrade stiffness when
the compactness meets the design conditions is calculated, which provides a reference
for the practical engineering.

(5) The subgrade compaction uniformity is evaluated according to the measured data
of the detection indicators in the study area and the predicted value obtained by the
ordinary Kriging interpolation method. The results show that Kriging interpolation
prediction has good accuracy and can better evaluate the compaction uniformity
of subgrade.

In summary, this paper studies the application of the GeoGauge detection method in
soil-rock mixed subgrade through a model test and field test. The test results show that
the GeoGauge detection method can accurately measure the compaction quality of the
subgrade, and the GeoGauge detection results have a good regression relationship with the
settlement difference detection results. Because the GeoGauge detection technology is rarely
used in China, there is no clear evaluation index in the current specification. Therefore, the
evaluation index of subgrade stiffness calculated according to the regression equation in
this paper has a certain guiding significance for the actual project. However, due to the
limitation of the test conditions, only the stiffness of the soil-rock fill subgrade is analyzed,
and the research results have certain limitations. Therefore, the application of GeoGauge
detection technology in this study’s geological conditions should be supplemented and
analyzed in the follow-up work.
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