friried applied
e sciences

Article

Applicable Conditions of Room-and-Pillar Mining Goaf
Treatment Methods under a Traffic Load

Fajin Zu 12, Chao Du !, Chunpeng Han 1'*, Lanyu Xu ? and Qiuying Peng 2

check for
updates

Citation: Zu, F,; Dy, C.; Han, C.; Xu,
L.; Peng, Q. Applicable Conditions of
Room-and-Pillar Mining Goaf
Treatment Methods under a Traffic
Load. Appl. Sci. 2023, 13, 2024.
https://doi.org/10.3390/
app13032024

Academic Editor: Arcady Dyskin

Received: 17 December 2022
Revised: 16 January 2023
Accepted: 2 February 2023
Published: 3 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 School of Civil Engineering, Northeast Forestry University, Harbin 150040, China
2 Heilongjiang Province Highway Survey and Design Institute, Harbin 150080, China
*  Correspondence: hanchunpeng@nefu.edu.cn

Abstract: The disturbance depth of traffic load has a direct impact on the stability of a room-and-pillar
mining goaf. To quantitatively calculate the relationship between the traffic load disturbance depth
and influencing factors, 49 groups of horizontal combinations of different influencing parameters are
designed in this study, based on the orthogonal experimental design method. Midas GTS is used
to simulate and obtain the corresponding traffic load disturbance depth data. A multivariate linear
regression analysis of the traffic load disturbance depth is conducted, and a regression formula for
calculating the traffic load disturbance depth is established. According to the traffic load disturbance
depth, goaf depth, and the stability of the roof, coal pillar, and base plate under traffic load conditions,
ajudgment flow of the room-and-pillar mining goaf treatment method under traffic load conditions
is established, and it is applied to the reconstruction and expansion project of the Jixi section of
the Dan-A national highway. The results show that a geogrid can be used for treatment purposes
when the traffic load disturbance depth is 1.5 times lower than the depth of the room-and-pillar
mining goaf, or when the traffic load disturbance depth is 1.5 times greater than the depth of the
room-and-pillar mining goaf but the roof, coal pillar, and base plate are stable. Additionally, grouting
is needed for treatment in other cases. The results of this study can provide a scientific basis for the
selection of treatment methods for room-and-pillar mining goafs underlying highways in the future.
The results are of great significance in the field of engineering for the safety measures concerning
highway room-and-pillar mining goafs.
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1. Introduction

The reconstruction and expansion project of the Jixi section of the Dan-A national
highway passes through the Muling, Pinggang, and Hengshan mines, as well as other
mining areas. Influenced by certain factors, such as mining technology, conditions, and
planning, early coal seam mining methods that were commonly used in the field were room-
and-pillar mining methods. Although the size, shape, mining depth, and overlying strata
of goafs in the different mining areas under study were different, the overlying rock mass
was mostly in a stable state and did not collapse as a result of the small, mined-out span
and support from the coal pillars. However, the new roads being built and the application
of traffic loads, such as a roadbed, pavement, and vehicles, to this type of goaf will likely
disrupt the original stress balance, resulting in the instability of the supporting coal pillars
and the sudden fall of an overlying rock mass in the mined-out area. This could result
in a sudden subsidence of the ground surface, which would damage the subgrade and
pavement and cause the vehicles to overturn or fall into the collapsed area, thus resulting
in personal casualties or property losses [1-3].

Based on this determination, domestic and foreign scholars have conducted extensive
research on the stability of room-and-pillar mining goafs. Regarding the issue of coal
pillars, research has been conducted on the conditions that affect their stability [4], the
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characteristics that signify their instability and failure [5], their pressure relief properties [6],
the evaluation method used for coal-pillar stability assessments [7], and the calculation
formula used for coal-pillar strength assessments [8]. In relation to the issue of the roof,
research has been conducted on the influencing factors of roof stability [9], including the
safe thickness property of a roof [10] and the total span of the roof [11], as well as other
issues. Some scholars have also evaluated the coupling of a coal pillar and roof [12]. The
research that has been conducted on the issue of traffic load include the law of transmission
and the diffusion of the traffic load [13], the effect of the model of the vehicle load [14], the
dynamic response of soil under traffic load conditions [15], and road subsidence under
heavy traffic load conditions [16].

For roads built on goaf areas, grouting is often used in engineering practices to treat
these goaf areas to avoid the hidden dangers of road construction and operation, such
as surface subsidence and roadbed collapse, caused by the sudden instability of the goaf
areas [17-21]. Although this form of treatment can solve the above-mentioned hidden
dangers, it also leads to a substantial increase in construction costs. With the expansion
of research in this area, some scholars have proposed that when a coal pillar and a roof in
goafs are stable under traffic load conditions, it is then only necessary to lay a geogrid on
the subgrade for treatment without using grouting to fill the goaf [22]. Thus, the key to
the treatment of a subgrade with a geogrid is to determine the stability of the coal pillar
and roof in the goaf under the traffic load. However, the method of evaluating the coal
pillar and roof stability in the goaf under the traffic load—although it was involved in
the previous research—is not perfect or universal (such as simplifying the traffic load to
a static load without considering the influence of the dynamic vehicle load, or using the
disturbance depth relative to the mining depth as a judgment method in which the bearing
capacity of the coal pillar and roof are not considered).

Therefore, it is of great practical significance to study the stability of coal pillars and
roofs in goaf areas under traffic load conditions, propose a general method for calculating
the stability of goaf areas in different road sections and mining areas, and then judge the
treatment measures suitable for this road section and mining area, so as to optimize the
treatment time of goaf areas, avoid the collapse of goaf areas, and ensure the stable and
safe operation of the overlying highway during its service life.

The remaining structure of this paper is as follows: Section 2 introduces the stabil-
ity analysis of a goaf under traffic load conditions; Section 3 introduces the applicability
analysis of the two treatment methods used in this study; Section 4 introduces an engi-
neering case analysis of the treatment judgment method proposed in this paper; Section 5
introduces the novelty of the research content, the research results, and a discussion of the
shortcomings; and Section Six presents the research conclusions.

2. Stability Analysis of a Goaf under Traffic Load Conditions
2.1. Analysis of Traffic Load Disturbance Depth

The disturbance depth of a traffic load is mainly related to the subgrade height,
pavement stiffness (different pavement stiffnesses are represented by changing the elastic
modulus of the pavement materials), foundation type (different types of foundations are
represented by changing the unit weight of the foundation rock and soil), vehicle load, and
vehicle speed [23], as presented in Figure 1. Different subgrade heights, pavement stiffness
values, vehicle speeds, vehicle loads, and typed of foundations will affect the disturbance
depth of a traffic load. To quantitatively calculate the relationship between the traffic load
disturbance depth and the abovementioned factors, Midas GTS was used to calculate the
traffic load disturbance depth under different influencing factors, and a multiple regression
was used to fit the calculation formula of the traffic load disturbance depth.
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Figure 1. Schematic diagram of influencing factors of traffic load disturbance depth.

2.1.1. Numerical Simulation of Traffic Load and Discriminant Conditions of Disturbance Depth

Numerical simulation. Midas GTS software was used to establish the calculation
model of traffic load disturbance depth. The schematic diagram of the model is presented in
Figure 2. The x direction of the model is the cross-section direction of the road, and the y di-
rection is the longitudinal-section direction of the road, where the length x width x height
of the model under the road = 100 m x 25 m x 70 m, and the width of the bottom of the
subgrade is 27.5~34.5 m, according to the subgrade height of 1~7 m; that is, a slope ratio
of the subgrade slope of 1:1. During the grid division, smaller grid sizes were adopted
for the subgrade, surface layer, base layer, and foundation, and the model as a whole was
distributed from the subgrade to the surrounding boundary from dense to sparse.

This model was divided into four parts: the surface layer, base layer, subgrade, and
foundation. The parameter settings of each layer are presented in Table 1. The surface and
base layers were set as linear elastic constitutive models, and the subgrade and foundation
were set using the Mohr—Coulomb constitutive model. The calculation of the model was
performed in two steps. First, prior to analyzing the disturbance depth of the traffic
load, the boundary constraint condition of the model was set as the elastic boundary.
An eigenvalue analysis was then conducted under this boundary condition to obtain the
periodically calculated damping coefficient and maximum modal frequency of the model.
Second, following the eigenvalue calculation, the boundary condition was changed from an
elastic to viscous absorption boundary, the vehicle load condition was set, and the periodic
calculation damping coefficient and maximum modal frequency were set, which were
calculated in the first step in the analysis settings to begin the analysis and calculation of
the traffic load disturbance depth (the purpose of setting the viscous absorption boundary
was to prevent the traffic load from bouncing back when it was transferred to the boundary,
which affects the correctness of the analysis results).

Discriminant conditions. Disturbance depth is related to the foundation type and load
size. Combined with domestic and foreign research results and engineering experience, it
can be determined that when the additional stress, o, of a traffic load in the foundation is
lower than 10% of the self-weight stress, o}, of soil (presented in Figure 3), it is considered
that the additional stress will no longer affect the deformation of soil at this depth and
below [28], and depth Z can be taken as the disturbance depth of the traffic load.
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Figure 2. Schematic diagram of numerical calculation model of traffic load disturbance depth. (In the

numerical model, the thickness of the surface layer is set to 0.2 m, and that of the base layer is set to
0.4 m). (a) Numerical simulation model dimensions, (b) schematic diagram of a three-dimensional
numerical simulation model.
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Table 1. Parameters of materials.

Thickness Modulus of Poisson’s Unit Weight Internal Friction Cohesion
(m) Elasticity (MPa) Ratio (kN/m?) Angle (°) (kPa)
Surface layer 0.2 4000~7000 0.25 24
Base layer 0.4 12,000 0.25 23
Subgrade 1~7 80 0.28 19 28 15
Foundation 70 35 0.3 18~24 20 11

Note: (1) The surface layer is asphalt pavement, and the range of elastic modulus was determined by referring
to the existing research [24,25] and specifications [26]. The rest of the parameters were determined according to
engineering experience. (2) The base layer was a semi-rigid base, and the material was cement-stabilized macadam.
The elastic modulus was determined according to the existing research [27] and specification [26], and other
parameters were determined according to engineering experience. (3) Parameters of subgrade materials were
determined according to engineering experience. (4) The parameters of foundation materials were determined
according to engineering experience, in which the unit weight is the average value of the unit weight of each layer
of rock and soil within the disturbed depth range.

AAIIRIAL

1
Figure 3. Schematic diagram of traffic load disturbance depth.

2.1.2. Orthogonal Design of the Traffic Load Disturbance Depth Parameter and Its
Calculation Results

Orthogonal design is the most important method in a multifactor simulation exper-
iment. This method is a multi-factor simulation test method [29] that is based on the
fractional principle of factor design. It uses an orthogonal table derived from combination
theory to arrange and design simulation tests. The results are then statistically analyzed.

In this orthogonal design, we selected five influencing factors as the study objects.
Each factor had seven levels, presented in Table 2. The factors refer to the items that
affected the simulation test results, and the levels refer to the size and level of each factor
in the simulation test process. According to the principle of orthogonal design, we used
the L49(75) orthogonal table to arrange the orthogonal simulation test of five factors and
seven levels. Then, we obtained an orthogonal design table for the levels of traffic load
disturbance depth parameter factors, presented in Table 3. Table 3 shows that we obtained
49 groups of different levels of combinations of traffic load disturbance depth parameter
factors, corresponding to 49 rows in the orthogonal table; that is, the number of simulation
tests was 49. We calculated each simulation of the disturbance depth according to a set of
parameter levels presented in Table 3, and the calculated disturbance depth was recorded.
Following 49 simulations, the results of the traffic load disturbance depth under different
combinations of influencing factors and parameters are presented in Table 3.
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Table 2. Traffic load disturbance depth parameter level table.
Level
Factor
1 2 3 4 5 6 7
Subgrade height, H (m) 1 2 3 4 5 6 7
Pavement stiffness, E (MPa) 4000 4500 5000 5500 6000 6500 7000
Vehicle speed, V (km/h) 0 20 40 60 80 100 120
Vehicle load, G (T) 10 20 30 40 50 60 70
The unit weight of foundation soil, y (kN/ m?) 18 19 20 21 22 23 24
Note: The range of the parameter level of each factor was obtained by referring to the engineering experience and
actual, onsite working conditions. Among them, the value range of the vehicle load parameter level considered
the vehicle overload, and the horizontal value range of foundation soil unit weight took into account the condition
that part of the foundation soil is rock.
Table 3. Orthogonal table of a horizontal combination of L49(75) parameters and calculation results
of the disturbance depth of traffic load.
Factor Simulation Factor Simulation
H E Vv G ¥ Results (m) H E Vv G ¥ Results (m)
1 1 1 1 1 1 10.626 26 4 5 6 7 1 17.759
2 1 2 3 4 5 18.526 27 4 6 1 3 5 17.311
3 1 3 5 7 2 22.442 28 4 7 3 6 2 20.727
4 1 4 7 3 6 7.265 29 5 1 4 7 3 24.766
5 1 5 2 6 3 25.410 30 5 2 6 3 7 9.198
6 1 6 4 2 7 9.842 31 5 3 1 6 4 21.686
7 1 7 6 5 4 13.258 32 5 4 3 2 1 12.230
8 2 1 7 6 5 17.297 33 5 5 5 5 5 15.582
9 2 2 2 2 2 11.865 34 5 6 7 1 2 1.078
10 2 3 4 5 6 19.265 35 5 7 2 4 6 12.502
11 2 4 6 1 3 5.761 36 6 1 3 5 7 16.542
12 2 5 1 4 7 17.185 37 6 2 5 1 4 7.086
13 2 6 3 7 4 20.601 38 6 3 7 4 1 11.502
14 2 7 5 3 1 12.145 39 6 4 2 7 5 22.926
15 3 1 6 4 2 15.184 40 6 5 4 3 2 8.422
16 3 2 1 7 6 27.608 41 6 6 6 6 6 16.822
17 3 3 3 3 3 13.104 42 6 7 1 2 3 11.390
18 3 4 5 6 7 15.456 43 7 1 2 3 4 15.429
19 3 5 7 2 4 7.000 44 7 2 4 6 1 18.845
20 3 6 2 5 1 19.488 45 7 3 6 2 5 4.277
21 3 7 4 1 5 3.920 46 7 4 1 5 2 21.813
22 4 1 5 2 6 7.959 47 7 5 3 1 6 6.245
23 4 2 7 5 3 11.375 48 7 6 5 4 3 10.261
24 4 3 2 1 7 10.927 49 7 7 7 7 7 18.061
25 4 4 4 4 4 14.343

2.1.3. Multiple Linear Regression of Traffic Load Disturbance Depth

This study preliminary adopted five parameters, H, E, V, G, and vy, as independent
variables and a disturbance depth, Z, as the dependent variable. The study utilized multiple
linear regression to quantitatively analyze the relationship between each influencing factor
and the disturbance depth, which is used to judge the correlation between the influencing
factors and the disturbance depth and the significance of the influencing factors.

The numerical simulation results for each parameter level combination and its distur-

bance depth, presented in Table 3, were fitted by multiple linear regression,
degree and fitting results are presented in Tables 4 and 5.

and the fitting
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Table 4. Statistical table of multiple linear regression results.

R Square Adjusted R Square Standard Error ~ Durbin-Watson
Numerical value 0.932 0.925 1.675 2.150

Table 5. Parameter table of multiple linear regression results.

Coefficients Standard Error t Significance
The constant 45.317 11.362 3.988 <0.001
H —0.311 0.120 —2.597 0.013
E —3.886 1.286 —3.023 0.004
\% —0.064 0.006 —10.737 <0.001
G 0.103 0.005 21.469 <0.001
Y —0.133 0.120 —1.114 0.272

It can be observed from Table 4 that the R2 between the dependent and independent
variables is 0.932, which indicates that the five influencing factors selected in this study
have a strong correlation with the depth of the traffic load disturbance. The adjusted
R2 is 0.925, which indicates that the five influencing factors selected in this study can
effectively express the change in the traffic load disturbance depth. Further analysis of
the significance of the influencing factors shows that when the significance level of 0.05 is
adopted, it can be observed from the significance of each factor in Table 5 that the subgrade
height, pavement stiffness, vehicle speed, and vehicle load are the significant influencing
factors, while the significance of the foundation soil unit weight is 0.272, meaning it is a
non-significant influencing factor. Therefore, in the multiple linear regression fitting, the
factor of foundation soil unit weight should not be included. After eliminating this factor,
the multivariate linear regression fitting was performed again on the numerical simulation
results of each parameter level combination and its disturbance depth in Table 3. The fitting
degree and fitting results are shown in Tables 6 and 7.

Table 6. Statistical table of multiple linear regression results after re-fitting.

R Square Adjusted R Square Standard Error ~ Durbin-Watson
Numerical value 0.930 0.924 1.679 2.080

Table 7. Parameter table of multiple linear regression results after re-fitting.

Coefficients Standard Error t Significance
The constant 42.520 11.111 3.827 <0.001
H —0.311 0.120 —2.590 0.013
E —3.886 1.289 —3.014 0.004
A% —0.064 0.006 —10.708 <0.001
G 0.103 0.005 21.410 <0.001

After analyzing the re-fitting results in Tables 6 and 7 according to the analysis process
of the preliminary fitting, we observed that the four selected influencing factors could
effectively express the change in the traffic load disturbance depth, and that the selected
factors were all significant influencing factors. Therefore, the fitting of a multivariate linear
regression equation could be carried out. Considering the regression coefficients of each
parameter in Table 7, the multivariate linear regression equation of disturbance depth Z
with the H, E, V, and G parameters is presented in Formula (1):

Z =42520—-0.311 x H—3.866 x InE — 0.064 x V 4 0.103 x G @
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2.2. Checking the Calculation of Roof Strength under Traffic Load Conditions

Because the collapse of a roof may cause the sudden collapse of the surface, which
will result in quite severe consequences to the operation of a highway, the safety check of
the roof is a particularly important step. Under the double action of the traffic load and
the overlying strata, the stress of the roof is complicated, and the Whittaker method is a
common calculation method used in practical engineering at present.

The Whittaker method is a method based on structural mechanics which is used to check
the strength of the roof [30]. In this method, the roof and coal pillar are simplified into simply
supported beam structures, and the traffic load borne by the roof and load generated by
the dead weight of the overlying strata are considered to be uniformly distributed loads, as
presented in Figure 4. The maximum tensile stress (MPa) of the roof is calculated as follows:

n i h; + L2
o = (Xii1vig qp) * @)

2H?2

" y.gl
Z;:l/fg L

Figure 4. Schematic diagram of the Whittaker method calculation.

In Formula (2), H is the thickness of the roof; v; is the weight of the overlying rock
mass; g is the gravitational acceleration; h; is the thickness of each layer of rock mass; q; is
the traffic load; and L is the coal pillar spacing.

After calculating the maximum tensile stress of the roof, compare it with the tensile
strength of the roof strata, and the calculation formula is

O¢c

K= ®)

Ot

In Formula (3), o is the tensile strength (MPa) of the roof strata, and k is the safety factor.
Referring to the evaluation of the stability grade of a roadway goaf in the Technical Rules for
Highway Design and Construction of Goaf Areas [22] and the evaluation standard [31] of the
influence of the critical influence depth of load on the stability of goaf areas in the Code for
Geotechnical Engineering Investigation of Coal Goaf Areas, when K > 1.5, the roof can be
considered safe and stable for a long period of time and will not collapse under traffic load
conditions (as geotechnical engineering is a discipline with many empirical factors, and we
cannot be completely accurate in actual engineering, some errors will always exist. To ensure
the safe operation of the project within its service life, we should keep a safety reserve in the
design. When the safety reserve exceeds 0.5 times in the project, it can generally guarantee
safe operation, so a safety factor of 1.5 times was adopted).

2.3. Strength Calculation of a Coal Pillar and Base Plate under Traffic Load Conditions

After the coal in the coal room is mined, the mechanical balance in the original rock
mass is disrupted, the stress is redistributed, and the load acting on the coal room is
transferred to the coal pillar and transmitted to the base plate, as presented in Figure 5:
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I

Figure 5. Changes in coal pillar load prior to and following the excavation. (a) The coal room is not

(a) (b)

excavated; (b) coal room excavation.

The strength inspection of the coal pillar can allow us to judge whether it can remain
stable under traffic load conditions, and the strength inspection of the base plate can allow
us to judge whether it can bear the pressure from the coal pillar under traffic load conditions.
Structural mechanics can be used to calculate the average vertical stress in the coal pillar.
Assuming that the coal pillar bears the weight of the overlying rock mass, the average
vertical stress (MPa) in each coal pillar is

_ (Bl vighi +qp) X (B+L)?

52 (4)

In the formula above, B is the width of the coal pillar, and the rest are the same as above.
The strength (MPa) of a coal pillar is related to its shape and its width-height ratio. A
square coal pillar is often used in engineering. For the square coal pillar, Salamon, a South
African scholar, proposed an empirical calculation formula [32] based on numerous experiments:

7.18B046
RC - T0'66 (5)

In the formula above, T is the height of the coal pillar.

After calculating the average vertical stress and strength of the coal pillar using
Formulas (4) and (5), respectively, the safety factors of the coal pillar and base plate can be
calculated using Formulas (6) and (7), respectively:

R.

K== (6)
_ Ry
-4 ?)

In the formula, Ry is the compressive strength of the base plate (MPa). When K > 1.5,
it can be considered that the coal pillar and base plate can remain stable for a long period
of time, and there will be no instability under traffic load conditions.

3. Applicability Analysis of Treatment Methods

Combined with the analysis of the disturbance depth and stability of the roof, coal
pillar, and base plate in the first chapter, the treatment method of room-and-pillar mining
goafs under traffic load conditions in practical engineering can be judged according to the
process presented in Figure 6.
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Figure 6. Judgment process of the treatment method. (Note: The depth of the goaf area is less than
1.5 times the maximum load disturbance depth because it was considered that the coal pillar and
roof of the room—pillar goaf area had a certain bearing capacity. If its bearing capacity was more than
1.5 times the sum of the dead weight of the overlying strata and the additional stress caused by traffic
load, the room-pillar goaf was considered to be capable of remaining stable for a long time under
traffic load).

In the process presented in Figure 6, geophysical prospecting, drilling, laboratory tests,
and data collection should first be used to determine the following factors: (1) the depth of
the goaf area, the distance between the pillars, and the width and height of the coal pillars;
(2) the thickness and tensile strength of the roof of each rock and soil layer in the goaf; and
(3) the subgrade height, pavement stiffness, vehicle speed, and maximum vehicle load of
the goaf area. After the information mentioned above was successfully determined, the
disturbance depth of the traffic load in the road section was calculated using the formula
(1). If the mining depth was 1.5 times greater than the disturbance depth [31], it could be
determined that the subgrade can be treated by laying a geogrid. If the mining depth was
1.5 times less than the disturbance depth, checking calculations for the roof, coal pillar,
and base plate are required. When the checking calculation of the traffic load disturbance
depth is not thorough enough, the tensile stress and safety factor values of the roof are
calculated according to Formulas (2) and (3), respectively. If the safety factor is greater
than 1.5, the stability values of the coal pillar and base plate need to be checked; if it is less
than 1.5 [22], grouting treatment can be determined. After the roof check has been passed,
the average vertical stress and strength of the coal pillar can be calculated according to
formulas (4) and (5), respectively, and then the safety factors of the coal pillar and base
plate can be calculated according to formulas (6) and (7), respectively. If both present values
greater than 1.5, it can be determined that the subgrade will be treated by laying a geogrid;
otherwise, grouting treatment is required.

4. Engineering Case Analysis

The reconstruction and extension project of the Jixi section of the Dan-A national high-
way is a first-class highway with a design speed of 80 km/h and a roadbed width of 25.5 m.
The starting and ending pile numbers of the project are K1600 + 000~K1651 + 498.739,
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and the total length of the route is 51.478 km, among which the old goaf areas are
K1605 + 000~K1628 + 660 and K1631 + 985~K1647 + 100, with a total length of 38.775 km.
The road location map is presented in Figure 7.

Hei long jiang

Fulu
MULING

® The route position
Figure 7. Location map of the highway route.

Geophysical exploration, drilling, laboratory tests, and data collection were conducted
on the room-and-column goaf during the reconstruction and extension project of the Jixi
section of the Dan-A national highway. The relevant data for the goaf are presented in
Table 8. Considering the design documents, the traffic load parameters of the road sections
corresponding to the goaf areas are presented in Table 9:

Table 8. Parameters of goafs in sections with room-and-pillar goaf areas.

Pile Number Range Mining Coal Pillar Coal Pillar Coal Pillar Roof Strength Base Plate
Depth (m) Height (m) Width (m) Spacing (m) (MPa) Strength (MPa)
K1626 + 400~K1626 + 500 18 1.3 10 8 0.50 13
K1627 + 145~K1627 + 423 32 15 10 8 0.50 13
K1627 + 945~K1628 + 433 20 1.8 10 8 0.55 13
K1631 + 985~K1632 + 035 22 15 10 8 0.70 23
K1633 + 000~K1633 + 160 25 2.0 10 8 0.70 22

Table 9. Parameters of traffic load in sections with room-and-pillar goaf areas.

Pile Number Range Subgrade Height, Pavement Stiffness, Maximum Load of Vehicle Speed,
H(m) E(MPa) Vehicle, G(T) V(km/h)
K1626 + 400~K1626 + 500 2.6 5000 100 70
K1627 + 145~K1627 + 423 54 5000 75 60
K1627 + 945~K1628 + 433 3.8 5500 125 80
K1631 + 985~K1632 + 035 32 5000 100 60
K1633 + 000~K1633 + 160 6.2 5500 75 60

Taking the analysis of the K1631 + 985~K1632 + 035 pile number as an example, this
study expounded the applicability analysis of the treatment method of room-and-pillar
mining goaf areas in detail, in combination with the evaluation process of the treatment
method presented in Figure 6. Firstly, the traffic load parameters presented in Table 9 were
included in Formula (1), and the maximum load disturbance depth of the road within the
service life was calculated to be 14.89 m. In comparison to the depth of the room-and-pillar
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goaf areas presented in Table 8, which is 22 m, it can be observed that the goaf area depth is
smaller than 1.5 times the maximum load disturbance depth. Therefore, it was necessary
to perform a strength inspection of the roof, coal pillar, and base plate. The parameters
presented in Table 8 were included in Formula (2), and the tensile stress of the roof under
traffic load conditions was calculated to be 0.283 MPa. This value was then included in
Formula (3), and the calculated K was 2.47, which is greater than 1.5. It was therefore
necessary to check the strength of the coal pillar and base plate. After the parameters were
included in Formulas (4) and (5), the compressive stress of the coal pillar under traffic
load conditions was determined to be 13.867 MPa, and the strength of the coal pillar was
15.845 MPa. After these parameters were included in Formulas (6) and (7), the values of
K were 1.14 and 1.66, respectively. As the safety factor of the coal pillar was 1.14, the coal
pillar may be unstable under traffic load conditions in this road section. Therefore, grouting
treatment should be performed in the goaf area under this road section.

Referring to the analysis process of the treatment methods in K1631 + 985~K1632 + 035,
the remaining sections to be treated were analyzed, and the treatment methods for each section
are presented in Table 10. As can be observed from Table 10, the K1626 + 400~K1626 + 500,
K1627 + 945~K1628 + 433, and K1631 + 985~K1632 + 035 sections need to be treated by
grouting because they failed the calculations of the roof or coal pillar strength values. The
grouting treatment is presented in Figure 8. However, K1633 + 000~K1633 + 160 and
K1627 + 145~K1627 + 423 passed the calculation of the load disturbance depth, so it was
only necessary to adopt the method of laying a geogrid on the subgrade for treatment
purposes. The geogrid is presented in Figure 9. In one year of operation following these
calculations, none of the above-mentioned road sections collapsed.

Table 10. Analysis of treatment methods for each road section.

Traffic-Disturbance- Roof-Strength- Coal-Pillar-Strength- Base-Plate-
Pile Number Range Depth-Check Check Check Strength-Check Treatment Method
Calculation Calculation Calculation Calculation
K1626 + 400~K1626 + 500 Fail Fail No need to check No need to check  Grouting treatment
K1627 + 145~K1627 + 423 Pass No need to check No need to check No need to check Laying geogrid
K1627 + 945~K1628 + 433 Fail Pass Fail No need to check  Grouting treatment
K1631 + 985~K1632 + 100 Fail Pass Fail No need to check  Grouting treatment
K1633 + 000~K1633 + 160 Pass No need to check No need to check No need to check Laying geogrid

The subsidence of the treated grouting and geogrid sections was monitored by level
for one year, once every half month, and a total of 25 periods of subsidence monitoring
data were obtained. Taking the K1631 + 985~K1632 + 100 grouting treatment section and
the K1627 + 145~K1627 + 423 geogrid-laying treatment section as examples, the treatment
effects of the two methods were evaluated. The subsidence of each section is presented in
Figures 10 and 11.

As can be observed in Figure 10, following one year of grouting treatment for
K1631 + 985~K1632 + 100, the subsidence trend in the middle and both sides of the sub-
grade gradually tended to become smooth over time, which is in line with the subsidence
trend of the normal subgrade. The values of the middle and both sides of the subgrade
were —17.94, —14.25, and —14.57 mm, respectively, which met the subsidence requirements
of the subgrade following construction. It can be observed in Figure 11 that the subsidence
trend of K1627 + 145~K1627 + 423, at the middle and both sides of the subgrade, gradually
tended to become smooth over time after laying the geogrid for one year, which agrees
with the subsidence trend of the normal subgrade. The subsidence values of the middle
and both sides of the subgrade were —10.25, —8.24, and —7.91 mm, respectively, which
met the subsidence requirements of the subgrade following construction.



Appl. Sci. 2023,13, 2024 13 of 17

Pressure gauge

<=——— Cement mortar

Grouting stopping position
d130

7 Flange plate
3-5 m below bedrock 3-5 m below bedrock

Grouting pipe

91

Room and pillar goaf Room and pillar goaf

Cement mortar
Grouting pipe
conveying pipeline

(b)

Figure 8. Grouting treatment. (a) Schematic diagram of grouting (the size of the grouting hole on the

left side and the flow direction of slurry on the right side); (b) grouting on site.
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Figure 9. Geogrid treatment. (a) Schematic diagram of geogrid position; (b) laying geogrid on site.
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Figure 10. The subsidence of the grouting treatment section (K1631 + 985~K1632 + 100).
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Figure 11. The subsidence of geogrid treatment section (K1627 + 145~K1627 + 423).

It can be observed from the above analysis that the post-construction subsidence
of the subgrades in the K1631 + 985~K1632 + 100 grouting treatment section and the
K1627 + 145~K1627 + 423 geogrid-laying treatment section met the requirements, and the
subsidence trend tended to be gentle, with a good treatment effect.

5. Discussion

In this study, the evaluation of the treatment methods for room-and-pillar mining
goaf treatments under traffic load conditions was analyzed. The novelty of the research
lies in the following areas: firstly, the disturbance depth of the traffic load was coupled,
the calculation results were analyzed by multiple linear regression, and the calculation
formula for the disturbance depth of the traffic load was fitted. Secondly, according to the
relationship between the disturbance depth of the traffic load and the mining depth and
the stability of the roof, coal pillar, and base plate, the applicability of the treatment method
was analyzed.

The research presented in this study contributes to the research concerning the treatment
methods used for goaf areas under highways, as the previous research mostly focused on the
treatment method used and did not extensively study the applicability of these methods.

From the multiple regression analysis of the numerical simulation results, it can be
observed that, although the disturbance depth of traffic load is related to the pavement
elastic modulus, subgrade height, unit weight of foundation soil, vehicle speed and vehicle
load, the pavement elastic modulus, subgrade height, vehicle speed, and vehicle load are
significant influencing factors, while the unit weight of foundation soil is a non-significant
influencing factor. From the evaluation of the treatment method, it can be observed that a
disturbance depth of 1.5 times that of the traffic load does not reach the roof depth of the
room-and-pillar mining goaf areas and only requires the laying of a geogrid on the subgrade
for treatment; grouting is unnecessary. When the disturbance depth of the subgrade load
exceeds the roof depth of the room-and-pillar mining goaf areas by 1.5 times, it is necessary
to calculate the stability of the roof, coal pillar, and base plate. If they are all in a stable
state, the geogrid can be used for treatment purposes; otherwise, grouting treatment must
be conducted. From the subsidence monitoring results of the engineering cases, it can be
seen that the subsidence values of the goaf areas treated by these two treatment methods,
respectively, all met the requirements of the post-construction subsidence, indicating that
the evaluation process of the treatment methods can be applied to practical projects.

As mentioned above, the research content of this paper provides a scientific basis
for the applicability of room-and-pillar mining goaf treatment methods. It also provides
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a reference for similar engineering constructions. However, this paper only verified the
analysis results through an actual project. In future studies, similar simulation tests can be
used to provide more samples to verify the analysis results of this study.

6. Conclusions

Based on the orthogonal simulation experiment, this paper deduced the calculation
formula for the disturbance depth of traffic load conditions. By combining this formula
with the structural mechanics analysis method, an evaluation process was proposed for the
methods of treating a room-and-pillar goaf under a traffic load. The following conclusions
were drawn:

(1) The calculation formula of traffic load disturbance depth obtained by a multiple
linear regression analysis has a high degree of fitting and can accurately represent
the quantitative relationship between the traffic load disturbance depth and the four
influencing parameters: vehicle load, vehicle speed, pavement elastic modulus, and
subgrade height;

(2) Combined with the disturbance depth of the traffic load, the depth of the goaf, and
the stability of the roof, coal pillar, and base plate, this paper proposed an evaluation
flow of the room-and-pillar mining goaf treatment method which is simple and easy
to use, universally applicable, and not limited to specific projects;

(8) Through the analysis of the goaf area in the Jixi section of the Dan-A national high-
way, the results show that the K1631 + 985~K1632 + 035, K1626 + 400~K1626 + 500, and
K1627 + 945~K1628 + 433 sections need to be treated by grouting, while the
K1633 + 000~K1633 + 160 and K1627 + 145~K1627 + 423 sections only need to be treated
by laying a geogrid on the subgrade. After the national highway was opened to traffic
for one year, the highway section treated according to the evaluation process proposed
in this paper was opened, and there were no problems with it collapsing.
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