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Based on coal and gas outburst mining area topography, a risk evaluation index for mine dynamic disasters in relation to terrain
curvature is presented by analyzing the terrain curvature formation and determining its classification and computational
methods. Clarifying the mechanism that the terrain curvature changes reflects the intensity of tectonic activity and the tectonic
stress field variation, as well as coal and rock mass energy storing. By using the N-shaped landform in the Pingdingshan coal
mine as a case study, an area having strong tectonic activity and coal and gas outbursts was recorded to occur where terrain
curvature changed, notably occurring where the positive curvature radius was 80.21% of the total. -ese findings indicate that
terrain curvature has significant controlling effects on coal and gas outbursts. A preliminary assessment for the occurrence risk
of coal and gas outbursts using the terrain curvature value is proposed which can be used as an effective method to predict
future outbursts.

1. Introduction

Coal and gas outbursts are a dynamic disaster that threatens
safety production in coal mines. In 2020, five coal and gas
outburst disasters occurred in mines in China, resulting in
22 deaths (accounting for 9.8% of total fatalities). Previous
investigations have highlighted that more than 12 factors
may influence the occurrence of coal and gas outbursts [1, 2].
Influential factors include gas content [3], ground stress [4],
and crushing effects [5].

Findings by Chang [6] recorded coal and gas outburst
accidents in mining areas in China to be controlled by
geological structures. For example, in the Yangquan area of
the Shanxi province, the probability of coal and gas outbursts
in structural areas peaked at 80% [3]. In the Huainan mining

area in the Anhui province, coal and gas outbursts in cross-
holes and coal lanes near faults accounted for 71.8% of total
outbursts [7]. In the Furong coal mining area in the Sichuan
province, 47 coal and gas outburst accidents occurred near
faults and folds [8]. Systematical analysis performed by
Cheng-gong and Wang [9] summarizing coal and gas
outbursts from 106 coal mines in 15 coalfields in China
recorded 2525 outbursts (81.9% of a total of 3082 outbursts)
to have occurred in locations with geological structures, such
as faults, folds, magmatic intrusions, and variations in coal
seam thickness. Only 557 (18.1%) outbursts occurred in
areas without geological structures.

-e control mechanism of the geological structure and
tectonic stress field on coal and gas outbursts has been
previously investigated. For example, Han et al. [1, 2, 10]
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conducted a series of surveys on coal mines in northeastern,
North, and South China. According to the characteristics of
gas occurrence, the distribution of tectonic stress, and the
development of coal seams in structural belts, they reported
that high tectonic stress of geological structural belts pro-
vides energy for the occurrence of coal and gas outbursts. As
the migration and diffusion of coal seam gas were inhibited,
the combination of high tectonic stress and high gas pressure
resulted in suitable conditions for the incubation of coal and
gas outbursts. Zhang et al. [11, 12] classified the type of
occurrence by analyzing the control effect of the geological
structure on coal and gas outbursts, thereby considering the
occurrence of gas to be controlled by the coal seam geo-
logical structure. Based on theoretical discussion, Xu et al.
[13] compared and analyzed the mechanism of different
tectonic stress fields on coal and gas outbursts. Zhang
[14, 15] proposed and confirmed a set of methods for
evaluating and predicting the risk of coal and gas outbursts
based on geological tectonic activities and plate tectonics.
Gray and Yan et al. [16, 17], Sato and Fujii [18], and Pan and
Cao et al. [4, 19], based on their belief that gas-bearing
structural coal is the key condition for coal and gas out-
bursts, elaborated on the control mechanisms for coal and
gas outburst structures.

Tectonic traces are the results of crustal stress; different
tectonic traces reflect tectonic activities and tectonic stress
fields with different characteristics. It has been previously
shown that the basic form and main features of topography
and geomorphology depend on the form of geological
structures, which are closely related to dynamic disasters in
mines [20]. Mining practices in many mining districts in
China indicate that rock bursts and coal and gas outbursts
generally occur in tectonically active areas [21]. As change
characteristics of topography can reflect the geological form
and activity, it is therefore possible to predict tectonically
active areas prone to dynamic disasters by examining to-
pography and landform changes.

Terrain curvature is a physical index that reflects the
shape and concave-convex changes of the terrain surface in
each cross section. It was studied for different targets in the
literature, such as spatial variability of soil attributes [22],
topographic feature [23], hydraulic conductivity [24],
temperature [25], and snowslide [26]. However, the dynamic
disaster-related terrain curvature is rare in the literature.

Terrain curvature variation is an external manifestation
of geological tectonic activity, with its amplitude reflecting
tectonic activity intensity. -e value of terrain curvature
reflects the severity of tectonic activity. If the value of terrain
curvature sharply increases or decreases, it indicates that the
area is highly affected by tectonic activities; if there is little or
no change in terrain curvature, tectonic activity is regarded
as being relatively weak. -erefore, the risk of coal and gas
outbursts and other dynamic disasters in mines can be
preliminarily judged using terrain curvature. Practical ap-
plication examining terrain curvature changes in the
Pingdingshanmining district shows that it plays a significant
role in the occurrence of coal and gas outbursts and that it
can be used as an effective method to predict coal and gas
outbursts.

2. Formation and Classification of
Terrain Curvature

2.1. Formation of Terrain Curvature. Earth’s dynamic forces
result in the movement and collision of tectonic plates,
leading to a change in crustal structure and deformation and
the dislocation of internal materials, resulting in different
structural surface forms. Differences in morphology can be
described by topographic curvature, one of the main pa-
rameters reflecting structures in the terrain surface, as well as
being the basic variable of surface process simulation, soil
erosion simulation, and land-use classification [20]. Topo-
graphic curvature can reflect the shape and concave-convex
changes of the terrain surface in each cross section, as well as
terrain structure and morphology. Different topographic
curvature values represent the complexity of different
structural parts and surface morphology changes.

Coal measure strata are composed of sedimentary rocks,
and the primary structure is relatively simple. However,
subsequent geological tectonic movement has changed their
environmental conditions, forming folds, joints, faults,
cleavage, and other structural forms. -ese structural
changes have an important impact on the complexity of
strata and the occurrence of dynamic disasters, as well as
resulting in corresponding surface manifestations. Changes
in topographic curvature are one external manifestation of
tectonic activities.

2.2. Classification of Terrain Curvature. As terrain
curvature can reflect the shape and deformation charac-
teristics of an adjacent area using a surface point, it can
therefore be used to study deformation characteristics,
structural styles, and expansibility of surface morphology.
-e attributes of terrain curvature can be divided into one-
dimensional and two-dimensional curvature attributes. A
one-dimensional curvature attribute is calculated by the
univariate derivative, and it is mainly displayed as curves,
which can directly reveal the physical form of an anticline
and syncline. For complex surface morphology, surface
curvature is usually calculated using the binary partial de-
rivative as

k �
d2y
dx

2 1 +
dy

dx
 

2
⎡⎣ ⎤⎦

− (2/3)

. (1)

-e surface curvature of a terrain is a function of a point
position. Different curves passing through the same point
have different curvature expressions. For a point on the
ground, minimum,maximum, and average curvature are the
inherent properties of the terrain surface. -ey are inde-
pendent of the coordinate system, and they belong to the
first type of curvature.-e second type of curvature is related
to research contents, such as topography surface structure,
groundwater, and sediment movement, mainly including
section curvature, contour curvature, and tangent curvature
(Figure 1). -e curvature of a profile is the slope change rate
in the maximum direction of a slope, and the curvature of a
plane is the change rate in the direction of contour lines. -e
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curvature of a tangent is the change rate in the direction
perpendicular to the maximum direction of the slope [27].

Terrain curvature is usually calculated by the curvature
of the longitudinal section; structural characteristics can be
described quantitatively by determining the increase or
decrease of the slope change rate along the gradient direction
of each point. A positive result indicates the curvature of a
depression area; negative results indicate the curvature of an
uplift area; and a result of zero indicates a flat area or a
monoclinic structure. -e relationship between terrain
change and curvature is shown in Figure 2. When k＞ 0, the
terrain is concave down, and when k＜ 0, the terrain is
convex up. At the inflection point, k� 0, and the curvature
before and after this point differs by having positive or
negative characteristics.

3. Method Application in the Pingdingshan
Mining District

3.1. General Geology of the Pingdingshan Mining District.
-e Pingdingshan mining district is situated in a late Pa-
leozoic coal accumulation basin in the southern margin of
the North China block. -is mining district belongs to the
Shanxian-Pingdingshan fault depression in the northern
part of the Xiaoxiong tectonic zone. From the Mesozoic to
the Cenozoic, this district was controlled by the North China
block, influenced by uplift of the orogenic belt in the Qinling
Mountains. From the middle Yanshanian to the Himalayan,
this district was repeatedly compressed and sheared by the
Qinling Mountains’ orogenic belt from the south to the
north, which belonged to a high tectonic stress area. -e
Pingdingshan mining district is surrounded by depressions,
with a raised area in the middle. -is area had a general
N-shaped landform (Figure 3), indicating a strong history of
tectonic activity.

3.2. TerrainCurvatureApplication and Its Impact onCoal and
Gas Outbursts in the Pingdingshan Mining Area. By using
elevation points and contour information from topographic

maps, curvature value for the Pingdingshan mining district
was calculated using the longitudinal profile curvature al-
gorithm (Figure 4).

By taking the position of the main shaft as the reference
object, six mines in the study region (nos. 12, 10, 8, 6, 4, and
1) have a maximum curvature value varying from 5.98×10− 5

to 12.8×10− 5; the other mines (nos. 13, 11, 9, 7, 5, 3, and 2)
are situated in regions with small changes in curvature,
ranging from 5.34×10− 11 to 1.08×10− 10. However, with the
expansion of the mining area and an increase in mining
depth, the corresponding regions will be affected by the
change of terrain curvature.

Based on the map of terrain curvature in the Ping-
dingshan mining district, profiles along the dip of mine nos.
10 and 8 were made (Figures 5 and 6). Coal and gas outburst
areas highlighted in mine no. 10 were completely within the
range of the curvature change zone. Six of the 30 coal and gas
outbursts occurred in the maximum curvature area, ac-
counting for 20% of total outbursts. -e coal and gas out-
burst area in mine no. 8 was slightly larger than that of the
curvature change zone; 20 of 43 coal and gas outbursts
occurred in the area with maximum curvature, accounting
for 46.5% of the total.

In order to quantitatively evaluate the influence of ter-
rain curvature on coal and gas outbursts in the Pingdingshan
mining district, curvature radius was introduced. -e radius
of curvature (R) was calculated as

R �
1
k

. (2)

Coal and gas outbursts in the Pingdingshan mining
district were mainly distributed in the positive curvature

xO

y

Concave down
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Figure 2: -e relationship between terrain change and curvature.

Maximum gradient line

Contour curvature

Profile curvatureTangential curvature

Figure 1: Definition of the profile, contour, and tangential
curvature.

Pingdingshan mining district

Figure 3: -ree-dimensional topography of the Pingdingshan
mine field.
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radius region (Figure 7), with 96 coal and gas outbursts
occurring in the penta and hexynoic acid coal seams. Among
these, 77 outbursts occurred within the radius of a positive
curvature, accounting for 80.21% of the total; 19 outbursts
(19.79%) occurred within the radius of a negative curvature.
-ese results show that coal and gas outbursts in the
Pingdingshan mining district mainly occur in an area of
positive curvature terrain, i.e., the concave terrain area

which is significantly affected by a regional tectonic stress
field is conducive to energy accumulation and gas storage.
When reaching the critical energy of coal and rock mass
failure, coal and gas outbursts will occur under the influence
of external mining disturbance and other factors. As the
convex area corresponding to negative curvature topogra-
phy is not conducive to the accumulation and storage of
energy, relatively fewer coal and gas outbursts therefore
occur.
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Figure 4: Terrain curvature change diagram for the Pingdingshan mine.
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4. Discussion

(1) So far, many methods are used to predict mine
dynamic disasters [5, 28–31]. Compared with others,
terrain curvature method has the following char-
acteristics. According to the terrain elevation data
that are very convenient to obtain from the National
Geomatics Center of China, the terrain curvature
map can be drawn after processing. Accordingly, the
changes in curvature can delineate areas or locations
with high risk of dynamic disasters. -erefore, the
terrain curvature to predict mine dynamic disasters
has high efficiency, low cost, and easy operation.

(2) -e practical project showed that terrain curvature
change has an important impact on coal and gas
outbursts inmines, and the incidence on coal and gas
outbursts can be judged by the terrain curvature
value. According to our results, the risk of coal and
gas outbursts in different areas can be predicted.
Based on these findings, it is possible to rationally
optimize the mining layout or to undertake pre-
ventive measures before mining commences in a
high-risk region, thus minimizing the risks associ-
ated with mining. Our findings are also important
for predicting and preventing coal and gas outbursts.

(3) Coal and gas outbursts are not only related to the
change of topographic curvature but also affected by
other factors, such as gas production, mechanical
properties, and elastic potential of coal rocks.
-erefore, coal and gas outbursts may not necessarily
occur in areas where terrain curvature drastically
changes, and coal and gas outbursts may also occur
in areas where the change of terrain curvature is not
obvious. In practical engineering applications, it is
necessary to combine multiple factors to undertake a
comprehensive analysis. However, predicting the
risk of coal and gas outbursts and other dynamic
disasters based on the change of terrain curvature is
important to improve mine safety.

(4) Numerous research results show that coal and gas
outbursts and rock bursts are affected by tectonic
activities. Terrain curvature reflects the tectonic
activities’ intensity. So, the terrain curvature is ap-
propriate to predict coal and gas outbursts and rock
bursts.

5. Conclusions

(1) -e occurrence of dynamic disasters in mines is
closely related to geological structures. Topography
and landform can reflect the form and activity
characteristics of geological structures. -erefore,
analysis of topographic changes can be used before
mining commences to predict the risk of dynamic
disasters.

(2) -e change of terrain curvature reflects the intensity
and stress distribution of tectonic activities. -e risk
of coal and gas outbursts and other dynamic disasters
in mines can also be preliminarily judged according
to the value of the terrain curvature.

(3) Terrain curvature in the Pingdingshan mining dis-
trict significantly varies. Coal and gas outburst events
indicate that terrain curvature plays a significant role
in their occurrence. 80.21% of coal and gas outbursts
have occurred within the radius of a positive cur-
vature.-e practice has proved that terrain curvature
can be used as an effective method to predict coal and
gas outbursts.
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