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Deformation failure analysis and identification method
of zoning type of actual tunnel surrounding rock

Wei Jing1, Yunlong Gao2, Rencai Jin3, Laiwang Jing4

Abstract: The research on deformation zoning mechanism of tunnel surrounding rock is of great
significance for ensuring safe production and disaster prevention in coal mines. However, the traditional
deformation zoning theory of tunnel surrounding rock uses the ideal strain softening model as the
criterion for judging the zoning type of all tunnel surrounding rock, ignoring the difference between
the deformation zoning type of a specific actual tunnel and the basic zoning type of surrounding rock.
In order to study the method for determining the actual deformation zoning type of tunnel surrounding
rock, the formation mechanism of the actual deformation zoning of tunnel surrounding rock has been
revealed. Combinedwith engineering examples, amethod for determining the actual deformation zoning
type and boundary stress of specific tunnel surrounding rock has been proposed. The results show that
the boundary stress and position of the actual deformation zone are determined by the peak strength
fitting line, residual strength fitting line, support strength line, and the position of the circumferential
and radial stress relationship lines of each deformation zone. The actual boundary stress of each zone
of tunnel surrounding rock is ultimately only related to the basic mechanical properties of the tunnel
surrounding rock and the in-situ stress field. The research results can provide reference for disaster
management of underground engineering, stability evaluation of surrounding rock, and support scheme
design.
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1. Introduction

The quantitative design of tunnel surrounding rock support parameters has long been
a hot research topic in deep rock mechanics [1–5]. Because of the lack of theories and
methods to determine the actual deformation zoning type and zoning boundary position of
surrounding rock, this research direction has always been a difficulty for scholars. With the
increase of coal mining depth, the previous support design schemes often cannot ensure
the long-term stability of surrounding rock. Various disasters and repeated maintenance
problems such as tunnel roof fall, floor heave and roof collapse have always affected the
personal safety of mining staff and the production efficiency of enterprises, and will also
cause damage to the surface and underground ecological environment, It does not conform
to the current green mining concept.
R. Fenner and J. Talobre put forward the “two-zone theory” theory of surrounding rock

deformation based on the ideal elastic-plastic model [6]. On this basis, many scholars have
further improved the “two-zone theory” [7–12]. However, with the appearance of fracture
zone of tunnel surrounding rock and the deformation and failure properties of rock in the
residual stage of complete stress-strain curve, the “two-zone theory” cannot be applied
to the deformation mechanism analysis of surrounding rock of deep high stress tunnel,
so the “three-zone theory” began to appear. The foundation of “three-zone theory” is the
deformation of three properties reflected by the complete stress-strain curve of rock. At
present, many research results are based on the “three-zone theory”. Based on the strain
softening characteristics of rock mass, Ma et al. [13], Fahimifar et al. [14], Yao et al. [15],
Walton et al. [16] and Paul et al. [17] presented the stress distribution law of elastic zone,
plastic zone and fracture zone of soft rock tunnel and the analytical solution of boundary
position of each zone. Chen et al. [18], Zhang et al. [19] and Sun et al. [20] consider
the influence of intermediate principal stress and rock mass expansion characteristics,
and derive the analytical solutions of stress, deformation and plastic zone radius of three
deformation zones of surrounding rock of deep circular tunnel. Zou et al. [21] divided the
stress distribution around the cavity expansion into three zones (elastic zone, softening zone
and plastic flow zone), and considered the factors of large strain, drainage condition and
intermediate principal stress, so as to obtain the softening zone radius of strain softening
soil, the closed solution of stress and strain in different zones, and the excess pore water
pressure and limit cavity expansion pressure in plastic flow zone. Yao et al. [22] and Pan et
al. [23] put forward the theoretical solution of stress and displacement in each zone of soft
rock tunnel based on the characteristics of plastic softening and dilatancy of rock mass.
Alejano et al. [24] divided the surrounding rock into three zones, proposed a simplified
approximate formula for the plastic radius of tunnel excavation in strain softening rock
mass, and obtained a more practical calculation method of longitudinal deformation profile
of strain softening rock mass.
In addition to these representative results, there are many related achievements [25–28].

Although these achievements have promoted the great development of this research field,
there are still some problems in the two zoning theories that need to be further studied
and improved, which can be summarized in four aspects: (1) There is no in-depth study
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on the key role of the two major factors of surrounding rock properties and in-situ stress
in the study of surrounding rock deformation zoning types. In the analytical solution of
some results, although the parameters of surrounding rock properties and in-situ stress are
introduced into the calculation formula of plastic zone radius, and no matter how these two
parameters are selected, the plastic zone radius has an analytical solution [29–31]. But in
fact, the number of analytical expressions of radius directly depends on the actual number of
surrounding rock zones. (2) The essential difference between the basic deformation zoning
type and the actual deformation zoning type is not revealed. The theories of “two-zone”
and “three-zone” mentioned above are essentially the basic deformation zoning types of
surrounding rock, but most of the previous studies directly regarded the basic deformation
zoning type as the actual deformation zoning type, which leads to the inaccuracy of
the relevant calculation results. This is an important reason why the support problem of
deep tunnel has not been well solved. In this paper, the basic deformation zoning type is
defined as the deformation zoning type when the number of zones reaches the limit value
(the zoning type when the broken zone appears in the surrounding rock), and the actual
deformation zoning type is defined as the actual deformation zoning in the surrounding
rock corresponding to the specific properties of surrounding rock and the in-situ stress
field. Therefore, the number of actual deformation zoning type zones can only be less than
or equal to the basic deformation zoning type zones. (3) In the past analytical research,
the method of determining the actual deformation zoning type has not been given, but the
determination of the actual deformation zoning type and boundary position is the basis
for the quantitative design of surrounding rock support. (4) The difference between the
complete stress-strain curve of rock and the stress-strain curve of tunnel surrounding rock
along the radial direction is ignored. The strain softening model derived from the complete
stress-strain curve is directly used as the basis for the deformation zoning of surrounding
rock, and the results obtained from relevant research based on this theory are not accurate
enough.
In view of the above four problems, this paper revealed the formation mechanism of the

actual deformation zoning type of surrounding rock by analyzing the difference between the
test loading path of surrounding rock specimen and the actual loading path of surrounding
rock in the process of tunnel formation. Taking Huainan mining area in Anhui Province in
Southeast China as an example, the actual deformation zoning type of tunnel surrounding
rock and the determination method of each zoning boundary stress are deeply studied
by means of the combination of test and theory. At the same time, the influence law of
surrounding rock properties and in-situ stress field on the actual deformation zoning type
and quantity of tunnel surrounding rock were analyzed.

2. Basic assumptions

In order to give a method to identify the actual deformation zoning type of surrounding
rock, which is easy to understand and calculate, the tunnel surrounding rock and in-situ
stress environment are idealized here in order to simplify the process of solving the problem,
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which is also the basic method followed by theoretical analysis of coal mine tunnels for
a long time [32–35]. This “idealization” is usually realized by setting a series of basic
assumptions, the basic assumptions set in this paper are as follows.
1. It is assumed that the tunnel is a plane strain problem. Generally, the size of the

tunnel along the axial direction is much larger than the cross-section size of the tunnel,
and the surrounding rock properties and stress environment along the axial direction of the
tunnel are basically unchanged, so it can be treated as a plane strain problem.
2. The pre-peak stage of the complete stress-strain curve is considered to be the ideal

linear elastic stage, and the elastic modulus of rock is equal under different confining
pressures. On this basis, it is assumed that the slope of the line between the peak point
of the complete stress-strain curve and the coordinate origin is the elastic modulus of the
ideal linear elastic stage, as shown in Fig. 1. Therefore, the relationship between stress and
strain satisfies the following relationship:

(2.1) 𝜎\ − 𝜎𝜌 = 𝐸Y\

Among them, 𝜎𝜌 and 𝜎\ are the radial stress and circumferential stress of tunnel
surrounding rock, respectively. Y\ is the circumferential strain of tunnel surrounding rock.
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Fig. 1. Three-stage strain softening model of rock total stress-strain curve where a, b and c
represent the elastic zone, plastic softening zone, and broken zone, respectively

As can be seen from the above formula, it is obvious that 𝜎1 − 𝜎3 is directly propor-
tional to Y1. Because the elastic modulus of rocks under different stress states has been
approximately regarded as the same in rockmechanics, the pre-peak stage of the three-stage
strain softening model under different confining pressures in the coordinate plane can be
approximately regarded as coincident (collinear), as shown in Figs. 4–6.
3. The Mohr–Coulomb criterion is used for calculation without considering the influ-

ence of intermediate principal stress
For the surrounding rock of tunnel, the influence of intermediate principal stress is not

considered, which means that only the effect of circumferential stress and radial stress in
tunnel surrounding rock is considered, and the triaxial test is carried out with radial stress
as confining pressure to study the stress distribution law of surrounding rock.



DEFORMATION FAILURE ANALYSIS AND IDENTIFICATION METHOD . . . 553

3. Zoning mechanism of actual deformation
of surrounding rock

3.1. Division of basic deformation zoning type of surrounding rock

According to the research results of many scholars on the basic deformation zoning of
surrounding rock, there are two common types of basic deformation zoning: “two-zone”
type and “three-zone” type. Among them, “three-zone” type is the most widely used basic
deformation zone type at present. Therefore, taking the “three-zone” basic deformation
zoning type as an example, this paper divides the surrounding rock into elastic zone, plastic
softening zone and broken zone to analyze the zoning mechanism of the actual deformation
corresponding to this basic deformation zone type, On this basis, the determination method
of the corresponding actual deformation zoning type is proposed. The mechanical model
of tunnel surrounding rock corresponding to the basic deformation zoning type of “three-
zone” is shown in Fig. 2.

Fig. 2. Mechanical model of surrounding rock of axisymmetric tunnel

It should be emphasized that the actual deformation zoning type of surrounding rock is
relative to the basic deformation zoning type. The basic deformation zoning type is “three
zones”, and the corresponding actual deformation zoning type may be one of three zones,
two zones and one zone. The actual situation is which type needs to comprehensively
analyze the test loading path of rock specimen and the actual loading path of surrounding
rock path.

3.2. The loading path of tunnel surrounding rock

The complete stress-strain curve of rock specimen reflects the complete loading path
of rock specimen from loading to complete crushing on the testing machine [36, 37].
A large number of test results [38] show that the total stress-strain curves under different
confining pressures have an obvious feature, which is the ultimate compressive strength
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(peak stress) and residual strength will gradually increase, and the strain value at the initial
point of residual stage will gradually increase, so the test loading path corresponding to the
complete stress-strain curves under different confining pressures is different inequality. It
can be seen that the tunnel surrounding rock at different radial positions will correspond to
different test loading paths due to different radial stress. Because there are countless points
in the radial direction of the surrounding rock, there are countless test loading paths with
different confining pressure corresponding to these points. In view of the axisymmetric
tunnel surrounding rock illustrated in Fig. 3, a radial line segment AO is arbitrarily selected
and 7 points 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 , 𝐹 and 𝑂 are selected on it. Obviously, the complete stress-
strain curves corresponding to the rocks at these 7 positions will be different due to different
confining pressures. The relevant schematic diagram is shown in Fig. 3.
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Fig. 3. Variation of complete stress-strain curve with confining pressure

The actual loading path refers to the distance that the rock in a certain part of the sur-
rounding rock actually travels along its corresponding full stress-strain curve (test loading
path) from the beginning of tunnel formation to the end of surrounding rock deforma-
tion [39, 40]. It can be seen from Fig. 3 that only point 𝐴 in the mechanical model may
go through a complete loading path, which means that the actual loading path of point 𝐴
may be completed with its corresponding test loading path, and the other points can not go
through the complete test loading path. Therefore, at the end of secondary stress adjustment
(when the loading stops), the rock at different positions will stay at different positions in
the corresponding test loading path (complete stress-strain curve), so the test loading path
is essentially different from the actual loading path. To sum up, the ultimate deformation
degree of the corresponding rock is different with the actual loading path.

3.3. Deformation characteristics of zoning types of surrounding rock

The determination of actual deformation zoning type mainly depends on the position
of the rock at inner edge of the tunnel on the test loading path at the end of loading (the
end position of the actual loading path). Because the three-stage strain softening model
is the result of the simplification of the complete stress-strain curve and reflects the three
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deformation stages with different properties in the whole loading process of rock specimen,
so it can be regarded as an ideal test loading path. Accordingly, the three-stage strain
softening model will be used as the complete loading trajectory of tunnel surrounding rock
to study the formation mechanism of the actual deformation zoning type of surrounding
rock.

3.3.1. Establishment of three-stage strain softening model group

The three-stage strain softening model group refers to a combination of these models
under different confining pressures, all represented in the same coordinate plane. According
to the drawingmethod of three-stage strain softening model, the three-stage strain softening
model corresponding to seven full stress-strain curves 𝐴, 𝐵,𝐶, 𝐷, 𝐸 , 𝐹 and 𝑂 shown in
Fig. 3 can be represented by 1, 2, 3, 4, 5, 6 and 7 in Fig. 4. Due to the fact that the 7 points
𝐴, 𝐵,𝐶, 𝐷, 𝐸 , 𝐹 and 𝑂 selected in Fig. 3 are distributed in all areas of the surrounding
rock of the tunnel, it can fully reflect the deformation characteristics of each zone of the
surrounding rock. It should be emphasized that these seven three-stage strain softening
models are idealized models, and because of the mechanical properties of rock, these
three-stage strain softening models should have the following three characteristics.
1. The pre-peak stages coincide with each other. This feature is derived from the above
basic assumptions. According to the above basic assumptions, the pre-peak stage of
the seven strain softening models in Fig. 4 is coincident.
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Fig. 4. Three-stage strain softening model group

2. The post-peak stage is approximately parallel. A large number of rock triaxial com-
pression tests show that the greater the confining pressure, the greater the peak stress
and the greater the residual strength. When the confining pressure is close to the
peak stress, the post-peak stage presents a nearly horizontal feature, and the residual
strength is approximately equal to the peak stress. Therefore, in the coordinate plane,
the greater the confining pressure, the higher the position of the post-peak stage, and
the smaller the angle between the post-peak stage and the horizontal axis. However,
when the difference of confining pressure is small, the change of the angle between
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the post-peak stage and the horizontal axis will be very small, which leads to the
approximate parallel relationship among the post-peak stages corresponding to the
three-stage strain softening model under different confining pressure. The difference
of radial stress in the area within the boundary of the elastic zone of tunnel surround-
ing rock is generally less than 20 MPa, and the difference is very small, so it can be
approximately considered that the post-peak stage of the three-stage strain softening
model corresponding to each point in this area is approximately parallel.

3. The residual stages are all horizontal and straight lines. In the residual strength stage,
the rock strength no longer decreases.

3.3.2. Deformation mechanism of surrounding rock in three zones
From the above analysis, it can be seen that the seven full stress-strain curves selected

in the model represent the deformation paths of various zones of the surrounding rock of
the entire tunnel. Therefore, the three-stage strain softening models 1, 2, 3, 4, 5, 6 and 7
corresponding to points 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 , 𝐹 and 𝑂 in Fig. 5 should show the law in Fig. 4.
In Fig. 5, when the loading end point position of point 𝐴 corresponds to 𝐴′ on the

loading path 1 in Fig. 4, because point 𝐴′ is already in the residual stage of the loading
path 1, it can be determined that the inner edge of the tunnel has been in the range of the
broken zone.
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Fig. 5. Deformation mechanism of actual surrounding rock in three zones

In Fig. 5, each point in the radial direction of the mechanical model of tunnel surround-
ing rock has a coordinate point corresponding to it one by one in the coordinate plane,
such as point 𝐴 corresponds to 𝐴′(Y𝐴′ , 𝜎𝐴′), point𝐶 corresponds to 𝐶 ′(Y𝐶′ , 𝜎𝐶′), point 𝐷
corresponds to 𝐷 ′(Y𝐷′ , 𝜎𝐷′), point 𝐸 corresponds to 𝐸 ′(Y𝐸′ , 𝜎𝐸′), point 𝐹 corresponds to
𝐹 ′(Y𝐹 ′ , 𝜎𝐹 ′), the coordinate of point 𝑂 is (0, 0).
In the model shown in Fig. 5, point 𝐶 is located at the interface between the broken

zone and the plastic softening zone, and point 𝐸 is located at the interface between the
plastic softening zone and the elastic zone. Therefore, the point 𝐶 corresponding to point
𝐶 ′ in the model must be located at the intersection of residual stage and the plastic soft-
ening stage in the corresponding model 3, that is, at the beginning of the residual stage
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in model 3. Similarly, point 𝐸 ′ must be at the beginning of the plastic softening stage in
model 5. Connecting two points 𝐴′ and𝐶 ′ and two points𝐶 ′ and 𝐸 ′ in the coordinate plane,
the idealized stress-strain relationship 𝑂 ′𝐸 ′𝐶 ′𝐴′ of the surrounding rock along the radial
direction of the axisymmetric circular tunnel can be obtained, that is, the strain softening
model of surrounding rock along the radial direction of the tunnel. It should be emphasized
here that both the straight lines 𝐴′𝐶 ′ and 𝐶 ′𝐸 ′ are idealized straight lines, and the actual
connection is not necessarily a straight line, but may be some kind of curve, but because
the parallel distance between the plastic softening stage and residual stage of model 3 and
model 5 is very small, it is feasible to take the connection between two points 𝐴′ and 𝐶 ′

and between two points 𝐶 ′ and 𝐸 ′ as straight lines directly. The strain softening model
of surrounding rock established in this way can clearly reflect the zones with three kinds
of deformation properties in the surrounding rock from inside to outside. Because any
point on the line 𝐴′𝐶 ′ is in the residual stage in the corresponding loading path, the points
corresponding to the line 𝐴′𝐶 ′ in the surrounding rock must have been broken, so the area
formed by these points must be the broken zone. Similarly, the points corresponding to
𝐶 ′𝐸 ′ in the surrounding rock must have undergone plastic softening, so the area formed by
the corresponding points must belong to the plastic softening zone. By analogy, the points
corresponding to 𝐸 ′𝑂 in the surrounding rock must only have elastic deformation, so the
area formed by these points must belong to the elastic zone.

3.3.3. Deformation mechanism of surrounding rock in two zones
It is consistent with the deformation mechanism of the three zones of the actual sur-

rounding rock mentioned above, when the corresponding point 𝐴′′ of point 𝐴 on the inner
edge of the tunnel in the coordinate plane shown in Fig. 6 is located in the plastic softening
stage on the corresponding loading path 1, the actual deformation zoning type of surround-
ing rock must be “two-zone”. It should be noted that the three-stage model 1, 2, 3, 4 in
Fig. 6 is the three-stage model 1, 2, 3, 4 in Fig. 5, and the purpose of separating them into
separate maps is only to highlight the deformation mechanism of two zones of the actual
surrounding rock.
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Fig. 6. Deformation mechanism of actual surrounding rock in two zones
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At this time, because the final loading position of the rock at the inner edge of the
tunnel is in the plastic softening stage of its loading path, there will be no broken zone in
the tunnel surrounding rock, but only elastic zone and plastic softening zone.

3.3.4. Deformation mechanism of surrounding rock in one zone

Similarly, when the corresponding point 𝐴′′′ of point 𝐴 on the inner edge of the
tunnel in the coordinate plane shown in Fig. 7 is located in the linear elastic stage on the
corresponding loading path 1, the actual deformation zoning type of surrounding rock must
be “one-zone”. The three-stage model 1, 2 in Fig. 7 is also separated from Fig. 5.
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Fig. 7. Deformation mechanism of actual surrounding rock in one zones

To sum up, the actual deformation zoning type depends on the end position of the actual
loading path of the rock at the inner edge of the tunnel on its corresponding test loading
path. Therefore, the determination of the end position of the actual loading path of the
rock at the inner edge of the tunnel is the key to determine the type of actual deformation
zoning. Obviously, the above mechanism analysis can not give the end position of the actual
loading path of the rock at the inner edge of the tunnel. The determination method of the
actual deformation zoning type is given in combination with a specific example.

4. Determination method of actual deformation zone type
of surrounding rock

According to the above analysis, the determination of the actual deformation zoning
type depends on the position of the actual loading path end point of the rock in the inner
edge of the tunnel, and the determination of this position involves a series of interrelated
theories and tests. Specifically include the test of obtaining the peak strength and residual
strength of the surrounding rock, drawing the peak strength fitting line and the residual
strength fitting line in the 𝜎1 − 𝜎3 coordinate plane according to the peak strength and
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residual strength under different confining pressure, and drawing the corresponding straight
line in the above coordinate plane according to the straight line relationship between the
circumferential stress and the radial stress in the elastic zone and the plastic softening
zone. Finally, combined with the support strength, the end position of the actual loading
path of the rock at the inner edge of the tunnel can be given, and the zoning type of the
actual deformation zone of the surrounding rock will be obtained.
According to the above ideas, the following will be combined with specific examples

to determine the actual deformation zoning type of tunnel surrounding rock.

4.1. Triaxial compression test of surrounding rock

The rock used to make the specimen is selected from the roof of 11-2 Coal Seam of Pan
Yidong Mine in Huaibei mining area. The lithology is argillaceous, and the specimen size
is 50–100 mm. Because of the low strength and low confining pressure of rock, it is difficult
to obtain the post-peak part of the complete stress-strain curve. The excavation equivalent
radius 𝑅0 is 2.95 m, the elastic modulus 𝐸 is 4.01 GPa, Poisson’s ratio 𝑣 = 0.25 and
support load 𝑝𝑠 = 0.75 MPa. According to the in-situ stress test results, the initial in-situ
stress 𝑞 = 21.86 MPa, the maximum principal stress of surrounding rock is 20.42 MPa, the
minimum principal stress is 9.49 MPa and the intermediate principal stress is 17.55 MPa.
The initial cohesion 𝐶0 of surrounding rock is 11.57 MPa, and the residual cohesion 𝐶𝑏 is
0.724 MPa.
The test is divided into 6 groups, each group has 3 tests, and the corresponding

confining pressures are 0 MPa, 3 MPa, 7 MPa, 11 MPa, 15 MPa and 19 MPa respectively.
From the three complete stress-strain curves obtained from each group of tests, an ideal
curve can be selected as the complete stress-strain curve under the confining pressure. The
𝜎1 in the figure is the circumferential stress 𝜎\ of surrounding rock and 𝜎3 is the radial
stress 𝜎𝜌 of surrounding rock. The compression test is carried out by using TAW-3000
microcomputer-controlled power servo rock triaxial testing machine, as shown in Fig. 8,
and the complete stress-strain curve obtained from the six groups of tests is shown in Fig. 9.
The corresponding peak strength and residual strength are shown in Table 1.

Fig. 8. TAW-3000 microcomputer servo-controlled triaxial rock testing machine
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Table 1. Mechanical strength parameter list of confining pressure

𝜎2 = 𝜎3
(MPa)

𝜎𝑐 (MPa)
(Peak intensity)

𝜎𝑤 (MPa)
(Residual strength)

0 39.84603 /

3 48.36703 8.1

7 59.21081 22.5

11 67.67364 30.5

15 83.32177 46.5

19 95.15264 48.5

4.2. Fitting line between peak strength and residual strength

The coordinate plane 𝜎1−𝜎3 of surrounding rock is established, and the corresponding
coordinate points are determined according to the peak intensity values of six kinds of con-
fining pressure in Table 1. The peak intensity fitting line 1 and its mathematical expression
(4.1) can be obtained as follows.

(4.1) 𝑦 = 2.942𝑥 + 38.383

The corresponding coordinate points are determined from the residual strength values
under five kinds of confining pressure in Table 1, and the residual strength fitting line 2 and
its fomula (4.2) are obtained.

(4.2) 𝑦 = 2.620𝑥 + 2.400

Fig. 10 is drawn based on the peak strength and residual strength of rock specimen
obtained from triaxial compression test and their corresponding confining pressures. Ac-
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cording to the above basic assumption (3), for the tunnel surrounding rock with completely
consistent rock properties, the radial stress 𝜎𝜌 of the tunnel in Fig. 10 corresponds to the
confining pressure 𝜎3, and the circumferential stress 𝜎\ of the tunnel can corresponds to
the axial pressure 𝜎1. The peak strength fitting line 1 in Fig. 10 is the relationship line
between the peak strength and the confining pressure (radial stress) of tunnel surrounding
rock, and the residual strength fitting line 2 is the relationship line between the residual
strength and the confining pressure of tunnel surrounding rock. For the peak strength fitting
line 1, when there is a plastic softening zone in the surrounding rock, there must be only
one point on the fitting line 1 corresponding to the boundary stress at the interface between
the plastic softening zone and the elastic zone, and the abscissa and ordinate values of
the point are equal to the values of the radial stress and the circumferential stress at the
interface respectively. Similarly, there must be only one point on the residual strength fitting
line 2 that corresponds to the boundary stress at the interface of plastic softening zone and
broken zone, and the abscissa and ordinate values of this point are equal to the values of
radial stress and circumferential stress at the interface respectively. Therefore, the actual
deformation zoning type of tunnel surrounding rock can be analyzed according to the two
fitting lines in Fig. 10 combined with the law of stress distribution in each deformation
zone of surrounding rock.
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Fig. 10. Determination method of actual zoning type and boundary stress
of tunnel surrounding rock

4.3. Determination of actual deformation zoning type
and boundary stress

In order to obtain the coordinate points of the peak strength fitting line corresponding
to the boundary stress at the interface between the plastic softening zone and the elastic
zone in Fig. 10, and the corresponding coordinate points of the residual strength fitting
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line corresponding to the boundary stress at the interface between the broken zone and the
plastic softening zone, it is necessary to draw the deformation regions (elastic zone, plastic
zone) corresponding to the in-situ stress and the properties of surrounding rock in the
coordinate plane shown in Fig. 10. According to the intersection position of these lines (or
curves) and the above two fitting lines, the actual deformation zoning type of surrounding
rock can be accurately determined. The following is a detailed quantitative analysis.

4.3.1. Determination of stress at inner boundary of elastic zone

According to the axisymmetric elastic theory, there is a linear relationship between the
radial stress and the circumferential stress in the elastic zone of the surrounding rock.

(4.3) 𝜎\𝑒 = −𝜎𝜌𝑒 + 2𝑞

In formula (4.3), the radial stress and circumferential stress in the elastic zone are
respectively 𝜎𝜌𝑒 and 𝜎\𝑒 in the elastic zone, q is the value of in-situ stress.
In the coordinate plane of Fig. 10, the coordinate point corresponding to𝑂 point on the

outer boundary of the elastic zone in Fig. 2 is𝑂1 point. Based on this point, the relationship
line𝑂1𝐸1 between radial stress and circumferential stress of the elastic zone along the radial
direction of tunnel surrounding rock corresponding to formula (4.3) can be drawn. Because
the interface between the elastic zone and the plastic softening zone belongs to both the
elastic zone and the plastic softening zone, the corresponding coordinate point of the radial
stress and the circumferential stress at the interface in the coordinate plane of Fig. 10 must
be on line 1 and line 𝑂1𝐸1 at the same time, so the abscissa and ordinate values of the
intersection point between the two lines are the radial and circumferential stress values at
the interface.
However, if the intersection 𝐸1 is on the right side of the support strength line 3, it will

be indicated that the plastic softening zone must exist. If the intersection 𝐸1 is on the left
side of the support strength line 3, it means that only elastic zone exists in the surrounding
rock, because the support strength line 3 is the radial pressure from the support structure,
corresponding to the inner edge of the tunnel, which is the minimum radial pressure in the
surrounding rock. If the intersection 𝐸1 happens to be on the intersection of line 1 and line
3, it indicates that the surrounding rock at the inner edge of the tunnel happens to have
strength failure. By solving the equation (4.3) and the equation of line 1, the coordinates
of point 𝐸1 can also be obtained, which are (1.354, 42.366), MPa.

4.3.2. Determination of stress at the inner boundary of plastic hardening zone

The research in reference [41] shows that the relationship between the radial stress
and the circumferential stress in the plastic softening zone along the radial direction of the
tunnel is as follows:

(4.4) 𝜎\𝑠 = (2𝐾𝑠 + [1)𝜎𝜌𝑠 + 𝐷0
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(4.5)



𝐷0 = 𝐽0 + 𝑇0

𝐽0 = 2(𝐾𝑠)1/2𝐶𝐸′ − 2(𝐾𝑆)1/2Y𝐸′𝑀𝐶

1 + [0
1 + [1

𝑇0 = −2 (𝐾𝑆 + [1) (𝐾𝑆)1/2
[
𝐶𝐸′

1 − 𝐾𝑆

+ Y𝐸′𝑀𝐶 ([0 + 1)
([1 + 1) (1 − 𝐾𝑆)

]
In the formula (4.6), 𝜎𝜌𝑠 and 𝜎\𝑠 are radial stress and circumferential stress in plastic

softening zone respectively, 𝜑𝑆 is internal friction angle of rock in plastic softening zone
and broken zone, [0 and [1 are expansion parameters of rock mass in elastic zone and
plastic softening zone respectively, 𝐾𝑠 is the slope of the fitting line for the compressive
strength of the plastic softening zone, 𝑀𝐶 represents the softening modulus of cohesion of
the plastic softening zone. Y𝐸′ is circumferential strain value corresponding to point 𝐸 ′ in
Fig. 5, 𝐶𝐸′ is the cohesion corresponding to point 𝐸 ′ in Fig. 5, which is initial cohesion
𝐶0. According to correlation flow rule, 𝜑𝑆 = 𝜓𝑆 can be obtained, so there is the following
relationship:

(4.6) [1 =
1 + sin𝜓𝑆

1 − sin𝜓𝑆

=
1 + sin 𝜑𝑆
1 − sin 𝜑𝑆

= 𝐾𝑆

𝑀𝐶 can be calculated according to the formula (4.7) according to the reference [42].

(4.7) 𝑀𝐶 =

[
𝜎𝜌𝑏 − 2(𝐾𝑆)1/2

𝐶𝐸′

1 − 𝐾𝑆

]
(1 − 𝐾𝑆) (𝐾𝑆 + [1)

2 (𝐾𝑆)1/2 Y𝐸′ (1 + [0)

𝜎𝜌𝑏 is the radial stress at the interface between plastic softening zone and elastic zone,𝐷0
is the intercept of the relationship between radial stress and circumferential stress of
surrounding rock on the longitudinal coordinate axis in Fig. 10. According to formula (4.6),
it is known that𝐾𝑠 and [1 are only related to the internal friction angle 𝜑𝑆 . The reference [42]
shows that according to the analysis of the experimental data about the internal friction
angle of rock in the post-peak stage in 18 published literatures in recent years, it is concluded
that the internal friction angle in the plastic softening stage is approximately constant, so
the 𝐾𝑠 and [1 in formula (4.5) are approximately constant.𝐶𝐸′ and Y𝐸′ in formula (4.7) are
the cohesion and circumferential linear strain of surrounding rock at the interface between
plastic softening zone and elastic zone (the peak point of complete stress-strain curve), so
these two parameters are also fixed values for the surrounding rock of specific tunnel. 𝜎𝜌𝑏

in formula (4.7) is the boundary radial stress at the interface between plastic softening zone
and elastic zone. According to reference [41], this stress value is only related to the in-situ
stress and the properties of surrounding rock, so for a specific tunnel, 𝜎𝜌𝑏 is also a constant.
According to the above analysis, for a specific tunnel, 𝐽0 and 𝑇0 in formula (4.5) are

constant, so 𝐷0 in formula (4.4) is also constant, and 𝐾𝑠 and [1 are also constant at this
time, so it can be concluded that there is a linear relationship between 𝜎\𝑠 and 𝜎𝜌𝑠 , which
is an oblique line in the coordinate plane shown in Fig. 10. Therefore, the position of the
relationship line between the circumferential stress and the radial stress of plastic softening
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zone in the 𝜎1 − 𝜎3 coordinate plane is only determined by the in-situ stress and the
properties of surrounding rock.
Because the corresponding coordinate point of radial stress and circumferential stress

of rock in the coordinate plane of Fig. 10 should be on the straight line of line 1, line𝑂1𝐸1
and the relationship line between 𝜎\𝑠 and 𝜎𝜌𝑠 in the plastic softening zone, the point 𝐸1 is
the intersection of three straight lines. Because point 𝐸1 corresponds to the peak value of
circumferential stress in surrounding rock (point 𝐸1 is corresponding to points 𝐸 and 𝐸 ′

in Fig. 5), the point 𝐸1 in Fig. 10 must be the upper end of the straight line between 𝜎\𝑠

and 𝜎𝜌𝑠 in the plastic softening zone.
Thus, according to formula (4.3), it can be inferred that the position of radial stress

and circumferential stress relationship line 𝑂1𝐸1 in elastic zone depends on the value of
in-situ stress 𝑞, the position of peak strength fitting line 1 depends on the properties of
surrounding rock, and the position of circumferential stress and radial stress relationship
line 𝐸1𝐷1 in plastic softening zone is determined by both in-situ stress and surrounding rock
properties. Therefore, the values of radial stress and circumferential stress corresponding
to the rock particles at the interface between the elastic zone and the plastic softening zone
(the coordinate values of 𝜎\𝑠 and 𝜎𝜌𝑠 corresponding to the point 𝐸1 in Fig. 10 are only
determined by the specific in-situ stress field and the properties of tunnel surrounding rock.
After the location of 𝐸1 point is determined, it is also necessary to determine the slope

(2𝐾𝑠 + [1) of the straight line 𝐸1𝐷1, which is related to the internal friction angle 𝜑𝑆 of
rock in the stage of plastic softening, so the value of 𝜑𝑆 needs to be determined.
Meanwhile, literature [42] analyzed 18 achievements in studying the post-peak char-

acteristics of rocks and concluded that the internal friction angle remains approximately
unchanged after rock fracture. Therefore, the internal friction angle in the plastic softening
stage is approximately equal, it can be calculated by the average value. From formulas (4.1)
and (4.2), it can be seen that the slopes of fitting lines 1 and 2 are not completely the same,
indicating that there is a slight difference in the internal friction angle between the peak
point and the residual point. Therefore, the average slope of the two lines can be used to
calculate the internal friction angle, as follows:

(4.8) 𝐾𝑆 = (2.942 + 2.620) /2 = 2.781

According to the Mohr–Coulomb criterion, the relationship between the slope and the
internal friction angle is as follows:

(4.9) 𝐾𝑆 =
1 + sin 𝜑
1 − sin 𝜑

By substituting 𝐾𝑆 = 2.781 into the above formula and solving, the value of internal
friction angle 𝜑𝑆 of surrounding rock in plastic softening stage can be obtained.

(4.10) 𝜑𝑆 = 28.117

Therefore, the slope of the relation line 𝐸1𝐷1 between 𝜎\𝑠 and 𝜎𝜌𝑠 is as follows:

(4.11) (2𝐾𝑆 + ℎ1) = 8.343
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Substituting the slope value of line 𝐸1𝐷1 and point 𝐸1 coordinates into formula (4.4),
the specific formula of line 𝐸1𝐷1 can be calculated.

(4.12) 𝜎\𝑠 = 8.343𝜎𝜌𝑠 + 31.070

According to the above equations, the relationship line 𝐸1𝐷1 between circumferential
stress and radial stress in the plastic softening zone can be drawn, and the point 𝐷1 is
the intersection of line 𝐸1𝐷1 and support strength line 3. By substituting the support load
𝑝𝑠 = 0.75 MPa into equation (4.12), the ordinate of point 𝐷1 (the circumferential stress of
the inner edge of the tunnel) can be obtained to be 37.327 MPa. Therefore, the coordinate
value of point 𝐷1 is (0.75, 37.327), MPa.
As can be seen from Fig. 10, because 𝐷1 is located in the area between lines 1 and 2,

and there is no intersection between 𝐸1𝐷1 and line 2, it shows that there is no broken zone
in the surrounding rock, and only plastic softening deformation occurs in a certain area on
the inside of the tunnel. Therefore, the actual deformation zoning type of this tunnel is two
zones.

4.4. Verification and analysis of calculation results

In order to verify the scientific soundness of this method, the field measured data of
this example are substituted into references [18] and [22] for calculation respectively, and
the stress values at the elasto-plastic junction of surrounding rock obtained are shown in
Table 2.

Table 2. Comparison of partition radii under different mechanical models

Method
(
𝜎𝜌

)
𝐸1

(𝜎\ )𝐸1
(
𝜎𝜌

)
𝐷1

(𝜎\ )𝐷1
Method of this paper 1.354 42.366 0.750 37.327

Reference [18] D-P criterion 1.133 42.589 0.750 39.249

Reference [22] M-C criterion 1.423 42.298 0.750 40.443

The analytical formula of stress in each zone of surrounding rock in reference [18]
is based on the three-zone theory based on Drucker–Prager criterion. The elastic-plastic
analytical solution of surrounding rock in reference [22] is based on the three-zone theory
based on Mohr–Coulomb criterion. The data in Table 2 show that the values of radial stress
and circumferential stress at 𝐸1 point at the junction of elastic zone and plastic zone of
surrounding rock obtained by the two methods in the literature are highly consistent with
those obtained by this method, and the error between 𝐷1 radial stress and circumferential
stress at the inner wall of tunnel is small, so the reliability of this method has been
proved.
If there is a broken zone in the tunnel surrounding rock, there must be an intersection

between the residual strength fitting line 2 and the relationship line 𝐸1𝐷1 of circumferential
stress and radial stress in the plastic softening zone in the 𝜎1 − 𝜎3 coordinate plane shown
in Fig. 10. Since the position of line 2 in the coordinate plane is only determined by the
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properties of surrounding rock, combined with the above analysis, the values of radial stress
and circumferential stress at the interface between plastic softening zone and broken zone
also depend on the specific in-situ stress field and the properties of tunnel surrounding rock.
To sum up, when the actual in-situ stress and surrounding rock properties at a certain

tunnel are known, the relationship lines between radial stress and circumferential stress in
each deformation zone of the tunnel surrounding rock, as well as the fitting lines for peak
stress and residual strength of the surrounding rock, will be determined, and the intersection
coordinates of all curves will also be fixed. Therefore, the stress values at the boundaries of
each deformation zone of the tunnel surrounding rock are determined by rock mechanical
properties and in-situ stress, and the changes in support parameters only change the type
and stress values of the surrounding rock at the tunnel wall.

5. Discussion

The above analysis process clearly demonstrates that the actual deformation zoning type
of surrounding rock is only related to in-situ stress and the properties of surrounding rock,
and does not involve other factors, which is of great significance to the quantitative design
of tunnel surrounding rock support parameters. This conclusion is further supported by the
way of obtaining different deformation zoning types of surrounding rock by changing the
properties of surrounding rock and the value of in-situ stress.

5.1. Influence of rock mechanical properties on deformation zoning
type of surrounding rock

At this time, it can be divided into two situations: the decrease of surrounding rock
strength and the increase of surrounding rock strength. The following is an example of the
decrease of surrounding rock strength.
In Fig. 10, when the compressive strength and residual strength of surrounding rock are

reduced, the fitting lines of the relationship between radial stress and circumferential stress
after strength reduction are line 4 and line 5 in Fig. 11 respectively. Because the in-situ
stress does not change, it can be seen from formula (4.3) that the relationship between
radial stress and circumferential stress in the radial path of elastic zone is still the straight
line 𝑂1𝐸1 in Fig. 10. Because the fitting line 4 overall downward translation, the position
of the 𝐸2 point moves to the right, and the direct result of 𝐸2 point moving to the right is
that the relationship between radial stress and circumferential stress in the radial path of
the plastic softening zone intersects with the residual strength fitting line 5 at point 𝐶2 in
Fig. 12. Because the fitting line 5 is the residual strength fitting line under different confining
pressure, there must be a broken zone as long as the 𝐶2𝐸2 line intersects the fitting line
5. The 𝐶2 point in Fig. 11 corresponds to the position of the interface between the plastic
softening zone and the broken zone, and its horizontal and longitudinal coordinates are the
radial stress and circumferential stress at the interface. 𝐴2𝐶2 is the relationship between
radial stress and circumferential stress in the radial path of the broken zone. The line 𝐴2𝐶2
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intersects with support strength line 3 at point 𝐴2, and the radial stress corresponding to
𝐴2 is the support pressure.
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Fig. 11. The influence of compressive strength and residual strength reduction
on deformation zone
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Fig. 12. The effect of increased in-situ stress on the actual deformation zone

The results show that due to the decrease of surrounding rock strength, the surrounding
rock has evolved from two deformation zones to three deformation zones, and the number
of zones has increased. In conclusion, when the strength of surrounding rock decreases,
the number of zones of surrounding rock may increase; similarly, when the strength of
surrounding rock increases, the number of zones of surrounding rock may decrease.
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5.2. Influence of in-situ stress on deformation zoning type
of surrounding rock

Take the case of increasing the value of in-situ stress as an example. Compared with
Fig. 10, the in-situ stress corresponding to Fig. 12 is increased to hydrostatic pressure
35 MPa, which results in the overall right shift of the𝑂1𝐸1 line and 𝐶1𝐸1 line in Fig. 10 to
the position of 𝑂3𝐸3 line and 𝐶3𝐸3 line in Fig. 12. This leads to the intersection point 𝐶3
between the relationship line 𝐶3𝐸3 of circumferential stress and radial stress in the plastic
softening zone and the fitting line 2 of residual strength, forming the actual deformation
zone 3.
The results show that due to the increase of in-situ stress, the surrounding rock changes

from two deformation zones to three deformation zones, and the number of zones increases.
Therefore, increasing the value of in-situ stress may increase the number of deformation
zones of surrounding rock; similarly, decreasing the value of in-situ stress may decrease
the number of deformation zones of surrounding rock.
To sum up, the stress values at the boundaries of each deformation zone of the tunnel

surrounding rock are only related to the mechanical properties and in-situ stress of the
surrounding rock, and can be quantitatively analyzed.

6. Conclusions

Based on the requirements of safe and efficient production of coal mine and disaster pre-
vention, the actual deformation evolution law of tunnel surrounding rock is systematically
analyzed. Based on the current general three zoning theory, the experimental determination
method of actual deformation zoning type and boundary stress of tunnel surrounding rock
are obtained, and the influencing factors of actual zoning type are studied. The specific
conclusions are as follows:
1. Through expounding the characteristics and differences of rock test loading path and
actual loading path of surrounding rock in the process of tunnel forming, the differ-
ences between basic deformation zoning type and actual deformation zoning type of
surrounding rock are analyzed, and the forming mechanism of actual deformation
zoning type of surrounding rock of tunnel is revealed.

2. Based on the axisymmetric elasto-plastic theory and triaxial compression tests under
different confining pressures, this paper puts forward the actual deformation zoning
types of surrounding rock and the determination method of the boundary stress of
surrounding rock deformation zones. The results can provide a theoretical basis for
further determining the zoning boundary radius of surrounding rock.

3. The paper reveals the change rule of the actual deformation zone type of surrounding
rock with the in-situ stress and the basic mechanical properties of the surrounding
rock, and gives the theoretical analysis method to determine the actual deformation
zone number of the surrounding rock. The results can provide reference for decision-
making of supporting scheme and quantitative design of supporting parameters.
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