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Abstract. In this paper, conventional triaxial compression tests were conducted
to obtain the full stress-strain curve of deep roadway rock mass. Considering the
post-peak flow and drop failure of the curve, the surrounding rock was divided
into three zones: elastic zone e+ plastic flow zone w+ fracture zone b. Subse-
quently, the constant total load assumption was introduced, and the closed-form
analytical solutions for stress, strain, displacement, and radius of each zone in
surrounding rock were derived based on this assumption. The results are equiva-
lent to the corresponding results based on conventional stress boundary condi-
tions; moreover, applying this theory to the calculation and analysis of engineer-
ing examples shows that the results are basically consistent with the actual situa-
tion. The research results can provide references for the study of roadway sur-
rounding rock deformation.

Keywords: deep roadway; fractured surrounding rock; constant total load as-
sumption; deformation zoning

1 Introduction

With the development of China's social economy, the depth of coal mine drift excava-
tion is increasing day by day [1]. Some elastic-plastic theories or methods applicable to
the deformation of surrounding rock in shallow coal drifts are no longer suitable for
deep parts [2-3]. Therefore, in recent years, many geotechnical workers have carried
out certain research on the topic of deformation zoning in deep roadway fractured sur-
rounding rock. Binsong Jiang [4-5] provided the critical deformation conditions for
surrounding rock failure, and based on this, promoted the radius of each deformation
zone of the surrounding rock. Chen Liang [6] conducted an in-depth study on the influ-
ence of intermediate principal stress on the surrounding rock deformation in deep road-
way based on Binsong Jiang's research. Zhang Qiang [7] analyzed the important influ-
ence of surrounding rock degradation. However, it must be admitted that due to the
complexity of the surrounding rock medium and the limitations of the current theory,
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the research on the topic of deep roadway surrounding rock deformation analysis still
needs to be further deepened.

Based on the above background, this paper starts from the elastoplastic brittle model
suitable for the mechanical behavior of fractured surrounding rock in deep roadway
proposed in Reference [4], divides the surrounding rock into elastic zone, plastic flow
zone and broken zone, carries out a series of theoretical analytical studies., and draws
some important conclusions.

2 Theoretical Analysis Model

Based on the deep roadway fractured surrounding rock deformation zoning model pro-
posed by Professor Binsong Jiang in China University of Mining and Technology [4],
three zones in rock are divided: elastic zone e + plastic flow zone w + broken zone b.
Accordingly, a mechanical model of deep well fractured surrounding rock formed by
the polyline OABCD as shown in Figure 1 is established. At the same time, to avoid
overly complex theoretical analysis, the following basic assumptions are made regard-
ing the roadway surrounding rock, the in-situ stress field, as well as the burial depth
and shape of the roadway:

(1) The surrounding rock is continuous, isotropic and homogeneous.

(2) The roadway is buried deep enough, horizontally arranged and infinitely long.

(3) The deep roadway is located in a hydrostatic stress field, and the support reaction
force is considered as uniformly distributed.
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Fig. 1. Roadway mechanical model

In addition, the relevant parameters of the model are defined as follows: The uni-
formly distributed support reaction is p;, MPa; the uniformly distributed ground pres-
sure is po, MPa; the elastic modulus is £, GPa; the roadway radius is a, m; the radial
displacement is u, m; the Poisson's ratio is u; the polar radius is », m; the radial and
tangential stresses are o and gy, MPa; the radial and tangential strains are &, and &,

respectively; the radial and tangential plastic strain increments are Agf and Agé’ ,
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respectively; the peak and residual strengths of the surrounding rock are oy and oy,
MPa, respectively.

In addition, the subscripts i (i=e, w, b) are used to represent the relevant physical and
mechanical parameters of the zone e, zone w, and zone b, respectively.

2.1  The Softening Model

c
Co 4 B
Cy c D
Zone e : Zone w Zone b
(0] g

Fig. 2. Cohesion changing model

The internal friction angle and cohesion are two main indicators. Studies [8-9] have
shown that the rock cohesion significantly decreases after rupture, while the internal
friction angle changes very little. Therefore, the initial cohesion c0 is determined by the
Figure 2 above, and the internal friction angle remains unchanged.

2.2 Dilatancy Model

According to relevant research [10], the dilatancy model is shown in Figure 3.
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Fig. 3. Dilatancy model of roadway surrounding rock

(1) Dilatancy model of zone w
The dilatancy flow rule in zone w can be expressed as

Ag  +n Asg,, =0

: : (1)
1, =(1+siny)/(1-siny)
In the formula, #, is the dilatancy coefficient of plastic flow zone, and ¥ is the rock
mass dilatancy angle, which can be approximated by ¢.
(2) Dilatancy model of zone b
The dilatancy flow rule of the rock mass in zone b can be expressed as

Epy TNy, =0

)
M, =1+¢
Where 7, is the dilatancy coefficient, and ¢ is an experimental parameter, generally
ranging from 0.3 to 0.5.

2.3 Strength Criterion

This paper is based on the M-C criterion for theoretical derivation, and the criterion
equation can be uniformly expressed as

o, =40, +B,

_l+sing B - 2¢;cos g (3)

J

A=—, :
I-sing l-sing
In the formula, ¢; is the cohesion of the rock mass, MPa; ¢ is the internal friction
angle, degree. It should be noted that when j=0, ¢ is the initial cohesion of the rock
mass, MPa; when j=w, c,, is the residual cohesion of the fractured rock mass, MPa.

3 Constant Total Load Assumption

When the stress level is below the yield strength of the surrounding rock, the surround-
ing rock only undergoes elastic deformation, and the stress distribution of the elastic
surrounding rock is [11]
o’ =P, (l—a2 /7”2)+pl.a2 /¥
3)
o, :po(1+a2 /rz)—pia2 /¥
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Where Gg and 0: are the tangential and radial stresses, respectively when only

elastic deformation occurs, MPa.
Therefore, the total load of the elastic surrounding rock can be defined as [12]

qc=J;[p0(l+a2/rz)—piaz/rz]dr “4)

In the above equation, L is generally equal to 20r¢. g. is the total load of elastic
surrounding rock.

If plastic deformation occurs in the surrounding rock, its stress distribution will be
significantly different from that of the elastic surrounding rock. However, according to
the principle of force balance, the total load should remain constant [12]. Therefore,
although the stress distribution of elastic and elastoplastic surrounding rock is different,
their total loads should be equal. The following is a verification of this statement.

After the surrounding rock enters plastic deformation, two deformation zones will
be formed: elastic zone and plastic zone. The stress in the elastic zone is [12]

2 2 2 2
o, =p (=1 /r)+o, |, 1 lr

oL =n 1+ 7)o, |, 71 ®

O—r |r=rp:(2p0 _BO)/(A+1)

In the formula, 7, is the radius of the plastic zone of the ideal elastoplastic surround-

ing rock, m; O, |,_, is the radial stress at the elastoplastic interface, MPa; O'ge and
P

O-P

- are the surrounding rock tangential and radial stresses respectively when plastic

deformation occurs, MPa.
The stress in the plastic zone of the ideal elastoplastic surrounding rock is

B B, \(r)"
O-P: 0 + - 0 —_
T4 [p’ l—A]{aj

A-1
B B, \(r
%y :ﬁJFA(p"_l—OAJ(Zj

Based on the fact that the stress of the particle on the elastoplastic interface simulta-
neously satisfies the stress equations of the elastic and plastic zones, r, can be deter-
mined as

(6)

1/(4-1)

_ 2(P0_Apo_Bo)
r=a
(1+A)(pi —Ap, _Bo)

()
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So, the total load of the elastoplastic surrounding rock can be expressed as
7 P L p
q, = L Opdr + J.r oadr )
p

Where ¢, is the total load of elastoplastic surrounding rock.
In summary, the difference in total load between the elastic surrounding rock and
the elastoplastic surrounding rock can be denoted as

Aq=lim{g, -q| 9)

Substituting equations (4) and (8) into the above equation, it is easy to obtain Ag=0
after simplification. This verifies the argument that the total load of the surrounding
rock remains unchanged before and after plastic deformation.

Similarly, if the stress level exceeds the rock mass failure strength and part of the
surrounding rock fractures, the stress distribution will be different from that of the elas-
tic and elastoplastic surrounding rock. However, according to the principle of force
balance, the total load of the surrounding rock can still be assumed to remain constant.
Based on this assumption (the constant total load assumption), the following analysis
will be conducted on the deformation and stress distribution patterns of fractured sur-
rounding rock in deep wells.

4 Analytical Solution of Deep Roadway Fractured
Surrounding Rock

Since the elastoplastic analysis of roadway fractured surrounding rock is relatively sim-
ple and References [4-5] have already provided precise solutions, the results are directly
referred to as follows.

(1) The stress and strain in the elastic zone can be expressed as

2

r

0. =p(1-10 /7 )+o, |, rolr
Co. :p0(1+rj /rz)—ar e T 7

Ere :(1+ﬂ)(Po—0r |r=rw)rvf / Er* (10)
o, .. =(2p,—B,)/(A+1)

B, =2¢,cosp/(1-sing)

(2) The stress and strain in the plastic flow zone can be expressed as
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B B -
L =—Y+|o. | —— (r/rW)A1
1-4 1-4
B B -
Gew = : + [O-r |I‘—i - : j(r/rw)Al
-4 -
b =400, |y, ~R)| Ti=0, T (1, 1) ™ |/ E (h
Where :
T =(n, =1)/(n, +1)
T2:2/(77W+1)
(3) The stress and strain in the broken zone can be expressed as
B B
c,=—"+| p.—— |(r/a)""
b I—A (pl I—Aj( )
B B
o, =—2+A| p—— |(r/a)""
=14 (pl I—AJ( ) (12)
’ 1+, , L+, ’ 1+,
&y =—(1+ p)(o, |r:RW —p)n, | Ty (_bj +T, (lj (_bj /E
r r r
B, =2c, cosp/(1-sing)

(4) Determination of the partition radius
Firstly, Binsong Jiang [4-5] believes that the particles at the boundary between the
broken zone and the plastic flow zone should meet the critical deformation conditions

for just entering the fracture zone from the plastic zone, that is & |r:rb =&, |r:rb ,

from this it can be obtained as following

(147,
" T, (n, -1n,)

Secondly, after the roadway surrounding rock fractures, its total load can be ex-
pressed as

i Ty L
q, = I "G, dr +I O, dr —I—I O, dr (14)
a AN Yy

Where ¢ is the total load of broken surrounding rock.
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According to the aforementioned assumption of constant total load, the total load of
the surrounding rock after fracturing should be equal to the total load of the elastic
surrounding rock, that is

. . Ly Ty L L R
lim(g, —g,) = lim( ["oydr +L, Oy dr +er owdr=| o5dr)=0 (1)

Substituting the relevant expressions into the above equation and solving it, it can
be obtained as following

B —B A
_ 0 W
(pi - Apz - Bw) / aA_l - (Gr |r:rW _Aar |r:rW _BO) / r\;‘_l

A (16)

Finally, by solving Equations (13) and (16) simultaneously, each deformation zone
radius can be determined respectively.

It should be pointed out that 7, can also be determined by the method in Reference
[4] as

B,—-B, +((7, |’="w -Ao, |r:rW _BO)DI—A ﬁ

l"b =dad
pi_Api_Bw

an

Through mathematical derivation, it can be found that the above Equations (17) is
equivalent to the relationship Equation (16) obtained based on the assumption of con-
stant total load. This indicates that the assumption made earlier that the total load of the
surrounding rock remains unchanged after fracturing is reasonable.

5 Engineering Case Analysis

5.1 Case-related Parameters

According to the example calculation in Reference [13-14], the relevant data for the
elastic-plastic analysis of the surrounding rock of a certain drift are as follows:
a=2.73m, py=21.86 MPa, p=0.75 MPa, u=0.25, E=4.01 GPa, ¢p=27.83°, cy=5.58 MPa,
cw=0.72 MPa, respectively.

As shown in Figure 4, the rock full stress-strain curves in the target roadway under
six different confining pressures are presented. It can be seen that the curves exhibit
relatively obvious characteristics of post-peak flow and drop failure; especially for the
two curves with confining pressures of 11 MPa and 7 MPa, these characteristics are
more pronounced. It is evident that the deep well fractured surrounding rock defor-
mation zoning model used in this paper, which takes into account the post-peak flow
and drop failure characteristics of the surrounding rock, is suitable for the study of the
deformation of the surrounding rock in this roadway.
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Fig. 4. The complete stress-strain curves of rock

Substituting the above parameters into the corresponding analytical equations will
yield the numerical results.

5.2 Comparative Analysis of Calculation Results

To further analyze the rationality and scientific nature of the analysis results of the
roadway in the supported project using this model, the results are calculated under the
same engineering conditions, using the ideal elastoplastic model (Model I) in Reference
[15] and the strain softening model (Model III) in Reference [13], respectively. The
results are shown in the Figure 5 below.

40r

| I I
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S

I---Ideal elastoplastic model
II--Elastoplastic brittle model
III-Strain softening model

Fig. 5. Result comparison of different partitioning models
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Analysis of the above figure shows that there are differences in the stress distribution
and the radius of each zone calculated based on the three models. Under the same en-
gineering conditions, the radius of the plastic zone of Model I is 3.49 m, that of Model

Il is 4.91 m, and that of Model III is 5.87 m.

A

ﬁﬁ
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%

Fig. 6. Section radius analysis of circular roadway
The relaxation zone ranges at the midpoints of the side walls, roof, and floor of the
surrounding rock in this roadway can be calculated separately based on the roadway

cross-section shown in Figure 6, and the results are listed in the following Table 1.

Table 1. Comparison of loosening circle ranges (Unit: m)

. Midpoint of ~ Midpoint of ~ Midpoint of bot-
Location side to tom
: P Middle ofs
Calculation For- r~BD r-Ro r-BC
mula
Model I (Refer- lightl -
odel I (Refer 0.95 0.76 2.49 Slightly dan
ence [15]) gerous
Model I1 (This 237 2.18 3.91 Match closely
paper)
M . i -
odel III Refer: 133 314 487 Shghtly'con
ence [13] servative
Measured Data 2.8 2.2 2.2 -/-

Note: The measured data of the loosening circle of the surrounding rock in the table is taken

from Reference [13].
It can be seen from Table 1 that:
(1) The relaxation zone range obtained based on Model I has the greatest discrepancy

with the measured results, especially at the side walls and roof of the roadway. If it is
used as a reference for the corresponding support design, it will be very dangerous. It
can be seen that the two-zone model is not suitable for the calculation of the relaxation
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zone of the surrounding rock, as the results are too small to ensure the long-term stabil-
ity and safety of the surrounding rock.

(2) The relaxation zone range obtained based on Model II is the closest to the meas-
ured results, and it is relatively reasonable for the calculation of the relaxation zone in
surrounding rock of this roadway.

(3) The relaxation zone range obtained based on Model III is higher than the meas-
ured data, especially at the bottom of the roadway. The support design based on this
model may be too conservative, which is not conducive to the cost-saving of the engi-
neering project.

6 Conclusions

(1) Starting from the constant total load assumption and considering the post-peak flow
and collapse failure characteristics of the surrounding rock, the analytical solutions for
the displacements, stresses and strains, and radii of each partition were derived based
on the M-C criterion. The correctness of this assumption was theoretically analyzed.
The research results can provide a new idea for the theoretical research on the defor-
mation of roadway surrounding rock.

(2) The deformation partitioning model of roadway surrounding rock presented in
this paper fully takes into account the actual deformation characteristics of post-peak
flow and collapse failure of the surrounding rock. Comparisons with engineering ex-
amples show that the calculation results based on the model in this paper are the closest
to the on-site measured results, and are more rational and applicable than the commonly
used ideal elastoplastic model and strain-softening model.

Acknowledgments

This research was supported by Guizhou science and technology agency (2022ZK169),
Water Resources Bureau of Bijie City (KT202442), Guizhou institute of technology
(2023GCC40, 2023GCC44).

References

1. Walton G ,Sinha S . Challenges associated with numerical back analysis in rock mechan-
ics[J]. Journal of Rock Mechanics and Geotechnical Engineering., 2022,14(6):2058-2071.

2. WangE., Yin S.F., Cheng Z.H., et al. Failure mechanism analysis of ultra-large-section soft-
rock roadway in kilometer deep coal mine and its collaborative control of “grouting-anchor-
ing-pouring”[J]. Engineering Failure Analysis, 2025, 170109338- 109338.

3. Zhu Q.W., Li T.C., Gao X., et al. Deformation characteristics and failure evolution in deep
high-stress roadways under creep action[J]. Engineering Failure Analysis, 2023, 154.

4. Jiang B.S., Zhang Q., He Y.N., et al. Elastoplastic analysis of cracked surrounding rock in
deep circular openings [J]. Chinese Journal of Rock Mechanics and Engineering, 2007,
26(5): 982-986.



10.

11.

12.

13.

14.

15.

Deformation Zoning of Cracked Surrounding Rock in Deep Roadway ... 465

Jiang B.S., Yang L., Shi L.P. Stress analysis of cracked surrounding rock based on the Hoek-
Brown criterion[J]. Chinese Journal of Solid Mechanics, 2011, 32(S1): 300-305.

Chen L., Mao X.B., Li Ming .et al. Elastoplastic analysis of cracked surrounding rock in
deep roadway based on Drucker-Prager criterion[J]. Journal of China coal society, 2017,
42(2): 485-490.

Zhang Q., Wang H.Y., Wang SL., et al. Deterioration elasto-plastic analysis of cracked sur-
rounding rocks based on unified strength theory[J]. Journal of China coal society, 2010,
35(3): 381-386.

Liu M.H., BiR.Y., Zhou J., et al. Specimen Shape Effects on Shear Strength Parameters and
Failure Properties of Rocks in Compression—Shear Tests[J]. Rock Mechanics and Rock En-
gineering, 2025, 58(5): 1-23.

Chen J.C., Wang W.H., Chen L.F. A Strain Hardening and Softening Constitutive Model
for Hard Brittle Rocks[J]. Applied Sciences, 2023, 13(5): 2764-2764.

Zhou S.D., Zhang T.W., Liu W.X_, et al. Tunnel surrounding rock mechanical model con-
sidering rock dilatancy and strain softening characteristics[J]. Journal of highway and trans-
portation research and development, 2025, 42(3): 204-214.

Jing L.W., Fwng Y.T., Zheng L., et al. Analytical solution of viscoelastic-plastic of roadway
surrounding rock considering intermediate principal stress and supporting force[J]. China
Mining Magazine, 2025, 34(1): 146-153.

Zhang C.G., Li z.h., Guan G.H., et al. Extended perturbation solutions of a non-hydrostatic
pressure tunnel based on total load invariant method[J]. Journal of Harbin Institute of Tech-
nology, 2023, 55(6): 71-82.

Dong H.L., Gao Q.C., Jing W., et al. Approximate solution of plastic zone in deep soft road-
way surrounding rock under unequal stress field in two directions considering rheology[J].
Journal of China coal society, 2019, 44(S1): 74-81.

Jing W., Chen H.E., Yang R.S., et al. Elastoplastic analysis of surrounding rock of deep
roadway based on rock creep and D-P criterion[J]. Chinese Journal of Theoretical and Ap-
plied Mechanics, 2022, 54(7): 1982-1993.

Liu Z.Q., Yu D.M.. Elastoplastic stress and displacement analytical solutions to deep-buried
circular tunnels considering intermediate principal stress and dilatancy[J]. Engineering Me-
chanics, 2012, 29(8): 289-296.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's

Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Deformation Zoning of Cracked Surrounding Rock in Deep Roadway Based on the Assumption of Constant Total Load



