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ABSTRACT

Gas drainage is one most important technical measure of controlling gas for high gassy coal mines, and the state of
stress-strain is closaly related to the stability of surrounding rock of borehole. The Yield criterion is the principal
condition for judging the plastic of surrounding rock. M-C criterion and D-P criterion, which are widely used in
numerical simulation, are basically related with the influences such as cohesive force, internal friction angle, in-situ
stress and so on. However, these criterions have different functions and yield surface, especially without considering
the mid-principal stress effect for Mohr-Coulomb yield criterion. Thus, elastic-plastic analysis of surrounding rock
on gas drainage borehole under various yield criterions are proposed for comparing the effect of different mechanic
characteristics of surrounding rock on the stress and displacement of elastic-plastic zones and the radius of plastic
zone. And the results are preferably used for choosing a suitable yield criterion for the model calculations
according to the different surrounding rock characteristics, in order to ensure the security of gas drainage
engineering practice even better.
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INTRODUCTION

Yield criterion is the necessary obeyed conditiondescribing one point of shaped mass in diffestrdss states
changed into plastic state and inducing the pladéformation to continue [1], which is the key citioth for
judging the stability of rock. The analysis on tHastic and plastic of surrounding rock around veegdis one of the
basic problems in the stability research of rock-engineering [2]. As to the high methane mind® drainage
borehole can be regarded as one special exampie @fxial symmetry circular roadway. And the instattamage
maybe induce the invalid of boreholes, which maphieg a large amount negative impact on the eftdcgas
drainage. In the process of judging the rock stgpihe simulation calculation is one common techhmethod,
including more advantages such that it is easyetdize and reduces the cost with good repetitiengs the
common simulation software for analyzing rock metbs such as Ansys, FLAC and Comsol, are widelgdiby
the major engineers. And their mechanics modullisnaludes M-C criterion and D-P criterion [3], [4]5].
Although M-C criterion and D-P criterion have diéaces in function and yield face, they are bothtee with
cohesive force, internal friction angle, in-situess and so on. The instable damage of borehafeeistly related
with the stress distribution rule. And with the nba in the driving depth of borehole in seam, treasinding coal
mass can be divided into the stress decline zbergydst-peak stress increase zone, the pre-pesis gticrease zone
and the original stress zone. While the coal aiot ass in the stress decline zone is usuallyip)astd reduces a
lot of fractures, the instable damage even thencawhaybe occur due to the tiny turbulence. As altethe
borehole cannot play a positive role in drainage T®e stress distribution of surrounding rock ardiorehole is
closely related to the characteristics parametessimounding rock. So the analysis on the effectie stability of
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drainage boreholes of cohesive force, internatifmicangle, in-situ stress, elastic modulus, passi@tio and so on,
can provide the theoretical basis for the stabjitg-judge of borehole before the excavation irowsr coal-rock
types.

1.Yield criterion analysis

In 1900, Mohr established the M-C criterion to démethe strength characteristics of rock or stlile yield face of
this criterion in three dimension space is thegatar pyramid surface of hexagonal cross sectiod, the yield
curve inz plane is hexagon with unequal angles. Even therewsp and edges. In addition, it neglects themacf

middle principal stress [7]. And the function of ®eriterion is

f=(0,-0,)/2-sing 0, +0,)/2-ccogp= ( (1)

In 1952, Drucker and Prager enlarged Mises critetm the wide Mises criterion in considering théeef of
hydrostatic pressure. And the yield face in priatigpace is a cone surface with the shaft of isicline. The yield
curve i plane is circular. And this criterion considers #ction of middle principal stress, which is opfEo$o

M-C criterion [8]. The function of this criterios i
1(,43,)=49,-al,-k=0 (2

where,a andkare the parameters related with cohesive forcdrdachal friction angle. Drucker and Prager enduced
Drucker-Prager criterion, which is in accordancéhwdl-C criterion in the state of plane strain unthex associated
flow rule. This criterion is also named as M-C irilsed circle rule DP3. And the functions@fndare,

a =sing /| 9+ 3sirt ¢
k =2ccosp L/ O+ 3siAg 3)

wherel, is the first invariable amount of stress tensod & is the second invariable amount of stress deviatibn
the functions of
Il = al + 02 + 03

J, :[(01_02)2+(02_Ua)2+(03_01)2]/6 (4)

In this thesis, the middle principal stress coédfit b is introduced to express the relation amtreg middle
principal stress, the maximum and minimum princitatss [9], [10]. (The compression stress is p@sit, = 0,=
a3). And the expression dfis

b=(62-63)/(c1-63)(5)
Combine the equations (2), (4) and (5), then obtain

(m-a-ba)o,-(m+2a-ba)o,-k=0 (6)

=J(b*-b+1)/3

where . And Eq.(6) can be regarded as another expres$iDAP criterion.

2. Elastic-plastic analysis of surrounding rock arand drainage borehole

2.1 Basic assumptions

I. The gas drainage is the horizontal circular indeep. So in order to calculate easily, the baleefs assumed as
infinite long and the strain state is plane stxie.

II. The original stress is equal for every direntivith the amount of PO, shown in Fig.1.

lll. The surrounding rock is continuous, homogersasotropic elastic-plastic body, when the rocctes the
yield limit it damages.

IV. Choose anaffirmative element from the surrougdrock of the borehole.Assume radial stsessangential
stressband axial stressz stand by the element orthogonal with each oteishown in Figure 2. There may be

> > = = = . . .
0p20,20, 0p=0.,0, ”Z,Jf 9% To be cleagrecfeorp, ofp are respectively radial stress and tangential

stress of elastic zone and radial stress and tdagstiess of plastic zone.
V. The volume of surrounding rock around borehsleanstant.
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Fig.1 Mechanics model of gas drainage borehole d=2 Mechanics model of micro element in surroundingock in Polar coordinate

2.2 Basic equations

Elastic zone:

According to the basic theory of elastic mechafildg, the elastic stress solution with uncertaitegmal constant
coefficient is

B

B
Oc=A+—,0,=A-—;
r r(7)
Plastic zone:
For axisymmetric plane strain problem, the balagmeation is
do, 299 "%, _ 0

dr r (8)

By assumption IV, strength criterion expression kbarconverted to:
I. M-C criterion

o _1+sin60 +2bco§
 1-sind " 1-sid (9)

[1.D-P criterion
(m—a—ba)agp —(m+2a—ba)am -k=0 (10)

Boundary conditions:

The inner boundary of plastic zone is the borehal#, and = R), o = 0;

The outer boundary of plastic zone is elastic-faistterface in the surrounding rock of the borehand =R,
Urp =0, JBP = 099 N

. . . . =
The inner boundary of elastic zone is the outembauy of plastic zone, and RP

Ure=A+Ez Uﬁe:A_Ez
R R?.

The outer boundary conditions of elastic zone théstollowing relation functions ds— ® ,7r =% = R.

2.3 Elastic-plastic solution analysis on the surrauding rock of borehole

2.3.1 Elastic-plastic Solution based on M-C critedn
Substitute Eq.(9) into Eq.(8) and use the innemidauy condition of plastic zone

0., =ccotgl)+ -1
p Ro

Substitute Eq.(1) into Eq.(9), there is
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2sing

1 S|n¢ 1-sing __
()5 -1
sing 'R, (12)

= ccot¢[

Use the outer boundary condition of elastic zotleere is A=P0. According to Eq.(7), obtain the deoling
expressions,
B

B
:R)-"_ r=R, :Po__

g, 5106 | = >
Rp Rp (13)

re|r=R,

Combine Eq.(11) and Eq.(12), then utilize the obundary condition of plastic zone, and get thlus of plastic
zone as

_pd-sing)R +c cop oy
R =Rl ccotg } (14)

Combine Eq.(13) and Eq.(14), and utilize the obtaundary condition of plastic zone, then get theression of B.
Substitute B into Eq.(13), there are

2 2sing
. =R~ R, 7)+ccotp— R oy g
(15)
2sing
RP ) CCOt¢ RP (RP ) -sing __ ]
(16)

Substitute Eq.(14) into Eq.(15) and (16), thenrgdial stress and tangential stress of the elastie respectively,

=P, ~(ccosp + B, sing JiL=SMAIE 10 C0W 1o Ry

ccotg (17)
1-sing
= P, +(ccosg + P, sinp )[(—:L sing ), + ¢ cotp )]3‘"" &)2
ccotg (18)
According to constitutive equation and the geomedrjuation of the plane strain problem in elastifi, there are
12
re = due = l V (A re _LAJHe)
dr E 1-v (19)
u _1,2
Epp=—== v (Ao,,———A0,,)
r E 1-v (20)

elastic
zone

Fig.3 Schematic diagram of elastic-plastic displaceent for surrounding rock of the borehole

Handle the deformation of elastic zoneas thick wglinder,while the outer boundary is infinite, atfte inner

g,
boundary radius ofRp. There is support pressur% in the inner boundary of elastic zone for the fitagone

rock supporting to the elastic zone rock, which barobtained according to Eq. (15). Assdrr:]eRP, the amount of

Rois equal to the radial stress in elastic-plastiefion of surrounding rock. In the outer boundafglastic zone

there is original rock stress of PO. According tp(EE7)~(20) there exists the following displacement expressgion
the inner boundary of the elastic zone,

469



Li Bo et al J. Chem. Pharm. Res., 2015, 7(3):466-475

1+v
u _ = P_a'
e|r=R, E ( 0 Rp)np(zj-)

where, V is Possion’s ration, and E is the elastic modufusck mass.
According to Eq.(11) and (15), combine the outaurimtary condition of plastic zone, and obtain

Og = (1-sing )R, —c cop (22)
Substitute Eqg.(22) into Eq.(21), then obtain

R” sm¢(P +ccotg)
(23)

e|r=R

whereC =E/2(1+v)

According to the assumption V, there is the expoasas, shown in Fig.3, and up is the plastic dispent and ue
is the elastic displacement,

R =(R,~u)T=[R'~(R-u) 1,

Enlarge Eg. (24) and neglect the high order guaatithen obtain
u, =uR, /R, (25)

Substitute Eq.(14), (21) into Eq.(25), and getrdmtial displacement of inner wall of borehole as

_ R,sing (P, +c cotg )[ (- sinp )B,+c cop ,)S%Zf
U= 2G ccotg (26)

2.3.2 Elastic-plastic Solution based on D-P critesh

_m+2a-ba _ k
Firstly, assume m-a-ba and m-a-ba | then Eq.(10) can be transformed as
O,,=Co,,+D 27)

Substitute Eq (27) into Eq.(8), and combine theeiroundary condition of plastic zone,

Oy ‘7[1( )
1-C* R’ (28)

Substitute Eq. (28) into Eq.(27), and obtain

Ty ——[1 (=)
P 1-C R (29)

Use Eq.(5) ,(28) and (29) together with basic aggiom 1V, then
_D _D(bC—b+1)(L o

7 1-C 1-C R’ (30

Substitute the expressions of C and D into Eq.2(B0), and obtain the stress solutions of plasiite,
g, f[( Lymata = -1
TR (1)
k .m+2a-ba, r 22
To0 =27 m—a—ba R L yma-ba —q]
k m-a+2ba, r

= maba_l
T, 3a[m o ba(RD) ](33)
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According to Eq.(13), there exists the relationchion of o+ Op = 2R, %in the inner boundary of elastic zone.
Based on the outer boundary condition of plast'm:ez(wvhenr - Rp, there areU'p = Ore and Top = Uge. Thus,
Tro 1=, +ng‘r:R =R , that is

Ry -y e 2 b"’(RZ)mm R

Simplify and obtain the available expressions fiar tadius of plastic zone as
m-a-ba "I

Ry = RO[Z( O+1)2m+a—2ba] ! (35)

Substitute Eq.(35) into Eq.(31), and obtain thealestress in the elastic-plastic junction of sumding rock around

g,
borehole, which is equal to support pressurgp as

k., m-a-ba k
=g, = 2(R o)

G 3’ 2m+a-da Eb(ge)

P

Substitute Eq. (35) into Eqg.(33), and obtain thegemtial stress in the elastic-plastic junctiorsofrounding rock
around borehole as

O, = (2000 ) T2y,
PI% 3 K 2m+a-2a " (37)

And the displacement of elastic-plastic zone olibggelations under D-P criterion as
u, =uR /
P &P R (38)
Where, the displacement ue of elastic zone carbtared from Eq.(13) and (20), expressed as
_ (Po _JRP)RP

2GR, (39)

Substitute Eq.(35) , (36), (39) into Eq.(38), thatain the expression of the displacement for tireeri wall of
borehole, which is the radial displacement of tambne as,
R,(3aP,+k) [2(30'P0+ m-a-bg Ao

u, = 1) ] ¥
2G(2m+a-2a) k n+a- da (40)

According to the outer boundary condition of plagtbne, and Eq.(13), (16), then obtain the expoassf B under
the D-P criterion as,
__JR+k
2m+a - 2ba Rp(41)

Substitute Eqg.(35) and (41) into Eq.(7), then obthie expressions of radial stress and tangeritiedss of elastic
zone as

2(maba)
a’re:PO—ﬂ(ROj [2( 1\ m-a —ba
2m+a - 2ba m+a - da (42)
3aP, +k m-qg-bhg 202
Uee:Fiﬁm(R’j B4y MO0
m+a (43)

According the assumption IV, substitute Eq. (428)(into Eq. (5) , then obtain the axial stresslabtic zone as

(3a%+k)(z)—1)(&j2[2(3w0+1) m-a-ba T (4
2m+a - 2ba r k m+a - Dba

0, =R+
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EXAMPLE ANALYSIS

There is a circular borehole located along theZomttial direction, with the radius RO of 0.042mgaral stress PO
of 15MPa, internal friction angiefor the surrounding coal mass of 30 degree, cubefwirce ¢ of 3MPa, shear
modulus G of 1346MPa and volume modulus K of 291aMP

3.1 Analysis of the intermediate principal stressféect

Firstly, analyze the intermediate principal streffect for D-P criterion, calculate and obtain tiedative radiusof
plastic zone and borehole wall displacement witifecint intermediate principal stress coefficiergspectively
shown in Fig.4 and Fig.5.Where, define the relatagiusof plastic zone as Rp/R0. As shown in Fithd,relative
radiusof plastic zone reduces firstly and thenaases, along with the increases in intermediatecipal stress
coefficient b. While b is equal to 0, the relatraglius of plastic zone reaches the maximum of 2Mile b is equal
to 0.65, the relative radius of plastic zone readfe minimum of 1.69. But when b is equal to 0fAg, relative
radius of plastic zone reaches the minimum of which is not so different from the one when b is@do 0.65. In
Figure 5 the results shows that, the wall displaa®nof borehole also varies as decreased first thed
increasedwith the increase of b. When b is equ@| the displacement of borehole wall reaches upaanaximum,
and the deformation of borehole is also the largastthe possibility of instability and failure fborehole wall is
also larger. While b is equal to 0.75, the disptaeet of borehole wall reaches down to the minimumaddition, it
can be found from the change law of borehole wapldcement that the range of plastic zone for Halee
decreases firstly and then increases, as the angon of intermediate principal stress. So thditglnf surrounding
rock around borehole for resisting the failuretfirsncreases and then decreases. And the figuaad45 clearly
reflect the changes of intermediate principal stres the surrounding rock of the borehole and ttstability
possibility of borehole. Moreover, both the relatikadius of plastic zone and the displacement otme wall
reach the minimum basically, when b is equal t&O0li order to analyze the differences of M-C solutand D-P
solution, the following analysis is establisheddzhen b=0.75.

13 04

L6
0
2 s . 3
0 01 02 03 04 05 06 07 08 09 1 IR
b
b

Fig.4 Relation between intermediate principal stres Fig.5 Relation between intermediate prinpal stress and
and relative radius of plastic radius displacement of borehole wall

3.2 Comparison for the stress in the solutions of NC criterion and D-P criterion

Calculate and obtain the distribution of stresthim elastic-plastic zones of surrounding rock adobiarehole under
M-C criterion, shown in Fig.6. At a distance of B8Bm away from borehole wall, the tangential stresehes to
the peak, and it happens to be the rock elast&iplgunction zone. In addition, the distributioh siress in the
elastic-plastic zones of surrounding rock arountebole under D-P criterion while b is equal to OiF%hown in
Fig.7. At a distance of 0.071m away from borehobldl vihe tangential stress reaches to the peakh&e are so
many differences in the tangential stress peakeésé two criterions. But the radius of plastic zforeD-P criterion
is about 1.21 times larger than the one of M-Gedn. Considering the action effect of intermegliptincipal stress,
the range of plastic zone for coal and rock masteases, and the possibility of instability and dgefor coal and
rock mass also raise.

30
25
25 Rad|a| I: Radial stress
~ stress 20 {4 ,
2@ :\\ === -Tangential stress
Zs |1 e
3 4> £
a ERT :I
1§ 2 !
& s
5
0 T T T T T
0 T T T T T " 0 0.5 1 15 2 25
0 OEﬁStaIlce]aﬁ/aerorﬁ _5. 3 Distance away from borehole (m)

Fig.6 Stress analysis on the stress of elastic-piaszoneFig.7 Stress analysis on the stress of dlaglastic zone
for surrounding rock around borehole under M-C criterionfor surrounding rock around borehole underD-Pcriterion
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3.3 Influence analysis of characteristics parameterof surrounding rock on the calculation results

3.3.1 Influence analysis of cohesive force

While the change interval of cohesive force is IMP@, internal friction angle is 30degree, origisaiess is 15MPa
and the intermediate principal stress coefficient0i75, the influence of different cohesion on haelall
displacement and relative plastic zone radius @vshas figure 8, 9. For these two kinds of critereative radius
of plastic zone and borehole wall displacementelese with the increase of cohesion gradually. Wwagth noting,
that when cohesive is less than or equal to 7MRacélculation results for these two kinds of cidgtieshavea big
difference. And with the increase in cohesion,dtference turns the decreasing trend.

7 0.9
0.8
0.7

5 ~4—M-C Criterion ~4—M-C Criterion

4
~—D-P Criterion - 06 ~—D-P Criterion

Eos

R,/ Ry

0.4

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
¢ (MPa) ¢ (MPa)
Fig.8 Influence of cohesion on relative radius oflpstic zone Fig.9 Influence of cohesion alisplacement of borehole wall

3.3.2 Influence analysis of internal friction angle

Choose cohesion as 3MPa, change interval of irltérision angle is 10~55degree, original stres45%/Pa and
the intermediate principal stress coefficient i85).and obtain the change rule of relative radfuslastic zone and
displacement of borehole wall with different coluemsare respectively shown as Fig.10 and Fig.1dartbe found
from Fig.10 that the relative radius of plastic @onnder M-C criterion and D-P criterion decreaséth \the
increases of internal friction angle. After theeimtal friction angle is beyond 35degree, the diffiees of relative
radius between M-C criterion and D-P criterion tumbe stable. And from Fig.11, it can be foundt ttiee
displacement of borehole wall under these two kinidsriterions gradually decrease with the decreasenternal
friction angle. While the internal friction angle imore than 35degree, the difference is very tetyvben these two
kinds of criterions. So taken together, the eldasijr solution for M-C criterion and D-P criteriaa basically
consistent when the internal friction angle is mihian 35degree, in the case that the other medigacameters of
surrounding rocks is the same.

~4—M-C Criterion

~—8-D-P Criterion 12 ~—+—M-C Criterion

1 ~#—D-P Criterion

Ry/ Ry

0 0
10 15 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 45 50 55
0 () o)
Fig.10 Influence of internal friction angle Fig.11 Influence of internal friction ande
on relative radius of plastic zone on displacement of borehole wall

3.3.3 Influence analysis of elastic modulus and Psien’s ratio

From Eq. (14) and Eq.(35), it can be found thatrthative radius is independent with elastic modwad Possion’s
ratio, but the changes in elastic modulus and Bossiatio can act on the changes in displacenfenbi@hole wall,

shown in Fig.12 and Fig.13. In order to further lgp@ these change rules, the influence of elastidutus on

displacement of borehole wall under the conditiofiscohesion as 3MPa, internal friction angle asegfdde,

intermediate principal stress coefficient as 0dtfange interval of elastic modulus as 50~4500MRd, Rossion’s
ratio as 0.3, is shown in Fig.11. And the influerndePossion’s ratio on displacement of boreholel waler the

conditions of cohesion as 3MPa, internal frictiogle as 30degree, intermediate principal stresficieat as 0.75,

elastic modulus as 50~4500MPa, and change intef\Rdssion’s ratio as 0.2~0.8, is shown in Fig.12.

473



Li Bo et al J. Chem. Pharm. Res., 2015, 7(3):466-475

From Fig. 12 and Fig. 13 it is not difficult to @nwith the increase of elastic modulus, displaacgneé borehole
wall gradually decreases. And in fact, the sméaler elastic modulus of coal body, the smaller tbal dardness,
which means that the larger the displacement oftome wall, the higher instable possibility the édwle, but M-C
solution with D-P solution is little difference. Withe increase of Possion’s ratio, the displacémghorehole wall
also increases, but D-P solution is much largem tiaCsolution, which means that the interventionntérmediate
principal stress has effect on the increase ofi@igpmnent of borehole wall.

0.45

30
0.4
25 F 0.35
0.3
20 ——M-C Criterion
~ 0259
_ ~#—D-P Criterion £ ——M-C Criterion
E s S 02 -
£ $ - ~#—D-P Criterion
£ 0.15
10
0.1
5 0.05
0 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 L L L
E (MPa) 4
Fig.12 Influence of elastic modulus on Fig.13 Influence of Possion’s ration
displacement of borehole wall displacement of borehole wall

3.3.4 Influence analysis of original stress

The stress of surrounding rock in elastic zoneakhole is dependent on original stress. the infleeof original

stress on relative radius of plastic zone and dhent of borehole wall under the conditions diesion as 3MPa,
internal friction angle as 30degree, intermediategipal stress coefficient as 0.75, change inteobariginal stress
as 10~100MPa, are respectively shown in Fig.14Fagd5.

From Fig. 12 and Fig. 13 it is not difficult to @inwith the increase of original stress, relatiadius of plastic zone
and displacement of borehole wall gradually inceedsd the difference between these two criteradas gradually
increases. Compared with the effect of inhesion iatefnal friction angle on relative radius of glaszone and
displacement of borehole wall, the effect of oraistress is much obvious, especially the growte & D-P
solution is much larger than the one of M-C solutiSo the original rock stress conditions is thestoitical factor
for deform and failure of borehole. With respecDid criterion which considers the effect of hydatis pressure,
but also considers the influence of intermediat@gipal stress, the M-C criterion is more consedmain the
analysis of borehole stability, so D-P criterionynhe appropriate to analyzethe borehole stability.

14 ~#—M-C Criterion

~#—D-P Criterion

=#=M-C Criterion

~#~D-P Criterion

1, (mm)

0 2 3 4 S0 6 70 8 9% 100 10 20 30 40 50 6 70 8 9% 100
Py, (MPa) P, (MPa)
Fig.14 Influence of original stress on Fig.15 Influence of original stress on
relative radius of plastic zone isplacement of borehole wall
CONCLUSION

Under D-P criterion the relative radius of plastic zone and displacarnéborehole wall all decrease first and then
increase with the increase of intermediate pridcsass coefficient, which reach down to the miumimwhile the
intermediate principal stress coefficient is eqoad.75.

The distance away from the borehole wall to rasliedss peak obtained in D-P criterion is much latigen the one
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of M-C criterion. And with the increases of interffidaction angle and inhesion of coal mass, thatieé radius of
plastic zone and displacement of borehole wall utigiese two kinds of criterions all turn the desieg tend. The
changes in elastic modulus and Possion’s ratio hatlkeing to do with the relative radius of plastune, but are
related with the displacement of borehole wall. Ahd effect of elastic modulus and Possion’s ratioy in the
opposite. In addition, the effect on M-C criterisnlution and D-P criterion solution of original ests is the
maximum.

M-C criterion is more conservative in the analysi®orehole stability, so D-P criterion may be mappropriate to
analyze the borehole stability than M-C criterion.
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