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Abstract: In the sealing section of double-prevention boreholes along the coal seam, the coal mass is characterized by a significant pres-
ence of pores and fracture structures, forming seepage channels through which air from the roadway infiltrates the extraction boreholes,
thereby affecting the gas extraction efficiency. Based on the structural characteristics of the coal mass in the sealing section of double-pre-

vention boreholes, a self-developed triaxial permeability testing platform for coal was utilized to design and conduct permeability experi-
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ments on coal samples with combined pore-fracture structures. The experiments measured and calculated parameters such as porosity, gas
seepage velocity, pressure gradient, permeability, and effective stress during the permeability process. The influence of effective stress on
coal permeability was analyzed, and the permeability behavior of coal in the sealing section of double-prevention boreholes was explored.
The results indicate that: Under the action of stress, the skeletal structure within the fractured coal sample undergoes deformation, with in-
ternal particles experiencing dislocation and further fracturing. This reduces the number of gas seepage channels, leading to a decrease in
permeability. As the load continues to increase, the coal structure becomes relatively compacted and densified, and the sensitivity of per-
meability to changes in porosity diminishes, gradually stabilizing. The pressure gradient shows a significant decreasing trend with increas-
ing seepage velocity. At low seepage velocities, the relationship between the two exhibits a clear Darcy phenomenon. At higher velocities,
the seepage velocity-pressure gradient curve gradually deviates from linearity, conforming to the Forchheimer relationship. Gas flow in the
sealing section of double-prevention boreholes is partitioned between the fractured zone and the broken zone of the coal mass. When gas
flows through coal with a single pore size, it creeps along the surface of the coal particles, and changes in the structure of the seepage chan-
nels have a relatively small impact on resistance. However, at the transition interface of coal with dual-combination pore sizes, abrupt
changes occur in the pore structure of the coal mass. During the gas permeation process, the flow velocity is redistributed, generating addi-
tional inertial resistance and causing significant fluctuations in nonlinear laminar flow. Effective stress can effectively characterize the in-
hibitory effect on seepage velocity. As effective stress increases, sliding between fractured coal particles and deformation or breakage of
the particles themselves may occur, resulting in continuous compaction and densification of the skeletal structure. This leads to the closure
of pore seepage channels and a linear decrease in gas seepage velocity. A pore-throat expansion-contraction model was developed to theor-
etically analyze the relationship between effective stress and seepage velocity, with experimental results aligning well with theoretical pre-
dictions. Effective stress is the key factor causing changes in coal permeability. The permeability k£ of the sample decreases with increas-
ing effective stress o.. At the interface of dual-pore-size combined coal media, significant differences in pore structure result in pro-
nounced nonlinear fluctuations in gas flow. These fluctuations also lead to greater variations in coal permeability with changes in effective
stress. The above research indicates that the degree of coal fragmentation during gas migration can characterize the permeability properties
of the coal seam, serving as a basis for quantifying the structural parameters of the coal in the sealing section of double-prevention bore-
holes. This provides important theoretical guidance for optimizing borehole arrangement and grouting parameters in the sealing section of
double-prevention boreholes along the coal seam.

Key words: double-prevention borehole; gas extraction; sealing section; permeability characteristics; effective stress
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R EE TN, ¥ T B~ A B i 4 3 T O 25 P R
A, KRB AER TS . I EIE AT ILE, AT LA
A B I - R B i 235 /2 Forchheimer A5,
Hp Gp=av2+bv+c, B a, b, e ¥ EEL, L Talbol B
FEE n=0.3 M, HIESHEE G, KT 0.8 MPa/m I,
P B AR SR (A SR BRI B 2 LA R 2, T
JIKB BE BB U R R AR MR B T
0.8 MPa/m Ji7, FL A6 J32 (1% 184 i o5 8 o 12, 98 Uk
ARG AR R AR LN BN, AR B Z TR A2 2K
R XRFAEB R, B N 035, B
A Ef /NS 3G T, XoF B AR RE A R[] 1) L B e 7 I8,
RIS T B 138 K, T BRI TR AR AS W i
B . @ EB W E —E R, B Talbol
FEBCBEIN, 80 BEARWE /N . X2 RS FE Tal-
bol AR EL K AVER N IR, FEAE SR ) IR 1 <UARS
7 GE B, FE A [R)S EER, BT A R )RR
BN, DABTEEE v=20x10" m/s M, iFE M, BT
TR JIBEE G,=0.73 MPa/m, M, FIr s I 1B G,=
0.50 MPa/m, M; Jir if; [ J1 #6 & G,=0.37 MPa/m, M,
JF s 1B G,=0.21 MPa/m, 3 2 K Ry A ] 1) <,
RSN EE R, Talbol T A58 /N, Bl WA IR A
TR, SR BRI 42, BT B R

H1 5] 10b AT A5, WUE FLAR 20 A R 12 D 1 Bl
JE 186 B AR Al 5 B — AR IR A S AR AR A fE Ao
—H, YAEFLARA A WA T EE . 1
SR ITURL Talbol 5 45— U (M5 M Fl M,
M, s Fl My, M5 Fll My, My, My, £ Ms,), % |
H. T AREAARIURE Talbol FEHE LY HG N, 7EARE S48
FETR, AR A2 0t 2 095 375 3 B v P i LR A6 R 0
INo TERIEIIBERETS, X THHA E | R #E4) Talbol ¥
FEBOM 25 K ARRE, R 2 M s K. X
N FE AR B S R, LA SR L T 2

J2 Z 8] ) FLBR S M AF AR R R X 1, Bl A8 i
I A TUART 4540 A A AR Ak ) R B b ™ o, SRR I
IR B, AR EE B SR

P —FLAR A AR FDO TR FLAR A A AR
T B T A E 11 iR, ATRLA H, XL
AL A BRI 8R4 T 2
A — (LA IEREZ A]

DL Mg, M, @R ], an il 11c s, 2EAK R T8
JET MR I, WE LR AR M,, 55—
FLARIREE My, M, Z [RI2Z 55/ TAE i R S B
T, R AARLR M B, SR LR AR S —
FLARREE A 22 B 1, FLH AL & LA IR i o
LR M, IIRER, IZ G T LIAS AL
FRLH B AL TR BRI TR 8 /N2 ke RIS i3
M EZHE,

ZEAEN10, B 11 AT LUE H: O SARAE BB AL FL
FLJE B DR AR X AR TR 2 4 X i sl . e TfL
JE SR DX TR DX PR AR 1) L BR 25 A AN T] 3 Bl
A )92 35 38 T 1 K/ INAS [, 75 DA AL Bt X3 il e
Xia B FE 7 AL B B AR . AEnEpn i,
HB RS TRE ; BE AR A FRELEdE AT, Tk A9 A8
SR RS A A= T 1 AR, N A 2 Ik 328 i ) U
FNHELPEZE M . @ FEALFA AR X FRR AR X 11 3f
P L, T RARAFLBRZS A & AR R AR, fERRB 5
i AR 2 A 2 R 7, HLBEE SR E Y
AR, BHIOTHG R, IR R 2 3G K. X2 A
SRR IZ TR, SARUT B IOR R TR IC R, 8158
TE 25 AR) P e X BEL T 55 M 8 /05 T it 3 %) 2 o
SER I AR 2 T BORE W T B A, dE AR 2
(R RE T
3.3 BRENMEATREEREETHHFE

WA BB BRI R R A RO S, #E AR

147



2025 4F55 10

# £ M FH K 553 %

BIHEE/(10° m-s™)

0 10 20 30 40
%See ' ' '
5800, oM,
()
T,\ —0.2 o°eeeo o oMy,
g 0°:°°°° (] I\/[3
. o
ﬂ? 0.4 °:°e° o°°
\2_/ % e, %
= _ ° ]
= 0.6 %02 g %%,  iLkikiizl
= o 0. °
R 08 ®oom <0,
=} R 9,
—1o0l TR v e
@M. M, 4l

BEE/(10° m-s™)

0 10 20 30 40 50
e o i
%%, ° M,
Y Oo 3
;; -0.2 °°° °°o e M,
g oM
s —04 05 s ’
E %002 o
5 0.6 %
= oo Mk
% ¢¢ e°%
R 0.8 % % o
= Rt
-10l ¢e 00
()M« M, 41
BIHEE/(10° mes™)
0 10 20 30 40 50 60
3 2 . . . .
Q:::"? o M;
%‘\ -02+ ‘0;&& ) M577
= “0‘,9%0 oM,
s —-0.4 %c °:oe
= %,
0.6 %"’\,a Iy —
% 0000 eoeo j jﬁ {JIL
-0.8 % -
= °°‘:\
1ol %y Ige
()M« M, 41

A1l #—3FmAaIEEEKSREE S E A
Fig.11 Comparison of seepage velocity and pressure gradient
of coal body with single aperture and combined aperture

NS 5B ALk, W 12 FiR., mE 12
AL, PR —FLAR RN A FLAR IR AR 11 15 it 2 B A %
N T BRI L M AR . R B TR AN )
BRI, AR SR U 2 ] 3 3 R Uk AR B T]
e ALY, SR ES A AN S AR 2, (A5 LBR
B IE & AP G, SIS SRS T DN

HE— 2L 3 BT A O, 1 58 R B 2 (AR PR G 2
B SR, R R B E A B CO, S, SURTEAR
W R T E TR AR . B mRER,
FLARBARM B B LR, 7R A BAERIAL 4
132 U7, RIMEIR 15 485 T P90 R B4R 1) FL B ey
NAKE R H, B0 R BB HM . WEFLT
AR T ER0N 2 MR B L AN A2 B 40

148

60 -

oM, «M,,
. | oM, *M,;
A 30 * oM, * M,
o M M, 5
mE 40 * ' * My,
Z 30}
W | e
B 20 b AT
A o PR T

1

0 04 0.6 0.8 1.0 12 1.4
H RN J/MPa

B 12 RENEAEHEEERRAE

Fig.12 Injection water system of hydraulic extrusion measure

BN, BIFLgE SRR, s 13b iR

- ~R bl R
D
(a) A BANE B (b) FLMEIR Y LR

K13 2 EREMRELEAHERSETRE
Fig.13 Injection water system of hydraulic extrusion measure
TEFE 13b i, BURIE N H, 4800 r AIRAETE /)N
FAICIR, 7R ALARH SRR, R ook
AN ro, INRSF IR 1, Hor=r/ne 4
p=0 I, AAE o U FLAR A A BRI A e, V]
TEBAEIE /N RTTiR LB 1 F, fAURIRE) ) F,
AN (18) Ff7s:
F,= an‘rro + 2n§‘rr1 =nHt(ro+r)
Fo=n(pi—p)ri+n(p' —p)r; = (18)
npir+up (rg - rf)
s o A BB R PR BTS2 B9 VIR 1, MPa; p
2 DAFEIUARIEAR S FLRIAL 2 15 51, MPa.,
BBWRESTAERS, 715 F=F,, BlnHt(ro+ 1) =
npyry +mp’ (r?, - rf), E 37 2 PN EE AR R A, W] A

ropi+1nrop’ —rep’  dv

nn+DH  Man (19)
=X (19) B rl 5
207 ) 42
D) = PP =PIy (20)

2un(n+1)H



EOTEE R XU B AL B B ARE E R

2025 4F55 10 A

AR 5 A T 1, Y B A PR/ B T A 42
RGBT BE AR 98 VI O,
We = [(pr+n2p' = p') 3| /12un(n+ D HI.

WA= 20), fE—2B1H r, B/NRTCIE TR
P4
(pr+n2p = p') (R = 1)

v(r) = 2un(n+ OH (21)
[l Bt g R NS )
(R _n(pi+n’p' - p)R
Q_znjo v (ro) rodry = TSy (22)
DUJFL ) Bl PR A P S 44738 U o P A
0 _(m+np -p)R (23)

TR 4dun(n+1)H
e R AR s /N W
V=-Mo.+N (24)

Kb M. N FRE TEMFREAE R T, M AT N N
I

M2 (24) AT LAE , FLIE R AT 200 1 58
TR R UG, X SIS A IR & .
34 BREAMEEESERELHZ N

TERUB L% 3 BURR B & S FE b, A 800 )
XA I S BATMRIVE R . S0 Hr A 20 ) 5%
BB RZ MR, WK 14 Fis.

10 3 . B
3 InEHIY mEEH k=93 i

8+ oM, *M,,
E
2 6F
2
R AN
ﬂ(ﬁ

2+

0 0.4 0.6 0.8 1.0 1.2 1.4

H RN J3/MPa
W14 BEAERHE5BEFZEXF

Fig.14 Relationship between effective stress and permeability

of coal body

HiP 14 AT 4%, A 800 )t S EURR S B R AL
M ERNRZ — RSB ELRET, AR50 H
TEHUE T REBERE I B0 52 T O, B M e ke
TREAE B 3 2R R, AN ) 0 SRS 128 32 i 4 o 5%
I fEANTA] Talbol FEHE LT , AN [F] Z BL 45 M AA 2
R BEAE AT RO T B N 2 AR RCT e .l i pR AL
B ARA RN 1 58 ERAAAEH BRI B R, B
PR Z LA RO 2.

R2 BHNNEZERHEZMERN

Table 2 Effective stress and permeability curves fitting

equations
e WA AR R
M, k=39.47¢73427¢ 1.2 86 0.996
M, k =35.04¢72267 1.2.10 0.997
M; k=27.77e7>%47¢ 1.0.86 0.992
M, k =126.89¢™4887¢ +0.23 0.994
M,; k=31.72¢74847¢ 1.3 46 0.980
M, ; k =2535¢"4+320¢ 41,37 0.999
M, k=23.37¢7391%¢ 1 1.82 0.998
M, k =28.22¢74857¢ 1.0.70 0.988
M, k=25.03e"417¢ 1 1.11 0.999
M, k =30.07¢7>337¢ 4.0.50 0.985

b 2, LM E 14 a5 O A RN
TIRFFIEE BT, Talbol FEF8EON B TS 5 A BRI
PEHEAE R, BEAA B8 35 F4BE Talbol F45 £ (14 15 K
R . ABREE A RO ST N, Talbol FFaEOM 1A
BB RN R S I TR . © B A RN
JIHEIN, FLR AR 508 5 2 K AR 287 441,
A BN 1A F AR KT, B iR AR R P A L B A
UK, BRI & R A . WG IR T, 16
Tz I, R R SR B S, AR AR
AT, O[] B FLBRES RA A, R0 T AURB I
WA, FRAL T RSB ER . BRI, Bk RFL
Bt 1Y U0 100 3 e O SR L 7, o s AR IR L
B o8 RS, AR AR IR R IR, SBUE KRB ER
W NERZHTET 0, BB REWFE .

MR 4 2 2 ], AR 3B R AT B50NE 0 2
= (25):

k=ae" +c (25)

Horp, 50 a g T HEERE 0 th S B K
N R b UE T RRE B IEAR, b A R T
TIRERIB 3 R B RO S h AR . 2K (24)
LR BRI B R LG R a. b BB C R, W0
15 fiis .

1 & 1S Al O X B —FLAR EE R AL, B
Talbol FEF8 ZLAYHE K, REX a LW/ NEH TR 4L
b, XIEHATE B BRI R, BEE A R
PR HE TN, LB 25 AA 358 R R AR P 95 3 3 1 1) L] &5
¥ e A AR A AR ™ L, AR IR S AR R B B R
W SRR, TS BORFEEL b B, @ X T AEAL
G IHFE, Talbol FEHEEAZEE R UE RE a F1 b

149



2025 4F55 10

#HEHMFHAK

53 %

45 -

40 3947
35 [F3s.04
30+ 27‘736 8931672 535 25 i
S o5t T \%5”21” T
ﬁ 20 H
154
10 H
5H
0
Ml M3 M5 M7 M|-3 M1-5 M|-7 M3-5 M3-7 M5-7
IR
(a) R a 12210

e
M] M3 MS M7 MI-3 M]-S M1-7 M3-5 M3-7 M5-7

(b) THE b I 1L

B 15 HHEBOEEBELR AR B E R L

Fig.15 Variation of effective stress fitting coefficient of coal body in sealing section during seepage
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