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Model tests on permeability of columnar jointed rock mass
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Abstract: Because of the lack of researches on the permeability of the columnar jointed rock mass, model tests on the similar
material of columnar jointed rock mass are carried out to study their permeability during cyclic loading and unloading of
confining pressure. It is shown that the equivalent medium model is suitable for analysis of the permeability of columnar jointed
rock mass. The method for calculating the permeability tensor of columnar jointed rock mass is proposed based on the tensor
invariant theory. The researches show that the major permeability coefficient of the permeability tensor of columnar jointed
rock mass is significantly reduced during the first loading of confining pressure, and it maintains a low value during the
subsequent cyclic loading and unloading of confining pressure stage. The relationship between the major permeability
coefficient of permeability tensor and the confining pressure is power function relationship during each cyclic loading and
unloading of confining pressure stage. The major direction of the permeability tensor of columnar jointed rock mass increases
gradually along with the loading and unloading of confining pressure. It increases significantly during the first confining
pressure loading stage, but its increase becomes slow during the subsequent cyclic loading and unloading of confining pressure
stage. The permeability anisotropy of columnar jointed rock mass under low confining pressure is more significant, and it
decreases along with the increase of cylinder angle. The permeability anisotropy of columnar jointed rock mass decreases

rapidly along with the increase of confining pressure during the
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first confining pressure loading stage, and cylinder angle has

little impact on the permeability anisotropy of columnar jointed

permeability anisotropy of columnar jointed rock mass SEITYEH (E-mail: wanghuanlign@hhu.edu.cn)
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maintains a low value, and the impact of cylinder angle on the permeability anisotropy is also very weak during the subsequent

cyclic loading and unloading of confining pressure stage. The permeability properties of columnar jointed rock mass

significantly change in the first stage of confining pressure loading and cannot restore when confining pressure is unloading,

and the confining pressure has little impact on the permeability properties of columnar jointed rock mass during the subsequent

cyclic loading and unloading of confining pressure.
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Table 4 Derived function interpolation function under different confining pressures during 1st cyclic loading and unloading stage

Fil [&/MPa FE SR U 5 R 2
hngx 3 y=-0.014+0.12x-0.01x% +3.36 X 10 *x*~4.32 X 10 °x* +1.97 X 10°%%°
hn#k 8 y=0.121 +0.02x-0.0034x> + 1.31 X 10 *°~1.92 X 10 °x*+9.49 X 10 °x°
hn#k 15 ¥ =0.745-0.18x +0.012x*3.40 X 10 x> +4.18 X 10 *x*1.86 X 10 *x°
hn#k 25 =0.527-0.14x +0.01x*2.94 X 10 *x* +3.71 X 10 *x*1.67X 10 *x5
hn#x 30 ¥ =0.106-0.032x+0.0036x*-1.28 X 10 *x* +1.86 X 10 ®x*-9.24 X 10 °x°
In#k 35 y==0.045+0.0065x+9.28 X 10 *x*~5.9 X 10 °x*+1.06 X 10 °x*-5.86 X 10 °x°
E# 30 ¥ =0.805-0.22x +0.016x>~ 4.81 X 10> +6.10X 10 %x* -2.77 X 10°%%°
A 25 y==0.0018-0.0042x+1.61 X 10 °x*~7.62 X 10 °x*+1.22 X 10 *x*~6.3 X 10°x°
A 15 3=0.197-0.048x +0.004x*~1.40 X 10 x> +1.93 X 10 %x* -6.93X10°%°
E# 8 y ==0.1098+0.06x~0.005x> +1.51 X 10 *x*~1.95 X 10 %x* +8.86 X 10 x°
3 ¥ =0.076+0.1x0.0094x> +3.07 X 10 4x*~4.03 X 10 %x* +1.84 X 10’

R 5 BEIURTEENENE I AN 5] B R BB (B R 3 S R 3

Table 5 Derived function interpolation function under different confining pressures during 2nd cyclic loading and unloading stage

Fil [&/MPa FE R 5 R 2
hngx 3 $=3.53-0.17x+1.83 X 10 *x*+2.59 X 10 x> =5.33 X 10 'x*+ 2.31 X 10 °x°
hn#k 8 y=2.201 —1.26x+1.94 X 10°x*+1.35X 10°x* =4.52 X 10 x*+ 2.23 X 10°%°
ek 15 y=1.869 —0.22x+9.66 X 10 x> —1.87 X 10 *x*+1.66 X 10 ®x =5.56 X 10 °x°
ek 25 =0.644 —0.05x+8.06 X 10 x*+2.67 X 10 x> =7.18 X 10 "x* +4.31 X 10°x°
hn#x 30 y=0.412 —0.05x+2.09 X 10°x* —4.38 X 10 °x*+4.40 X 10 "x* -1.71 X 10 °%°
hn#k 35 3=0.094+0.01x —1.33 X 10x*+4.24 X 10 %* =5.51 X 10 7x* +2.52 X 10°%°
E# 30 y=0.21 =0.06x +0.004x> ~1.34 X 10 %> +1.66 X 10 %* —7.33 X 10 *x°
E# 25 3=0.346 —0.09x +0.007x> —2.01 X 104* +2.55X 10 %* ~1.16 X 10°%%°
15 y=-0.014+0.01x =5.15X 10 *x*+2.82 X 10 *%*+8.80 X 10 *x* -8.49 X 10"’
E# 8 ¥ =-0.15+0.09x =0.007x> +2.52 X 10 *x* =3.47 X 10 %* +1.67 X 10 %’
3 ¥ =1.332-0.0.26x +0.02x* ~4.34 X 10 **> +5.03 X 10 %* -2.13 X 10 ®°

% 6 BORTEEMENEK I AN 5] Bl R BB (B R 3 S R 3

Table 6 Derived function interpolation function under different confining pressures during 3rd cyclic loading and unloading stage

J&/MPa FE RN 5 R 2

hn#k 3 =0.73-0.08x+2.61 X 10 °x*-2.74 X 10 °x*+2.61 X 10 *x*+5.43 X 10 1%’

hn#k 8 y==0.44 +0.19x-0.02x*+4.75 X 10 *x*~6.19 X 10 °x* +2.85 X 10 8’

ek 15 ¥ =0.13-0.01x+8.49 X 10 *x*~2.53 X 10 °x*+3.28 X 10 "x* ~1.52X 10 °x°

ek 25 =0.015+0.0035x+4.1 X 10 *x*-2.58 X 10 x*+4.4 X 10 "x*-2.32X 10°%°

hn#k 30 $=9.4X10*-0.002x+1.16 X 10 %*-5.2 X 107 x 10 7x*-4.1 X 10°%°

hn#k 35 y=0.126+0.03x-8.11 X 10 x>~ 1.18 X 10 x*+2.37 X 10 "x*~ 1.79X 10 %%’

% 30 =0.7-0.19x+0.014x*-3.96 X 10 x> +4.91 X 10 *x*-2.18 X 10 ®°

K 25 3=0.03-0.0037x+1.36 X 10°x*6.32 X 10°x*+1.01 X 10 °x*-5.29 X 10’

A 15 y=0.411-0.1x+0.0071x*-2.00 X 10 4x*+2.44 X 10 *x*-1.07 X 10 *%°

E# 8 y=-0.27+0.11x-0.0088x" +2.73 X 10 “x*~3.59 X 10 °x*+1.68 X 10 *x°

3 3=0.4056+0.01x-0.003x> +1.69 X 10 4*~2.60 X 10 °x*+1.32X 10 *%°
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Fig. 11 Relationship between permeability anisotropy of similar materials and cylinder angle under different confining pressures during

three cyclic loading and unloading of confining pressure
FEARERR, BESRREEON RS, HEEE AR
I B IE S A VEE RS, BEE R, AR
RS R NS E & 8 S B WO, fE e EUR, A
WATHA R B IE S A SRR RURAE, AR bR
XHBE S A FE LFR A, HARR B S kil
S R S NS B A A R R TR, A
i SR AT DR T B AR 9538 2R 2% 1) S T L P50 T
52, ARSI RGP EN RN B, AR B A AR
BB R ORI, BB AR (R e m 1R
AN, M E S, HAEMBUA HEE & 1 e
M BARGES -

3 &% i

CURAE R0 758 A S TR A A R 5 802 1
PRI EHIGIB B, 5K FE R I A B AR
50 B FE B DL A A 45 7 1695 38 5 FF P 5 £81 5501
L, EA R A T IS (98L2 FE J FA
BTy R 26 (AL L S bR A B 28 4
2% O FERITE 90% LA b, U 2k O 2o i
WAIEL, FR 49 B A7 7E RAL B TT AR, R T DR
FH 5200 A R TR 49 T R R 5 F 544 (955 1
FER LS A 3B e

(2) K fak B JEURE , 758 31465 LU 4 8
S I 3 S D R B R 4T B o ) B e

kvx kW T
[m:&k},ﬁ¢gwkg,gwﬁﬁﬁﬁwm

AN 0° , 45° , 90° MIABAUEEREEXT B T &
ER,

(3) LUK EAA MO E ISR, HES B
THARBEKENRKEBERBK,, AR/ E
BIEZRBK,,, AT, FHrHE A R R IE PR N # 2
B B AN 7] [l B AR T BLA R B IE Tk R I i K B 0E
REA BN EBIE R T,

(4) 7E Bl IR I E M BE , FEIRTTHL A R9515E
TR I3 IE KRB B AR BURPERCR, B &

BRI BERBEF WD, S EE G F51E R
AR, 2R A VS0 E 3B B 218 R AR
FERURAE, BB LR AR AN, ELAEREASF
EF B, AR B A NS B KR LIRS RS H
ERUEXTE A E S

(5) AR BEAARLE S5 — U B e I B, il
SRR B S RSB 5K B 07 A BRI, BE
SRR, BEKET IR, fERREE
— NP BB IE KR 7 1 A RO B, S
Wt L AT G MR I, 5 OB = K [ i
MIEN IR BL, 1B 5K a7 1) A RERUER AE 8 0 R s
ARANSL, KRG SRR BE R #imag L, R
FEAEFR 23 B b B L B T R 1 L, HB g k&
5 1A (14 B A B s SE A B LN 2R B A
PR, (HEA LR,

(6) MR BAARLEAR TR, 1238 % 17 5 1R
N, HEEEE B EIOE B [ SRS »
W R R, IR B AR 328 2% 18] S 1 T Uk
N AERE RIS, FRRTT RS AR B8 & ) R RO
FERARAE, AR R AR T BEA (A8 25 1 etk ) L
TEA T, HARR BEA 2l — ok i i #is
BRI FE R TS, B B BR B
B ER E R VP BCA R, fEILR 1 A
ENFT B, R BUA AR B S % ) S MR R AE I
KV B AR H MR AN, AR AT S o i
RIAES -

(7) IR BEA RSB IE B, BIRAEH — K
JnaE s Bok A A2 4k, JF HBEE R e #s @& 1
JRASREWR b AR B A 1 0 B80S bR B 1
NS B MAAR AN, 0t B 22 3o 55 — Vs Bl N8
PR RS R RO %%, HL R 35 A R .

SE -
[1] LLER M G Experimental simulation of basalt columns[J].

Journal of Volcanology and Geothermal Research, 1998,



1416 Pl

2016 4F

86(1): 93 - 6.

[2] DEGRAFF J M, AYDIN A. Surface morphology of columnar
joints and its significance to mechanics and direction of joint
growth[J]. Geological Society of America Bulletin, 1987,
99(5): 605 - 17.

B] RIE, RSCH, 7 T, & RIS A =R
S HEEUE AT, B 712, 2010, 31(3): 949 - 55. (XU
Wei-ya, ZHENG Wen-tang, NING Yu, et al. 3D anisotropic
numerical analysis of rock mass with columnar joints for dam
foundation[J]. Rock and Soil Mechanics, 2010, 31(3): 949 -
55. (in Chinese))

(4] X7, ERM, FEHL BEMEHRR TS k5 = A
RIS R FE (0], A+ Ju%%, 2010, 3138 T 1): 163 - 171.
(LIU Hai-ning, WANG Jun-mei, WANG Si-jing.
Experimental research of columnar jointed basalt with true
triaxial apparatus at Baihetan Hydropower Station[J]. Rock
and Soil Mechanics, 2010, 31(S1): 163 - 171. (in Chinese))

(5] H4ER, XoREE, /Mg, 55 Ul 60 PRI EL A &
AT AN & ) SRR TG T (0], A e 5 AR
%, 2015, 33(5): 957 - 963. (XIAO Wei-min, DENG Rong-gui,
FU Xiao-min, et al. Model experiments on deformation and
strength anisotropy of columnar jointed rock masses under
uniaxial compression[J]. Chinese Journal of Rock Mechanics
and Engineering, 2015, 33(5): 957 - 963. (in Chinese))

(6] HIJF84. fiiii 5 RBKIKIRZET [0]. HFRTE, 1983,
29(5): 408 - 17. (TIAN Kai-ming. Oefleiton flow and arterial
flow in fractures[J]. Geological Review, 1983, 29(5): 408 -
17. (in Chinese))

[7] LOMIZE G. Flow in fractured rocks[J]. Gosenergoizdat, 1951,
127: 197.

(8] WEEE, FAEAL, B W RBE RIS ST
R AL TR, 1995, 17(5): 19 - 24. (SU Bao-yu,
ZHAN Mei-Li, ZHAO Jian. Study on fracture seepage in the
limitative nature rock[J]. Chinese Journal of Geotechnical
Engineering. 1995, 17(5): 19 - 24. (in Chinese))

[97 WONG L N Y, LI D, LIU G Experimental studies on
permeability of intact and singly jointed meta-sedimentary
rocks under confining pressure[J]. Rock Mechanics and Rock
Engineering, 2013, 46(1): 107 - 21.

[10] KIM H-M, LETTRY Y, RYU D-W, et al. Mock-up
experiments on permeability measurement of concrete and
construction joints for air tightness assessment[J]. Materials
and Structures, 2014, 47(1/2): 127 - 40.

(117 ZBWETS. ZRBRE AIB TN RS G s s 1 ik 6 S B
Sy BT B FL[D]. FE R VHE K%, 2012, (ZOU Li-fang.

Experimental and numerical analysis of seepage stress

coupling seepage characteristics of fractured rock mass[D].
Nanjing: Hohai University, 2012. (in Chinese))

[12] &%, F¥R, ERE, 5 AU E Bk
WA, [ER S22 254, 2008, 2738 F) 1): 170 - 173. (FU
Zhi-liang, NIU Xue-liang, WANG Su-hua, at al. Similar
material simulation test quantitative study[J]. Journal of Solid
Mechanics, 2008, 27(S1): 170 - 173. (in Chinese))

(131 7 F5 HRT B (A 25 o bk A8 A5 P 5 o Al o U 4F
FC[D]. A : [ HE K 2%, 2008. (NING Yu. Study on
anisotropic equivalent strength and yield criterion of the
columnar jointed rock mass[D]. Nanjing: Hohai University,
2008.(in Chinese))

[14] B, 1RII. B A AEENR S BRI 2R M.
Jest: Bl AR, 2015, (WANG Huan-ling, XU Wei-ya.
Permeability test of tight rock and the mechanical properties
of porous flow[M].
Chinese))

[15] EMF, 1RIN, £ 4, 5 [KBEEABER SRS
BALHRI BRI T[], KRR, 2015, 46(2): 208 -
216. (WANG Huan-ling, XU Wei-ya, ZUO Jing, et al. Evolution

Beijing: Science Press, 2015. (in

law of the permeability and porosity for low-permeability rock
based on gas permeability test[J]. Journal of Hydraulic
Engineering, 2015, 46(2): 208 - 216. (in Chinese))

[16] fLAEF. MBI AF ML bt P EBARAR R W
B A, 1999. (KONG Xing-yan. Advanced seepage
mechanics[M]. Beijing: University of Science & Technology
China Press, 1999. (in Chinese))

(17] ERE. ARRERHIME T BRI, Ha %5
TFE2A4R, 2004, 12(3): 214 - 21. (WANG En-zhi. Network
analysis and seepage flow model of fractured rockmass[J].
Chinese Journal of Rock Mechanics and Engineering, 2004,
12(3): 214 - 21. (in Chinese))

(18] &, M. SKEDHIM]. JEut: R A,
2003. (HUANG Ke-zhi, LU Ming-wan. Tensor analysis[M].
Beijing: Tsinghua University Press, 2003. (in Chinese))

(191 EMAR, VF7 8. T JLATM]. dbnt: M55 H0E WA,
1987. (LU Lin-gen, XU Zi-dao. Analytic geometry[M].
Beijing: Higher Education Press, 1987. (in Chinese))

[20] KA K. HAKAS TREM]. AbaG A EZRAK L B R,
2005. (ZHANG You-tian. Ground hydraulics and engineering
[M]. Beijing: China Water & Power Press, 2005. (in Chinese))

2112547, EaeH. HUEHTM]. Jbat: EHEREEHRRAL, 2001.
(LT Qing-yang, WANG Neng-chao. Numerical analysis[M].
Beijing: Tsinghua University Press, 2001. (in Chinese))



