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This paper reviews the development history of permeability tests for measuring the hydraulic constants
(hydraulic conductivity and specific storage) of porous materials in a laboratory, and systematizes the theories of
the methods. The permeability test originated from sand filtration experiments carried out by Darcy in the 19th
century. Techniques for measuring hydraulic constants were then devised and, at the same time or successively, the

theory was established.

This paper presents the exact analytical solutions of six methods, including the constant head, falling head,
flow pump, and transient pulse methods, with the same initial condition and different boundary conditions. Based
on the analytical solutions, we demonstrated the variations in the hydraulic head distribution within a specimen and
the variations in the sensitivity coefficients of the hydraulic head difference between both ends of a specimen in
terms of the hydraulic constants and compressible storage at the upstream and downstream sides of the equipment
during tests of the six methods. The results were used to characterize the test methods, in terms of the experiment

time, experiment precision and error, and method selection.

KEY WORDS: Constant Head Method, Falling Head Method, Flow Pump Method, Transient Pulse Method,
Analytical Solution, Hydraulic Conductivity, Specific Storage, Sensitivity Coefficient
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Fig.1 The apparatus used by Darcy in the development of Darcy's Jaw'?).
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Fig.2 Falling (variable) head permeameter for testing the permeability of
soils developed by Terzaghizs).
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Fig.3 Apparatus used in flow pump permeability experiments by Olsen™®.
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Fig.5 Schematic of the versatile laboratory permeability test system for rocks developed by Zhang et al ¥y
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Table 1 Classification of permeability test methods according to
the boundary conditions.

Downstream Upstream
Test method
condition condition
Constant head'” Const. head Const. head
Const. volume
Falling head*® Const. head
(Const. storage)
Flow pump’*® Const. head Const. flow rate

Const. volume
Modified constant head Const. head

(Const. storage)

Const. volume Const. volume
. 38)
Transient pulse

(Const. storage) (Const. storage)

. Const. volume
Modified flow pump ) Const. flow rate

(Const. storage)

DE I D, —EAKIFUONTIE,
BLEY=H, £20 v eneeeeeeenne e 9)

ERIN, T T HIXFERBAGAE % O BRI 5 O K EE 22 &
£LTWD, D3N T—EREIZTHOWVTIL,

h(l,t):hu(l), = 0 P (10)
S" ahu @ =), £5() s

T +( 5’x)x:1_0’ >0 (11)
hu(())zH .................................................................. (12)

LRI, T by T ERAITERENOKETH Y, S, 1E B
MR OTEAMITE EE R L T0D, LD h o S, 1%, KN
EUSNDOBA LT AT LA THEMT 20D THD, —J7, (EROE
IRALGRER D & X2, Sy B AX YV RAXA T OWEFE a I2E X
2 kv, BB, EROSEREER—ERBEOS AT,

h(l,l):hu(l‘), 2 0 (13)
Su dhy [I1) _ Qo0 i

KA dr +(¢9ij:,_1<,4’ >0 (14)
B (0) =00 ovmvnemneiiii (15)

LEREN, ZZICQIEE(EME) THh D,
e, WIIRIFZ OV T, TRTORBIEIZBNT, KO X
PRGNS SEa 279 kbl

h(x.0)=0, O<x</

3.2 FRIR

AT, WT 1 ROCERGE IS IO W T2 NG KGR L O B
i & R d, Table 1 122817 72 6 D DT AKRBRIEIZOWT, RFifii
THRATHI « BEREME2 AWy TR @) 2 2 Lic X
D, BEERIKN OKE AT OIFRZE L E RSN f 2 B & T 2 b
MCE D, KEWEHBOTRENTBME O A TH LD T,
% < OfFFH 1 Carslaw and Jaeger49) B 5B\ U CHRIT AR & B
TVD, GFoNDMITHERBEOMOIE TR S, T I TIYH
WP IO BIRPET L, LUTIZ, 6 DOFKRERIEIZ DU
TIEIZFHEAT %,
(1) BAKELE  ABE, ERIRORSERIC—E OKEEE 52,
T L ERET LY EARIE L, Darcy A2 b HEEAK DFE KR
Rt 2 5L TH D, K 16) OFIASGMELE K (5) & (9) THRS

Journal of MMIJ Vol.129 (2013) No.7

NBEREEZRA LT, MOHER @) 28 &, EAMED
AT IR TR S B 49,

h(x, — cos\(mm
Kot g Sk

2.2 .
:Texp(—m T a)sm(mmﬁ) ------------------ (17)
ZIT, E=x/1, a=Kt/PSTHY, E TR DMK ST AL E
HRL, a lTmRITRRERLTND,
(2) ZEKELE AL, 0k, WMEPMEREEZRETHZ LI
KB R% 2 RS T TOKRMDIE T 0> b HERK O F KRS % G-
THHETH-T2, ZOFEEA LTV AT LA TEIT ST,
BRI O IR E L IF A o — 05 ( BiRill) o KEE % BEiF
HRKEHE, ZOWENOKEEREFMT S ENRTES, 20O
S CipT AR 25 <z, 2 (16) ORISR LK (5) X 10) ~
(12) OEERGEMEE R CTHMY R @) 2T kv, 2 2T
DN DN RIIRKNDO L 9 Th D,

o EXP (—a¢m2)sin (¢m é)

2
! [1 +ﬁ+¢;§Jsin O

ZITC, L alFRIRO LB THY, SEYIHTB=SAlla%
ALz, ZAUT, 2EEOEMITE FI0 3 2 ek o LT
WOWEERT, 0B, ¢ TROIEFHRIE T RXOMTH 5,

hoet) s
H

Ids, BARRIEOWNHR (18) 13, b+ 5 kToTxr k3L
REOINRC BT, FiMl N B % R L5
W25,

(@) 7a—RU Tk AR, EEREO LR TAT S
RO RE —EIRD, ~ORRIC L THRKOmMIIC A L
HATFERE L, BERROAIER S T+ 5 ETh D, 0
FHETH, MO " D0H ik E PR L FRAOEREMEIRLT
HY, EHRROBEREMNEGTEE2 5, Thbb, MOHRR @)
BAR & X A8 - BERSME, a6, (), ZLT
K (13) ~ (15) L7325, = TELAAMITRTKATEShS 3,

2 .
hed) o exp(—a¢m )sm((ﬁm 5)
TR

2
m=0 O [l+ﬂ+¢’" ]cosq)m

B

KFDE, a, BIZAHEDO LBV ThDH, ZITH, 9n lLIEHRE
FEX 19 ORTH D, £/, HIZHOWTIE, 7u—Kr 7k
TIEH=h(lo)=0l/ KA L5 2 %,

(4) BAKEE (FTRAEREERGE)  Akix, EKRMEO TR
MEERGEUEEEENPOERECEZ T2 LD TH D, RREE L
TIEHEV AV v hELTZRNWZD, FEEHEOMDHRY, kE-
AT L > TWRWE S TH D, 2T, fHIRO I TRl
BEREA2 A CREBIEOAFRICHERA L T <, ZOFETIE,
A A SR D, N R LT A o
TIOENNT & 2 KEHAE DO RRRFZEA D) b EEER O K FRE £ % FEAT
T 5. ZAVETHEE, WIS 06 2 AV, BERSMICE
LTI, PRI (6) ~ (8) z2, Eiffilizid () v 5,
IH OEERGM TS R (@) 2 &, RIEOMRHTIRIZK
ATRIND,

413<5)



DFEEIA - Gl %% - & TRk

o exp(_a(pmz )[icosq)mé_Sinq)m 5)
h(xat)zl_zz y¢m ............ (21)
H B .
m=1 0,,c080,, +(1+?jsmq>m

ZIZCE o, BIFRTRD BV TH Y, y=Sa/ Sy BFTZITb o
Too 2Oyl LIRS O EMEITEE Ik 2 T IRMIT RS
DIEFEITEEDOLTH D, £12, T T, om TROIERIET
BOWRTH D,

FRATAR (21) 1%, T UMM O AR A IR KIS L7454, Ak
L7z KL O RATAR & 5 L < 72 5,

B) k3o rLRE R, #EMAoRmICERE
NENGRM B L, — 5 O (_EF ) (BRI E /)<
NREG %, FOBOUAKIRE O KT OMEED b E o
KEE SR T 5 FIETH S Y, R T D &
B, AT A M DB AR 12 FI b % o MIISIFIE (16)
%, FHMBEREMEIA (6) ~ (8), LRHBIRALHETA (10) ~
(12) ZFWTHOFER @) 2R< &, FTr Y=y hSLAk
DEFHRITRA TR SN 3P,

- exp(—aq)m 2 ){cos(bm E- ng sin(¢m é):|

h(x,t): 1 5
H 1+[3+y+ mz_‘l[ vo 2] 27 .
l+f+y— 2 cos¢m—¢m(l+y+—jsm¢m
B B
.................................... (23)
T, ¢n 1 TROIRBHEXORTH D,

tan(]):@ ............................................................ (24)
g
B

6) 7O—Ky Tk (FREIEAMEN)  ATFEE, 70K
LD TR R % EIE» b EARICEZ LD THY,
B DA TR B0, FRBERAEE 2 0% RRIED
SRR L TH <, ERAEREICRAT k0w R E —E
ICIRE, Z0 & X PERAKO TR A U 2 KEEZE ORI
LRk D AP E R A ST % T B, OISR L TSR
SIEEHE @), (5) LRUTH S, ERMOEREIHISVTIE
Fik Q) (7u—Kr7iE) ERUA 13) ~ (15) ZfV5, Zh
B ORI« BERSE T TR 4) 2R L, MRNFRIZLL T O
rrEsns ),

ﬁ Lﬁ 1+M+6—7
e _“T2Tp B R

H (y+1) 2
5 )

1+
RV
2y B

=1 2 2 2001
" ¢m2[m2n_l]cos¢m +0,, [m;+‘l>rn(7”')+1] sing,,

I, ¢ TR 4) ORTH S, ERXL, Filo

414 <6)

MR AR A MR RIC LG A,
L <725,

3-3 BAKAEBEPDKELHOBFEZEIL

AIEI I, 6300 OFBKRBRIEOMATEZ EEH LT, ZOfif
Brfig 2 AT, KGR O BERRIR N O 7K 8853 A1 ORI L A
Fig. 6 12”9, MAEMGERZ dih 5 A1 5 %50 LC, i)
O EFeEs 2 M 2> T 0.0L ( Fyifldim ), 0.20, 0.4L, 0.6L,
0.8L, 1.0L ( EyifAlfm ) & LCW\W5b, TNEINDMNRED /]
A—HIZIE, FUEMERA LT, %psRERER LT, KIH
AT DR ZEAL DN TE D L9 ICEE Lz, & 512, Fig 6
CIIAEE O R b MO KT b MK Tk L Th D, ZhEThoi
BIEDR A MY 0T < LTS, 4 RIBEER I 2 < B s
U725, EEOMHRESHRBRLEE 4 2510RO £ 5 (2l
oo HEEUA L LTI A A AUE L, 2 OB AEEIE S5} 10710 nvs,
HERTREERIZ 1} 10 O m !, RO 1 RIFER 5 em TR X 25
em, USRI O FERRIERE B 7X 107 10 m?, Rl o R R
BRI 6x10 7 m?, 7r—Rr FEICBI i EE sx1073
mL/min & U7z, 72720, ZKRAIEICEBT DA X > R3A T O
MR IE,  RIRTEEE O JEMTF R &2 AT b,

AERT A =BG X IEO R T, RS o E AT &
Z/NEDICEE LTV DD T, Fig. 6 (a) D IEKNIED KIS,
BRNH ER Y OBIFFETRE RTINS, TDOZ &I, Fig
6 DLTrVxy M ULAEOKBEEMIZE AL Z ENTE
%, Tbb, BiE T OKERS RO 0.5 U8 TP
RO TERL, 0.1 CRffL o TND 2 ENBLBbNnd,
Fig. 6 (a) 70513, MO FHEITHT, WHER ERFIHAIER L
TWBENDE I RZDEN, S afaliE & U LR EARAL
RBRICEBWTIE, Ryl & Rl 5 2 228 L C— @ BT HilE
HZ EFEEL <, HEmhRO X 512 ) T,

TEARNLELIS O FIE TR O 2 L T4 5 &, Fig. 6 (b)
DEKRMEE Fig. 6 () D h TPy F7ULZENZIER R
SCEMHRREICE L CTWD Z &b nd, Miaxd Ltrs b,
NPy OV REDIE ) M TR RS 7o o> T
%, BKRBRE FER T D50, KELERR ORI e 4 A TR aE
[T ETIE RV, RRFHE O FEBRITITRR % 72 R 1 8% KIE 5
AREMER & H DT, FHRRAEIZET 5 E TORFRITE VI L 72
Z L,

728, Fig. 6 () O 7 v —Ro 7k (THRIERRSME) 215 &
KEEZET L 22> TWB DS, AKFEAKITHMO R4l -> T
Do U, FIRMIAEREEMEOZDIZ, ERABHEALTH
LU CRIBREN I LT 52026 Th b, BHim LIZEZETH
ERDZEIFRBETH DD, EHIEE DT EEOFERTIE, MR
FENREEZ BRI Z SIXTE RO T, MBRENEEISTSW
DEBRKRT LD, £, ZOEBRITITL 5 —oRERH 5, B,
FIBRE N HFICHM L T 0T, AREENEBICEL L, =
FUTPENIEERIK DB ARMENIER T 5 Z L 127 D GEARMED A shdt
JEARAFE) o ZAUIMMO THEIZIZ N2 E RO TEBRBLETH D,

34 BREMRN

3+ 2 Hi7C 618 D OBKRSRIEOMENRZ R LTz, RIS B
X, RHTEC K IR E S ORI RT3 TR & 22 D RRERREE, 8
FA—Z DTSV EEICEA LTV AR LD B
WEALT HONERTIRIECH D, EBRT — 0 HKEE KT
2585525 &, BERKOMMENKE FIZREWE
Y, ZOFMOEEN FRDH 2 Ltk b, TNET, 7Ta—Ry
FIEICOWTIEREK - 80 1c kY, FIrY=r boULRE
|29V T 1 Wang and Hart™) 12 32 o CIREERAT 5T 72 o TN B

Bk L7z 7 v — R o FIE O

Journal of MMIJ Vol.129 (2013) No.7



% FUE B O K BE BRI O 7= & D 5 N g KRR L O Blii

1.2 T
| Upstream  |.0L Differential
E 0.8L
208 :
g
= 0.6L
'E 0.6
7}
= 0.4L
S 04
£ 0.4
) 0.2L
0.2 = Hydraulic Head
e e= Djfferential Head
o Downstream 0.0L -
0 50 100 150
Dimensionless time o
(a) constant head method
1.2 T
1 1.0L  Upstream
S 0.8L

o
o0

~ Differential
~J |

Dimensionless head
o o
£ N

S~o
0.2 0.0L = Hydraulic Head |
e e= Djfferential Head
Downstream
I I
0 50 100 150

Dimensionless time o

(d) modified constant head method

Dimensionless head

Dimensionless head

o
)

o
o

0.2

Differential

Upstream

CO i)ownstream 50

00 Downstream 50

100
Dimensionless time o

150

(b) falling head method

e Hydraulic Head
= == Djfferential Head | 4

Differential
100
Dimensionless time o

150

(e) transient pulse method

Dimensionless head

T 12— Hydraulic Head
= Hydraulic Head = = Differential Head Upstream  1.0L
== e= Djfferential Head | 4 1+
9 Differential
0.8L
4 208
2
2 0.6L
4 g 0.6
£ 04L
5 .
4 £ 0.4
= 02L
J 0.2 -

Dowr‘mrcam 0.0L

o .
0 50 100 150
Dimensionless time o
(c) flow pump method
1.2
1+
0.8
0.6
0.4 Downstream
e e= Djfferential Head
0 |
0 50 100 150

Dimensionless time o

(f) modified flow pump method

Fig.6 Variation of hydraulic head distribution within a specimen during permeability tests.
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Appendix 2 : JKHEE/KEE
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