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A method to predict hydraulic properties for unsaturated soils

and its application to observed data
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———————— Rt et et Gt I AT B G R Sl (Rt Sl
PRESSURE PLATE METHOD NO.1 4+ COLUMN METIIOD oo Group A
Os = KNO 0.325, 6 = KNOWN = 0.05 . B
a,n = UNKNOW C
2 2 20 0.001 D
0.016 3.47 L
a n F
6. 000 0.327
30. 000 0.312
42. 000 0.303
48. 000 0. 280
54. 000 0. 209
106. 055 0.112
201. 330 0.090
496. 870 0.069
0 891. 940 0. 059
&1 ABF—5 YR+
Group | Columns | Format | Symbol Description
A 1-80 20A4 | TITLE FEER Y A MIVE
B 1-80 20A4 | TITLE [ s
C 1-80 20A4 | TITLE [ =
D 1-10 110 WODE | R RFiZ &tk E TN DY AT

I : Mualem theory CRHWSEL a.n, 6r)
2 : Mualem theory CRENFE a.n)
3 : Burdine theory CRAMREE a,n, 61)

11-20 110 NP KREMFE D
MODE = 1 or 3 @l NP=3
MODE = 2 D NP=2

21-30 110 MIT | SEARTER/N Ik TORARE IR LAHE R
31-40 | F10.0 | STOPCR | U PR ALHE

B REMRETH A 72 2L ASSTOPCREL T
ThhdA 7V - araEtkds

41-50 F10.0 WCR | B/NEIkE (O1)
(MODE=2D IKF D & A F7)

51-60 | F10.0 | ¥CS | fwfniaBiask®E (0s)
61-70 | F10.0 | SATK | fafu@Kk{%% (ks) [cm/s]

[T

won

i 1-10 F10.0 B(1) Or DFIHE (Group D T NP=3 D)
alen™] O¥E (Group D T NP=2 D)
11-20 | F10.0 | B(2) alen™] O#YME (Group D T NP=3 DIKF)
n D)E (Group D T NP=2 DIF)
21-30 | F10.0 | B(3) n O @ (Group D T NP=3 DIFDH)

F 1-6 A4, A2 | BICD Group E @ B DRI D Z R

11-16 A4, A2 | BI(2) Group E @ BQQDFZED LR

21-26 A4, A2 | BI(3) Group E @ B3)DREDZ R

(Group D T NP=3 OEDAHANTS)

G 1-10 | F10.0 | X(1) | FES/KEHOFHME (cmn]

11-20 F10.0 Y(D AR E7K RO FHE
ORMFEEMSEOFT -5 %2 17— F1#
ELUTHMSEOEKIEIATITS)

H Blank Card
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A3. VGEFIBERIOYS LY —RY R}

Kkkkk PROGRAM VANG-SP. FOR sckkkickisokiokiokiokkokiokokolskkorkskskokokkskok ok kok
X A COMPUTER MODEL FOR CALCULATING

X THE UNSATURATED SOIL HYDRAULIC PROPERTIES
X FROM SOIL MOISTURE RETENTION DATA.
X

NON-LINEAR LEAST-SQUARES ANALYSIS
ORIGNAL BY RYIEN VAN GENUCHTEN (1978) --> SOlIYP
MODIFIED BY Y. TAKESHITA (1987 JAN.)

M. CHIJIMATSU (1991 FEB.)
KRRk cklolocoicoeoioololcoololokoololoookcorsockosesosoksreskosrsoiokorosorsok

KK K MK K K K K ¢ ¢

*
*
X
*
X
*
X

% = KEYBOARD & DISPLAY
FILE 5 = INPUT DATA
FILE 6 = RESULTS

----- LIST OF THE MOST SIGNIFICANT VARIABLES IN THIS PROGRAM --------

AK Hydraulic conductivity.

ALPHA Coefficient a in van Genuchten' s model.

B(I) Array containing initial estimates of coefficients.

BICD Array of coefficient names.
Soil moisture diffusivity.

MIT Maximum number of iterations.

MODE Designates model type to be used in program
= 1 Three-parameter fit (6 r, a, and n) (Mualem theory)
= 2 Two-parameter fit (a, n) (Mualem theory)
= 3 Three-parameter fit (8r, a, and n) (Burdine theory)

MODEL Subroutine to calculate soil moisture content from
pressure head.

NIT Iteration number during program execution.

NOB Number of observed data points (must not exceed 40).

RK Relative hydraulic conductivity.

RM Equals 1-1/n for Mualem theory, 1-2/n for Burdine theory.

RN Coefficient n in van Genuchten’ s model.

R¥WC Dimensionless moisture content.

SATK Hydraulic conductivity at saturation.

SSQ, SUMB  Residual sum of squares.

STOPCR Stop criterion. Iteration process stops when the relative

change in each coefficient becomes less than STOPCR.
TITLE(I) Array containing information of title cards.

¥C Volumetric water content.
WCR Residual water content.
¥CS Saturated water content.
XD Array of observed pressure head
( values are assumed to be positive).
YD) Array of observed water content.

IMPLICIT REAL%8 (A-H,0-Z)
CHARACTER%70 TITLE
CHARACTER*20 FNAMES, FNAMEG

IpESRPRSESEeESRS RS RSReReNcEvEcEc RNl EvEvEvRvEc e RoloNoloNoNeoNoNoNoNoloNoRoNoNoNo o RoRoRe i R Re Ne )
=
—
3
=
=
w

C
DIMENSION X(40), Y(40),R(40), F(40), DELZ(40, 4), LSORT(40), B(3), BI(8),
&E(3), P(3), PHI(3),Q(3), TB(3), A(3, 3D, D(3, 3), TH(3)

C

C----- OPEN INPUT DATA FILE -----



(AINRCE

WRITE Ck, 101D

READ (%, 1010) FNAMES

OPEN (5, FILE=FNAME5)

OPEN OUTPUT DATA FILE -----

WRITE (%, 102)

READ (%, 10100 FNAME6

OPEN (6, FILE=FNAME6, STATUS="NEY’ )

NPUT DATA FILE NAME [ EX. B:DATAL.DA
UTPUT FILE NAME [ EX. C:DATAL.OU

O
—3 =3

FORMAT(1HO, "
FORMATC1HO

s
B

10

20

30

40

50

60

70

80

90

100

110

120

WRITECE, 1000)

————— READ HEAD TITLE -----

DO 10 I=1,3

READ(5, [01ODTITLE

WRITE(6, 1020)TITLE

WRITECE, 1030)

~~~~~ READ IMPUT PARAMETERS -----
READ(5, 1040)MODE, NP, HIT, STOPCR, WCR, ¥CS, SATK
GO T0(20, 30, 40)MODE

WRITE(6, 1050)

GO TO 50

WRITE(6, 1060)

GO TO 50

WRITE(6, 1070

GO TO 50

WRITE(6, 1080)NP, MIT, STOPCR, ¥CR, ¥CS, SATK
————— READ INITIAL ESTIMATES -----
READ(5, 1090)(B(I), I=1,NP)

————— READ COEFFICIENTS NAMES -----
NBI=2%NP

READ(5, 1100)(BICI), I=1, NBI)

————— READ AND WRITE EXPERIMENTAL DATA -----
WRITE(S, 1110)

1=0

I=1+1

READ(5, 1090)X(I), Y(I)

IF(X(D). EQ.0.)60 TO 70

WRITE(6, 112001, X(1), Y(D)

GO TO 60

NOB=I-1

DO 80 I=1,NP

TH(I)=B(I)

IF((NP-2)%(NP-3))90, 100, 90

WRITE(6, 1130)

GO TO 500

GA=0. 02

CALL MODEL(TH, F, NOB, X, ¥CS, MODE, ¥CR)
SSQ=0.

DO 110 I=1,NOB

R(I)=Y(I)-F(I)

SSQ=SSQ+R(ID*R(I)

NIT=0

WRITE(6, 1150)

IF(MODE. EQ. 2) WRITE(6, 1140) NIT, ¥CR, B(1),B(2),SSQ, HODE
IF(MODE. NE. 2) WRITE(6, 1140) NIT, B(1),B(2), B(3), SSQ, MODE
————— BEGIN OF ITERATION -----
NIT=NIT+1

GA=0. 1xGA

DO 140 J=1,NP
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TEMP=TII(J)
THCI)=1. 01%THCI)
Q(J)=0.
CALL MODEL(TH, DELZ(1, J), NOB, X, ¥CS, MODE, ¥CR)
DO 130 I=1,NOB
DELZ(I, J)=DELZ(I, J)-F(I)
130 Q(J)=QCJ)4DELZ(I, J)*R(1)
QCJ)=100.%QCJ)/TH(I)
————— STEEPEST DESCENT -----
140 THCJ)=TEMP
DO 170 I=1,NP
DO 160 J=1,1
SUM=0.
DO 150 K=1, NOB
150 SUM=SUM+DELZ(K, I1)*%DELZ(K, J)
DCI,J)=10000. *SUM/(THCI)*TH(I))
160 D(J, I)=D(I, J)
————— D = MOMENT MATRIX -----
ECI)=DSQRT(D(I, 1))
170 CONTINUE
180 DO 190 I=1,NP
DO 190 J=1,NP
190 ACI, J)=D(I, J)/(ECI)*ECJ))
————— A IS THE SCALED MOMENT MATRIX -----
DO 200 I=1,NP
P(1)=Q(I)/E(D
PHICD)=P(D)
200 ACI, ID=ACT, 1D4GA
CALL MATINV(A, NP, P)
————— P/E IS THE CORRECTION VECTOR -----
STEP=1.0
210 DO 220 I=1,NP
220 TBCI)=PCI)*STEP/ECI)+TH(I)
DO 230 I=1,NP
IF(THCI)*TB(1))250, 250, 230
230 CONTINUE
SUMB=0.0
CALL MODEL(TB, F, NOB, X, ¥CS, MODE, ¥CR)
DO 240 I=1,NOB
RCD=Y(I)-FCD
240 SUMB=SUMB+R(ID*R(I)
250 SUM1=0.0
SUM2=0.0
SUM3=0. 0
DO 260 I=1,NP
SUM1=SUMI+P(I)*PHICI)
SUM2=SUM2+P(I)%P(I)
260 SUM3=SUM3+PHICI)*PHI(CI)
ANGLE=57.29578%DACOS(SUM1/DSQRT(SUM2%*SUM3))
DO 270 I=1,NP
IFCTHCID*TB(I1))280, 280, 270
270 CONTINUE
IF(SUMB/SSQ-1.0)310, 310, 280
280 IF(ANGLE-30.0>290, 290,300
290 STEP=STEP/2.0
GO TO 210
300 GA=10.%GA
GO TO 180
————— PRINT COEFFICIENTS AFTER EACH ITERATION -----
310 CONTINUE
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DO 320 I=1,NP

320 TH(I)=TB(I)

IF(MODE. EQ. 2) WRITE(6, 1140) NIT, ¥CR, TH(1), TH(2), SUMB, MODE
IF(MODE. NE. 2) WRITE(6, 1140) NIT, TH(C1), TI(2), TH(3), SUKB, MODE

DO 330 I=1,NP
IF(DABS(PCIDXSTEP/E(I))/ (1. 0E-20+DABSCTH(1)))-STOPCR) 330, 330, 340

330 CONTINUE
GO TO 350

340 SSQ=SUMB
[F(NIT-MIT) 120, 120, 350
————— END OF ITERATION LOOP -----

350 IDF=NOB-NP
CALL MATINV(D, NP, P)

————— WRITE CORRELATION MATRIX -----
DO 360 I=1,NP
360 ECI)=DSQRT(D(I, ID)
WRITE(6, 1160)CI, I=1, NP)
DO 380 I=1,NP
DO 370 J=1,1

370 ACJ, D=p(J, D/(ECI*EC))

WRITE(B, 11700 I, (ACJ, 1D, J=1,D)

380 CONTINUE
————— CALCULATE 95% CONFIDENCE INTERVAL -----
RMS=SUMB/FLOAT(IDF)

SDEV=DSQRT(RMS)
WRITE(6, 1180)
TVAR=TTEST(IDF)
DO 390 I=1,NP
SECOEF=E(I)*SDEV
TVALUE=TH(I)/SECOEF
TSEC=TVAR*SECOEF
TMCOF=TH(I)-TSEC
TPCOE=TH(I)+TSEC
K=2%I

J=K-1

390 WRITE(6, 11900 BI(J),BI(K), TH(I), SECOEF, TVALUE, TMCOF, TPCOE
------ PREPARE FINAL OUTPUT-----

LSORT(1)=1
DO 440 J=2, NOB
TEMP=R(J)

K=J-1

DO 400 L=1,K

LL=LSORT(L)
[F(TEMP-R(LL))410, 410, 400

400 CONTINUE
LSORT(J)=]

GO TO 440

410 KK=J

420 KK=KK-1
LSORT(KK+1)=LSORT(KK)

IF(KK-L) 430, 430, 420

430 LSORT(L)=J

440 CONTINUE
WRITE(6, 1200)

DO 450 I=1,NOB
J=LSORT(NOB+1-1)

450 WRITE(6, 1210) I, X(I),Y(I), FC(I),RCD), T, X(J), YD, F(J), R(D)
~~~~~ WRITE SOIL HYDRAULIC PROPERTIES -----
WRITE(6, 1220)

PRESS=1. 18850
RN1=0.
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RKLN=1.
WRITE(6, 1240) RN1, ¥CS, RKLN, SATK
DO 490 I=1,75

[F(RKLN. LT. (-16.))G0 TO 500
PRESS=1. 18850%PRESS
IF(MODE-2)460, 470, 460
460 WCR=TH(1)
ALPHA=TH(2)
RN=TH(3)
GO TO 480
470 ALPHA=TH(CD)
RN=TH(2)
480 RM=1.-1./RN
IF(MODE. EQ. 3) RM=1.-2. /RN
RNI=RM*RN
RWC=1. /(1. + CALPHAXPRESS ) kRN ) *xRM
WC=WCR+(WCS-WCR)*RWC
TERM=1. -RWCkCALPHAXPRESS )%*%RN1
JF(RYC.LT. 0. 06) TERM=RMXRWCxx(1./RM)
IF(MODE. EQ. 3) RK=RWCXRWCXTERM
IF(MODE. NE. 3) RK=DSQRT(RWC)*TERMXTERM
TERM=ALPHAXRN 1% (WCS-WCR)KXRWCXRWCxx (1. /RM)X(ALPHAXPRESS) %% (RN-1.)
AK=SATK*RK
DIFFUS=AK/TERM
PRLN=ALOGI0(PRESS)
AKLN=ALOGI0CAK)
RKLN=ALOGIOCRK)
DIFLN=ALOGIO0(DIFFUS)
490 WRITE(6, 1230) PRESS, PRLN, ¥C, RK, RKLN, AK, AKLN, DIFFUS, DIFLN
500 CONTINUE
**** END OF PROBLEM -----
1000 FORMAT(80C1H%)///9X.’ van Genuchten® FILIZ & Bk v o [ E’
1//)
1010 FORMATCA)
1020 FORMATC(A)
1030 FORMAT(//80C1HX%))
1040 FORMAT(3110,5F10.0)
1050 FORMAT(//’ INPUT PARAMETERS’ /16(1H=)//

1" EBEFNVDET AT Mualem theory (GRHAREOT, a,
2n)’)
1060 FORMAT(//’ INPUT PARAMETERS’ /16(1H=)//
1" EFNLDIAT Mualem theory (KR&{%E¥ a, n)’
2)
1070 FORMAT(//’ INPUT PARAMETERS’ /16(1H=)//
1 E=FADESA T o Burdine theory (K& FHEOr, a,
2n)’)
1080 FORMATC  REMBREOE. ... oo ", 13/
1 COBKEBEDEUEEER. ... ', 13/
2 LR ME e ", F1.4/
3 O B/NEKE 6r (FOR MODEL 2)..o.oeee . "L R4/
4 OBAFIMEAREEIKE 0S ", F1.4/
5 ORRTIEIKAREL K S. e ", 1PE9. 3)

1090 FORMAT(4F10.0)

1100 FORMAT(4(A4, AZ, 4XD)

1110 FORMATC// k4345 ke = — &' /18C1H=)//" F—#N0.", 6K,  FEJI/KE7’
17X, B EIRE /)

1120 FORMAT(I5, 5X, F12.2, 4X,F12. 4)

1130 FORMAT(//5X, 10C1H%),” ERROR- INCORRECT NUMBER OF COEFFICIENTS')

1140 FORMAT(4X, 12, 6X, F8. 4, 3X, F10. 6, 2X, F10. 4, 3X, F12. 7, 6X, I4)

1150 FORMATC//" #: b & LEI%',5X," 6" ,9X," a’, 10X
1 L n 8K EECEM 2K, ETINDS AT /)
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1160 FORMATC//" #HBA4T 50" /8(11=)//3X, 10(4X, 12, 5X))
1170 FORMAT(I3, 10(2X. F7. 4, 2X))
1180 FORMATC//" FEARTE Jit /N Z FEfR AT — R i i 4L /

1 28(1H=)/58X," 95% (FHAX M’ //4X," Z¥', 9%, &',

2 9X,"S.E.COEFF.", 4X," t &', 9X,” TFR", 10X,” LR’ //)
1190 FORMAT(2X, A4, A2, 4X, F10. 5, 5X, F9. 4, 5X, F6. 2, 4X, F'9. 4, 5X, F9. 4)
1200 FORMATC//10CIH-)," 4 »Zw b F— %", 11(1H-), 5X, 5(1H-),
TBREOQINCERIT— 4, 10010-)//

"NO.TL 2K, FE IOk E, OX, T R BEEUKER, 5K, T Ik %, 5K,
"NO.TL 2X, T FEJIUKE L X, AR B AR, 5K, ik //

16X, " BLNAL", 2X, " FFELAE, 28X, " BUINAEL, 2X, " FFEE At /)
1210 FORMAT(IZ, F10.2, 1X, 3F8. 4, 5X, 12, F10. 2, 1X, 3F8. 4)

1220 FORMATC//1X,” FEHjsk 88", 3X," p F', IX," R &KE 05X, B KFEH

B O DD e

1 8K, BOKAREC, 8K, KRR //4X, P L5X,  log P
2 L4X,0 67, 7X," Kr',4X,  log Kr',4X," k’,5X, " log k'
3 ,5%,"D’,5X," log D' /)

1230 FORMATCES. 3, F7.3,F8.4, 1X, 3(E10. 3, F8.3))
1240 FORMATC(ES. 3, 7X, F'8. 4, 1X, E10. 3, 8X, E10. 3)
STOP
END

SUBROUTINE MATINV(A, NP, B)
IMPLICIT REAL%8 (A-H,0-7Z)
DIMENSION A(3,3),B(3), INDEX(4, 2)
DO 10 J=1,4
10 INDEX(J, 1)=0
I=0
20 AMAX=-1.0
DO 60 J=1,NP
IFCINDEX(J, 1))60, 30, 60
30 DO 50 K=1,NP
IFCINDEX(K, 1))50, 40, 50
40 P=DABS(ACJ, K))
IF(P. LE. AMAXD GO TO 50
IR=]
IC=K
AMAX=P
50 CONTINUE
60 CONTINUE
IFCAMAXD 150, 150, 70
70 INDEX(IC, 1D=IR
IF(IR.EQ. IC) GO TO 90
DO 80 L=1,NP
P=A(CIR, L)
ACIR, L)=ACIC, L)
80 ACIC, L)=P
P=B(IR)
BC(IR)=B(IC)
B(IC)=P
I=1+1
INDEX(I, 2)=1C
90 P=1./ACIC, IC)
ACIC, IC)=1.0
DO 100 L=1,NP
100 ACIC, LD=ACIC, L)*P
B(IC)=B(IC)*P
DO 120 K=1,NP
IF(K. EQ. ICDGO TO 120
P=A(K, IC)
ACK, IC)=0.0
DO 110 L=1,NP
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ACK, L)=ACK, L)-ACIC, L)*P
B(K)=B(K)~B(IC)*P
CONTINUE

GO TO 20
IC=INDEX(I, 2)
IR=INDEX(IC, 1)

DO 140 K=1,NP
P=A(K, IR)

ACK, TR)=ACK, IC)
ACK, IC)=P

I=1-1
IF(I)130,160, 130
RETURN

END

SUBROUTINE MODEL(B, FY, NOB, X, ¥CS, MODE, WCR)
IMPLICIT REAL*8 (A-H, 0-2)
DIMENSION B(3), FY(40), X(40)

MODE=1 : MUALEM THEORY WITH THREE COEFFICIENTS
MODE=2 : MUALEM THEORY WITH TWO  COEFFICIENTS
MODE=3 : BURDINE THEORY WITH THREE COEFFICIENTS

IF(MODE-2) 10,20, 30

CONTINUE

DO 15 J=1,NOB
FY(J)=BCI)+(WCS-BC1)) /(1. +(B(2)*X(J))*kB(3))%*(1. -1. /B(3))
RETURN

CONTINUE

DO 25 J=1,NOB
FY(J)=WCR+(WCS-WCR) /(1. + (BCI*X(J))*xB(2))%x (1. -1. /B(2))
RETURN

CONTINUE

DO 35 J=1,NOB
FY(J)=BC1)+(HCS-B(1))/ (1. +(B(2)*X(J))%*kB(3))%*(1. -2. /B(3))
RETURN

END

FUNCTION TTEST(IDF)

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION TAC30)

DATA TA/12.706, 4. 303, 3. 182, 2. 776, 2. 571, 2. 447, 2. 365, 2. 306, 2. 262,
12.228,2.201,2.179, 2. 160, 2. 145, 2. 131, 2. 120, 2. 110, 2. 101, 2. 093, 2. 086,
22.080,2.074, 2. 069, 2. 064, 2. 060, 2. 056, 2. 052, 2. 048, 2. 045, 2. 042/

IFCIDF-30)10, 10, 20

TTEST=TA(CIDF)

RETURN

IF(IDF-120)40, 40, 30

TTEST=1. 96

RETURN

IF(IDF-40)50, 50, 60

TTEST=2. 042-0. 02 *FLOAT(IDF-30)/10. 0

RETURN

IFCIDF-60)170, 70, 80

TTEST=2. 021-0. 02 [*FLOAT(IDF-40)/20.0
RETURN

TTEST=2. 000-0. 002%FLOATCIDF-60)/60. 0
RETURN

END
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