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~EVALUATION OF COMPUTER CODE AB4QYS FO &
COMPLIANCE DETERMINATION—PHASE II
PROBLFM SETS o

1 DESCRIPTION OF PROBLEM SETS
- PE®BLEM SET 4: LEAK-OFF FROM PARTIALLY FILLED FRACTU %4

This problem set examines the capabilities of ABAQUES in modeling wwioisture flow through
- unszarated:fractured rock. A fixed volume of water Q; is introduced at the top of a vertical fracture in
vnswarated. rock; and the advance of water in the fracture and-zbsorption-into the rock matrix are
oaziesed. The:geometry of the problem is illustrated in Figure 4-1. Fracture flow ard matrix imbibition

- willsbe monitored in terms of the following:

(1)  Leading edge of water in the fracture, as a function of time.

(i) Trailing edge of water in the fracture, as a-function of time,

(i) Maximum travel distance in the fracture, as a function of the volume Q..
(iv) Location of the wetting front in the rock matrix.

This problem will be solved using ABAQUS, V-TOUGH, and PORFLO for the two groups'of-

‘tiidevial parameters used in Problem Set 1 (Transient Infiltration), which are _listed' in Tablg 4-1. The,
yisgmrties of water will be set as follows: density, p=1,000 kg- nT _3; dynamic viscosity, 0 @ S, 1"\@

a-s '
“valwe of gravitational acceleration will be set to 10 m-s™2, N~ 3
Table 4-1. Material and model parameter specifications for Problem Set 4.
T Value for - " Value for
Material and Model Parameters Topopah Spring | Higher Permeability
Welded Tuff Material

Initial pressure head in rock matrix (m) _ -1,000 -2.5

[ Emitial saturation in rock matrix - ¢ - 0.274 ©0.288
Saturated hydraulic conductivity (m-s~1):. - - 6.693 x 10712 ** 1.625 x 1075
Porosity 0.0925 0.3
Gardner permeability parameter, o (m™) 0.0177 7.3
Residual saturation, S, 0.0724 0.1833
van Genuchten parameter, § (m™!) 0.0072 2.9227

van Genuchten parameter, n .. 1.7664 2.0304
-~ —— i
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Fixed volume of water
over small time interval

Unsaturated rock matrix Unsaturated rock matrix

L Fixed-aperture fracture
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#include <stdio.h>
#include <math.h>
#include <stdlib.h>

main()

float porosity,satPerm,unitWeight;

float beta,n,m,lambda,rsat,rDrainSat,alpha;

double *ph,*imbibSat, *drainsat, *relPerm, sat,se, terml;
int i,numPoints,maxNumPoints;

maxNumPoints = 121;
ph = (double *)malloc(maxNumPoints*sizeof(double));

imbibSat = (double *)malloc(maxNumPoints*sizeof(double));
drainSat = (double *)malloc(maxNumPoints*sizeof(double));
relPerm = (double *)malloc(maxNumPoints*sizeof{double));
if (!ph {| !imbibSat || t!drainSat || !relPerm){
printf("\n Memory allocation error\n");
return;

1

*

This codes prepares sorption, exsorption, and relative-permeability
input data for ABAQUS analyses, for six different materials. It is
currently setup for fracture-zone 2 material. The code can be setup
for any of the six materials identified by removing/inserting
comment markers as necessary

*/

/* Higher permeability material (Material 2) */
/*
lambda = 0.0;
unitWeight = 10.0;
porosity = 0.3;
satPerm = 1.625e-5;
rsat = 0.055/porosity;
rDrainSat = 0.065/porosity;
beta = 2.9227;
alpha = 7.3;
n = 2.0304;
m=1.0-1.0/n;
numPoints = 40;

ph[0] = -5.5;
ph{l] = -5.0;
for (i=2; i<11; i++) ph[i] = ph[i-1] + 0.5;
for (i=11; i<30; i++) ph{i] ph{i-1} + 0.025;
for (i=30; i<39; i++) phli] ph[i-1] + 0.0025;
ph(39] = 0.0;

*/

/* Topopah Spring Welded */
/t
lambda = 0.0;
satPerm = 6.693e-12;
unitWeight = 10.0;
porosity = 0.0925;
rsat = 0.0067/porosity;
rDrainSat = 0.0077/porosity;
beta = 0.0072;

alpha = 0.0177;
n = 1.7664;

m=1.0 - 1.0/n;
numPoints = 34;

ph[0] = -2000.0;

ph(1] = -1000.0;

for (i=2; i<11; i++) ph[i] = ph[i-1] + 100.0;

for (i=11; i<20; i++) ph[i] phl[i-1] + 10.0;

for (i=20; 1i<29; i++) phl[i} ph{i-1] + 1.0;

for (i=29; i<34; i++) ph[i} ph(i-1] + 0.2;
*/

0w n

/* Fracture zone 1 */

/%
lambda = 0.0;
unitWeight = 10.0;
satPerm = 6.06e-4;
porosity = 0.09255;
rsat = 0.274087;
rDrainSat = 0.284087;

beta = 1.0;
alpha = 0.1;
n = 5.0;

m=1.0 - 1.0/n;
numPoints = 77;

ph{0] = -2000.0;
ph(1] = -1000.0;
ph[2] = -100.0;

for (i=3; 1<22; i++) ph[i] = ph[i-1] + 5.0;
for (i=22; i<71; i++) ph[i] = ph[i-1] + 0.1;
for (i=71; i<76; i++) ph[i] = ph[i-1] + 0.01;
ph(77]1 = 0.0;

*/

/* Fracture zone 2 */

lambda = 0.0;
unitWeight = 10.0;
satPerm = 6.06e-4;
porosity = 0.0925;
rsat = 0.274087;
rDrainSat = 0.284087;

beta = 0.1;
alpha = 0.1;
n = 4.0;

m=1.0 - 1.0/n;
numPoints = 77;

ph[0] = -2000.0;
ph[1] = -1000.0;
ph[2] = -100.0;

for (i=3; i<22; i++) phl[i] = ph[i-1] + 5.0;
for (i=22; i<71; i++) ph[i} = ph[i-1] + 0.1;
for (i=71; i<76; i++) ph[i] = ph[i-1] + 0.01;
ph[77] = 0.0;

/* Fracture zone 3 in Material 2 */
/*
lambda = 0.0;
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Pore pressure (kPa)

Pore Pressure History on Fracture Wall (ABAQUS model)
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Saturation History on Fracture Wall (ABAQUS model)
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Pore Pressure History on Fracture Wall (CTOUGH model)
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Saturation

Saturation History on Fracture Wall (CTOUGH model)
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Pressure head (m)

Pore Pressure History on Fracture Wall (PorFlow model)
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Saturation

Saturation History on Fracture Wall (PorFlow model)
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Depth below fracture top (m)
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Pore pressure (kPa)

Pore Pressure History on Fracture Wall (ABAQUS model c31)
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Saturation

Saturation History on Fracture Wall (ABAQUS model c31)
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1D theory: saturated

s=eee=e-  ABAQUS (2D): unsaturated; FZ3 case
ABAQUS (2D): unsaturated; FZ4 case
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secratariate. This code will be used if it is fonnd to reproduce satisfactorily the responses calculated by
Booker and Savidou (1985); otherwise, use of the analytical solution will be dropped from the study.

The thermal output of the heater will be specified in a way to maintain below-boiling conditions
in the rock mass, because ABAQUS has no provisions for modeling the vaporization.and condensation of
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1:0 c:c<:<4j‘ )j?&i :NC)u(4kvu\A Sowyce

X=AU/MV-BP v
XX=X/AU/(1.-C/KAP)
Y=MV* (XX+BP/AU)
Z=MV*XX .
PI~3.141592654
FACT=QV/4./PI/KT v/
WRITE(52,400)LAM,G,KAP,C,AU,BP,X,Y, 2

FORMAT (//’CALCULATED PARAMETERS'/21(’-')/‘LAMBDA’,E15.6/'G’,E15.6/

*/THERMAL DIFFUSIVITY ’,E15.6/'CONSOLIDATION COEFFICIENT',E15.6/

A X o -

CDMP'L\-& vadh -F77 -

C*+* THERMAL CONSOLIDATION AROUND A VOLUMETRIC HEAT SOURCE
C*** BASED ON BOOKER SOLUTION (1985)
C*** THE VOLUME IS DEFINED BY FUNCTION SUBROUTINES Y1,Y2,21,22
C*** INTEGRATION IS PERFORMED BY GAUSSIAN QUADRATURE
IMPLICIT REAL*8 (A-H,0-%)
REAL*8 NU,LAM,M,KAP,6MV,KT,KH
Character Fname*10,Fname2*10, TITLE*80
DIMENSION XP(500),YP(500),zP(500),TIME(500),2G(256),WG(265)
COMMON/SPACE/XF,YF,ZF,T

4 X/@».(i-C/Rﬂ

400

COMMON KAP * 'AU’,E15.6/'BP',E15.6/'X’,E15.6/'Y’ ,E15.6/'2’ ,E15.6//)
COMMON C C****CALCULATE TEMPERATURE, PORE PRESSURE AND STRESSES AT DIFFERENT TIMES AND POT
COMMON LM, G NTS
COMMON Y, Z 57 CALL DGAUSS(ZG,WG,NGAUS)
EXTERNAL FTEMP, FPRES, FSXX,FS1%,Y1,Y2,21,22 - |, DO IT=1,NT
C****OPEN INPUT,OUTPUT FILES T=TIME(IT)
Write(6,102) WRITE(52,300)T
102 Format(’Name of the data file? '/) DO I=1,NP
Read (5, *)Fname . XF=XP(I)
Open (51, file=Fname) ) YF=YP(I)
write(6,103) P ZF=2ZP(I)
103 format(’name of output file?’/) TEMP=QUAD3D(FTEMP,X1,X2,Y1,Y2,21, 22, 2G, WG, NGAUS ) *FACT
Read (5, *)Fname2 S PRES=QUAD3D (FPRES, X1,X2,Y1,Y2, 21,22, G, WG, NGAUS )
open (52, File-Fname2) o EWe ok PRES=PRES*FACT*X/(1.-C/KAP)
C**#**ENTER INPUT DATA WW‘)“' . ., SXX=QUAD3D(FSXX,X1,X2,Y1,Y2,21, 22, ZG, WG, NGAUS)
READ(51, *)TITLE E = \RU <Viady SZZ=QUAD3D(FSZZ, X1, X2, Y1,Y2, 21, 22, G, WG, NGAUS )
READ(51,*)x1,x2 A~ e T e sty re . ,,uj;)‘f" SXX=BP*TEMP +AU*FACT*SXX
READ(S51, *)E, NU,AS, AW A NUL = s 10 oy st R T wcﬁrszz=ap*mup +AU*FACT*SZZ
READ(51, *)RHOS, RHOW, POR . oo, b1 e ; L», WRITE(52,301)XF, YF, 2F, TEMP, PRES, SXX, SZZ
READ(S1, *)CS,CW, KT, KH, GRAV AS — R 2 Md}%?‘dﬁ‘v‘ END DO
READ(51, *)QV = Yelimmebric sty END DO
READ(51,100)NGAUS, NT , NP AW d - 1 300 FORMAT('TIME=',E15.6/11X,'X’,11X,/Y’,11X,’2’,8X, ' TEMP’,
100 FORMAT (315) ) Lr-— ol ST * 7X,'PRESS’,9X, ’SXX’,9X,'Szz2")
READ(51,*) (XP(I),YP(I),ZP(I), I=1,NP) Cg/ ! 301 FORMAT(7E12.4)
READ(51,*) (TIME(I),I=1,NT) gHe G < IoeAn 51 :')_\ v N;\,Qz»v sTop
C****ECHO INPUT DATA o fbe,v\z,\,l,v-, END
WRITE(52, *)TITLE gHo o — -
WRITE(52,200) R = ‘t?o-vo}»v"\ REAL*8 FUNCTION FTEMP(XS,YS,ZS)
WRITE(52,201)E,NU,AS, AW Po - . IMPLICIT REAL*8(A-H,0-2%)
WRITE(52,202)RHOS, RHOW, POR N y [(SZV REAL*8 KAP
WRITE(52,203)CS,CW,KT, KH, GRAV ) . 5(’ .8 COMMON/SPACE/XF, YF, ZF, T
WRITE(52,204)QV - Heak ety S Y ")K" e s GOYMON  KAP
WRITE(52,205)NGAUS, X1,X2 cS = 3Pe(;c,ézﬁ.‘- {,M‘r C\'f' sl (F‘?* U ((XF-XS)**2+(YF-YS)**2+(ZF-ZS)**2)*%0 5
200 FORMAT(//’ INPUT DATA'/10(‘-')) Z o ( o insg FTEMP=F (KAP, T,R)/R
TW T Lpedfic MOJ.’ ey (v ETURN
201 FORMAT ('E~',E15.6/’'NU=',E15.6/'AS="',E15.6/’AW=",E15.6) END
202 FORMAT ( ‘RHOS=',E15.6//RHOW=',E15.6// POROSITY='E15.6)
203 FORMAT('CS=',E15.6//CW=',E15.6/'KT=",E15.6/'KH="',E15.6/ REAL*8 FUNCTION FPRES(XS,YS,ZS)
* /GRAVITY=',E15.6) IMPLICIT REAL*8(A-H,0-%)
204 FORMAT ( 'HEAT GENERATION RATE’,E15.6) - V’,_LV\ REAL*8 KAP
205 FORMAT ( ' NUMBER OF GAUSSIAN INTEGRATION POINTS’,I5/ RO 5 COMMON/SPACE/XF, YF, ZF, T
* 'LIMITS OF VOLUMETRIC SOURCE X1=',E15.6,'X2=’,E15.6) J_ ot oL COMMON KAP
C****CALCULATE SECONDARY PARAMETERS e f‘(,uwvw/ . wVJ«u; COMMON C
LAM=NU*E/(1.+NU)/(1.-2.*NU) KT o= < R=((XF-XS)**2+(YF-YS)**2+(ZF-ZS)*%2)**0,5
G=E/2./(1.+NU) s \va‘cl-f ' fod FPRES=(F(KAP,T,R)-F(C,T,R))/R
BP=(LAM+0.666666666666667+G) *AS K= AT el RETORN
AU=AS* (1-POR)+AW*POR NPRPY O END
M=POR*RHOW*CW+ (1. -POR) *RHOS*CS Cﬂf* V= A o
KAP=KT/M - : e wv\l/") REAL*8 FUNCTION FSXX(XS,YS,zS)
IMPLICIT REAL*8(A-H,O-2)

CoKH/MV/RHOW/GRAV s\

MV=1./(LAM+2.*G) K

REAL*8 KAP,LAM, KAPT
COMMON/SPACE/XF,YF, ZF, T




COMMON KAP
COMMON C

COMMON LAM,G

COMMON Y, 2

XR=XF-XS

YR=YF-YS

ZR=2F-78

Pi=3,141592654

E=2.718281828

R2=XR*#2+YR**2+ZR**2

R=(XR**2+YR**2+ZR4*2)**0 .5

GSTAR=Y*GF (KAP,T,R)-Z*GF(C,T,R)

DGSDR= Y*(-2*kap*t/r**3 + Sqrt(kap*t)/(E**(I**2/(4*kap*t))*Sqrt(Pi)*r**2)

Sqrt(kap*t)/(2#E**(r**2/(4*kap*t))*kap*Sqrt(Pi)*t) +
Sqrt(kap*t/(Pi*r**2))/(E**(r**2/(4*kap*t))*r) +
r*Sqrt(kap*t/(Pi*r**2))/(2*E**(r**2/(4*kap*t))*kap*t) +
2*kap*t*Erfc(r/(2*Sqrt(kap*t)))/r**3)

~Z*(-2%C*L/r**3 + SQrt(C*t)/(E**(r**2/(4*c*t))*Sqrt(Pi)*r**2) -

SQrt(c*t)/(2*E**(r*x*2/(4*c*t) ) *c*Sqrr(Pi)*t) +

SQrt(C*t/(Pi*r**2))/(E¥*(r**2/(4*Cc*t))*r) +

r*Sqrt(c*t/(Pi*r*%2))/(2#EX*(r**2/(4%Cc*t))*c*t) +

2*c*t*Erfo(r/(2*Sqrt(c*t)))/r**3)

DUX=(1.-XR**2/R2) *GSTAR/R+XR**2 /R2*DGSDR
DUY=(1l.-YR**2/R2)*GSTAR/R+YR**2/R2*DGSDR
DUZ=(1.-ZR**2/R2)*GSTAR/R+ZR**2/R2*DGSDR
EV=-(DUX+DUY+DUZ)

FSXX=LAM*EV - (2.0) * G * DUX
RETURN
END

REAL*8 FUNCTION FSZZ(XS,YS,ZS)
IMPLICIT REAL*8(A-H,O-7)

REAL*8 KAP,LAM,KAPT

COMMON/SPACE/XF, YF, ZF,T

COMMON KAP

COMMON C

COMMON LAM,G

COMMON Y, %

XR=XF-XS

YR=YF-YS

ZR=ZF-2S

Pi=3.141592654

E=2.718281828

R2=XR**2+YR**2+ZR**2

R=(XR**2+YR*#2+ZR**2)**(0 .5

GSTAR=Y*GF (KAP,T,R)-Z*GF(C,T,R)

DGSDR= Y*(-2%kap*t/r**3 + Sqrt(kap*t)/(E**(r**2/(4*kap*t))*Sqrt(Pi)*r*+2)

Sqrt(kap*t)/(2*E**(r**2/(4*kap*t))*kap*Sqrt (Pi)*t) +
Sqrt(kap*t/(Pi*r**2))/(E**(r**2/(4*kap*t))*r) +
r*Sqrt(kap*t/(Pi*r*#*2))/(2*%E**(r**2/(4*kap*t))*kap*t) +
2*kap*t*Erfc(r/(2*sqrt(kap*t)))/r**3)

SZ*(-2%C*t/T**3 + SQrt(c*t)/(E**(r**2/(4*C*t))*Sqri(Pi)*r**2) -
SqQrt(c*t)/(2*E** (r**2/(4*c*t) ) *c*Sqri(Pi)*t) +
SQrt(C*t/(Pi*r**2))/(E**(r**2/(4*cxt))*r) +
T*Sqrt(C*t/(Pi*r**2)) /(2*#E**(r**2/(4%Cht))*c*t) +
2*c*t*Erfo(r/(2*Sqrt(c*t)))/r**3)
DUX=(1.-XR**2/R2)*GSTAR/R+XR**2/R2*DGSDR
DUY=(1.-YR**2/R2)*GSTAR/R+YR**2 /R2*DGSDR
DUZ=(1.-ZR**2/R2)*GSTAR/R+ZR**2 /R2*DGSDR

EV=- (DUX+DUY+DUZ)
FSZZ=LAM*EV - (2.0) * G * DUZ
RETURN

END

REAL*8 FUNCTION F(C,T,R)
IMPLICIT REAL*8(A-H,0-%)
F=ERFC(R/2./(C*T)**0.5)
RETURN

END

REAL*8 FUNCTION GF(C,T,R)

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

A=C*T/R**2

GF=A+(0.5-A)*F(C,T,R) - (A/3.1415926)**0.5*DEXP(~R**2/4./C/T)
RETURN

END

REAL*8 FUNCTION Y1(X)
IMPLICIT REAL*8 (A-H,0-%Z)
Y1=-(Q.3Z**2-x4x2)%%( 5
RETURN /*

END

REAL*8 FUNCTION Y2(X)
IMPLICIT REAL*8 (A-H,0-%)
Y2=(Q.3Z**x2-x*x*x2)*x%x() 5
RETURN 3
END

REAL*8 FUNCTION Z1(X,Y)
IMPLICIT REAL*8 (A-H,0-2)
21=-1395 g, 5
RETURN

END

REAL*8 FUNCTION Z2(X,Y)
IMPLICIT REAL*8 (A-H,0-2)

22=1.475" 0.5

RETURN
END

REAL*8 FUNCTION QUAD3D(FXYZ,X1,X2,Y1,Y2,%1,22,2G,WG,N)
IMPLICIT REAL*8(A-H,0-2)

DIMENSION ZG(256),WG(256)

$5=0.

XM=0.5%(X1+X2)

XR=0.5%(X2-X1)

DO IX=1,N

X=%G ( IX) *XR+XM

YL=Y1(X)

YH=Y2(X)

YM=0.5%(YL+YH)

YR=0.5*%(YH-YL)

5Y=0.

DO IY=1,N
Y=YM+YR*ZG(IY)
2L=21(X,¥)

ZH=22(X,Y)
ZM=0.5%(ZL+2H)
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ZR=0.5% (ZH-ZL) c
S2=0.
DO IZ=1,N

Z=ZM+ZIR*ZG(IZ)
FF=FXYZ(X,Y,2)
SZ=SZ+tWG(IX)*WG(IY)*WG(IZ)*FF
END DO
SZ=SZ*ZR 50
SY=SY+S2
END DO
SY=SY*YR
58=85+8Y
END DO
SS=SS*XR
QUAD3D=SS
RETURN 60
END .

SUBROUTINE DGAUSS(Z,W,N)

COMPUTE THE FIRST N ROOTS AND WEIGHT FACTORS TO THE
GAUSS-LEGENDRE QUADRATURE INTEGRATION SCHEME

FOR THE SOLUTION OF INTEGRALS OF THE FORM 100
INTEGRAL OF F(Z)*DZ = SUM OF W(I)*F(2(I))
AS I =1,... N
INTEGRATED FROM A TO B
IMPLICIT REAL*8(A-H,0-%)
DIMENSION W(256),%(256)
Z ROOTS OF THE LEGENDRE POLYNOMIALS P(N+1)(Z)
W WEIGHT FACTORS FOR THE GAUSS-LEGENDRE QUADRATURE 150
N NUMBER OF INTEGRATION POINTS

N CAN ONLY HAVE THE VALUE OF EITHER 4,5,6,10,15,20,60,104,256

THE ROOTS AND WEIGHT FACTORS FOR THE NORMALIZED INTEGRAL ARE TAKEN
FROM :
APPLIED NUMERICAL METHODS
BY : B. CARNAHAN, H.A. LUTHER AND J.O. WILKES
JOHN WILEY AND SONS, INC. , 1969
CONTINUE
AND IN ADDITION :
GAUSSIAN QUADRATURE FORMULAS
BY : A.H. STROUD AND DON SECREST
PRINTICE-HALL, INC. 1966
200

PROGRAMME WAS WRITTEN BY : MICHAEL J. UNGS JULY, 1976

NORMALIZED ROOTS AND WEIGHTS

IF(N.NE.4) GO TO 50
7(1)=.3399810435848562D0
2(3)=.8611363115940525D0
W(1)=.6521451548625461D0
W(3)=.3478548451374538D0
GO TO 10000
IF(N.NE.5) GO TO 60
7(1)=0.
7({2)~.5384693101056830D0
7(4)=.9061798459386639D0
W(1)=.5688888888388888D0
W(2)=.4786286704993664D0
W(4)=.2369268850561890D0
GO TO 10000
IF(N.NE.6) GO TO 100
2(1)=.2386191860831969D0
2(3)=.6612093864662645D0
7(5)=.9324695142031520D0
W(1)=.4679139345726910D0
W(3)=.3607615730481386D0
W(5)=.1713244923791703D0
GO TO 10000
IF(N.NE.10) GO TO 150
7(1)=.148874338981631D0
7(3)=.433395394129247D0
2(5)=.679409568299024D0
7(7)=.865063366688985D0
2(9)=.973906528517172D0
W(1)=.295524224714753D0
W(3)=.269266719309996D0
W(5)=.219086362515982D0
W(7)=.149451349150581D0
W(9)=.066671344308688D0
GO TO 10000

IF(N.NE.15) GO TO 200
2¢1)=0.
2(2)=.201194093997435D0
2(4)=.394151347077563D0
2(6)=.570972172608539D0
2(8)=.724417731360170D0
2(10)=.848206583410427D0
2(12)=.937273392400706D0
2(14)=.987992518020485D0
W(1)=.202578241925561D0
W(2)=.198431485327111D0
W(4)=.186161000115562D0
W(6)=.166269205816994D0
W(8)=.139570677926154D0
W(10)=.107159220467172D0
W(12)=.070366047488108D0
W(14)= .030753241996117D0
GO TO 10000

IF(N.NE.20) GO TO 600
2(1)=.7652652113349733D-01
2(3)=.2277858511416450D0
%(5)=.3737060887154195D0
2(7)=.5108670019508270D0
2(9)=.6360536807265150D0
z(11)=.7463319064601507D0
7(13)=.8391169718222188D0
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600

Z(15)=.9122344282513259D0
Z(17)= .9639719272779137D0
Z(19)=.9931285991850949D0
W(1)=.1527533871307258D0
W(3)=.1491729864726037D0
W(5)=.1420961093183820D0
W(7)=.1316886384491766D0
W(9)=.1181945319615184D0
W(11)=.1019301198172404D0

W(13)=.8327674157670474D-01
W(15)=.6267204833410906D-01
W(17)=.4060142980038694D-01
© W(19)=.1761400713915211D-01

GO TO 10000
IF(N.NE.60) GO TO 1040
2(1)=.2595977230124779D-01
2(3)=.7780933394953656D-01
7(5)=.1294491353969450D0
7(7)=.1807399648734254D0
%(9)=.2315435513760293D0
2(11)=.2817229374232616D0
7(13)=.3311428482684481D0
Z(15)=.3796700565767979D0
z(17)=.4271737415830783D0
2(19)~.4735258417617071D0
7(21)=.5186014000585697D0
7(23)=.5622789007539445D0
2(25)=.6044405970485103D0
7(27)~.6449728284894770D0
2(29)=.6837663273813554D0
2(31)=.7207165133557303D0
Z(33)=.7557237753065856D0
7(35)=.7886937399322640D0
2(37)=.8195375261621457D0
7(39)=.8481719847859296D0
7(41)=.8745199226468983D0
7(43)=.8985103108100459D0
2(45)=.9200784761776275D0
2(47)~.9391662761164232D0
2(49)=.9557222558399961D0
2(51)=.9697017887650527D0
7(53)=.9810672017525981D0
2(55)=~.9897878952222217D0
7(57)=.9958405251188381D0
7(59)=.9992101232274360D0
W(1)=.5190787763122063D-01
W(3)=.5176794317491018D-01
W(5)=.5148845150098093D-01
W(7)=.5107015606985562D- 01
W(9)=.5051418453250937D-01

W(11)=.4982203569055018D-01
W(13)=.4899557545575683D-01
W(15)=.4803703181997118D-01
W(17)=.4694898884891220D-01
W(19)=.4573437971611448D-01
W(21)=.4439647879578711D-01
W(23)=.4293889283593564D-01
W(25)=.4136555123558475D-01
W(27)=.3968069545238079D-01
W(29)=.3788886756924344D-01

W(31)=.

3599489805108450D-01

W(33)=.3400389272494642D-01
W(35)=.3192121901929632D-01
W(37)=.2975249150078894D-01
W(39)=.2750355674992479D-01
W(41)=.2518047762152124D-01
W(43)=.2278951694399781D-01
W(45)=.2033712072945728D-01
W(47)=.1782990101420772D-01
W(49)=.1527461859678479D-01
W(51)=.1267816647681596D-01
W(53)=.1004755718228798D-01
W(55)=.7389931163345455D-02
W(57)=.4712729926953568D-02
W(59)=.2026811968873758D-02
GO TO 10000

IF(N.NE.104) GO TO 2560
Z(1)=.1503080570420580D-01
2(3)=.4507883345537786D-01
2(5)=.7508612251067031D-01
2(7)=.1050255546478664D0
Z(9)=.1348700729684854D0
2(11)=.1645927063496751D0
z(13)=.1941665938185881D0
2(15)=~.2235650088272125D0
7(17)=.2527613834057209D0
2(19)=.2817293321725080D0
2(21)=.3104426761792209D0
2(23)=.,3388754665692306D0
2(25)=.3670020080281650D0
2(27)=.3947968820053119D0
2(29)=.4222349696849036D0
2(31)=.4492914746865266D0
7(33)=.4759419454741398D0
2(35)=.5021622974534502D0
2(37)=.5279288347376772D0
2(39)=.5532182715620344D0
2(41)=.5780077533275774D0
Z(43)=.6022748772554004D0
Z(45)=.6259977126325152D0
Z(47)=.6491548206311185D0
7(49)=.6717252736833362D0
7(51)=.6936886743939371D0
2(53)=.7150251739739257D0
7(55)=.7357154901783585D0
2(57)=.7557409247321753D0
7(59)=.7750833802283033D0
2(61)=.7937253764827685D0
7(63)=.8116500663320458D0
Z({65)=.8288412508583829D0
7(67)=.8452833940293626D0
2(69)=.8609616367385050D0
7(71)=.8758618102342710D0
7(73)=.8899704489254118D0
2(75)=.9032748025512220D0
2(77)=.9157628477059157D0
7(79)=.9274232987070864D0
2(81)=.9382456177991042D0
7(83)=.9482200246834838D0
7(85)=.9573375053700733D0
7(87)=.9655898203461570D0
7(89)=.9729695120673583D0
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.6123912375189529D-02

2(91)=.9794699117905919D0 Z(1

)=
Z(93)=.9850851458144620D0 2(3)=.1837081847881366D-01
Z(95)=.9898101413367193D0 Z(5)=.3061496877997902D-01
Z2(97)=.9936406326897030D0 Z(7)=.4285452653637909D-01
2(99)=.9965731714060389D0 Z(9)=.5508765569463398D-01
Z(101)=.9986051626519773D0 Z(11)=.6731252116571640D-01
Z(103)=.9997352218760882D0 Z(13)=.7952728910023296D-01
W( 1) = .3005934726091462D-01 Z{15)=.9173012716351955D-01
W( 3) = .3003218199259360D-01 Z(17)=.1039192048105094D0
W( 5) = .2997787600578057D-01 Z2(19)=.1160926935603328D0
W( 7) = .2989647837794739D-01 2(21)~.1282487672706070D0
W( 9) = .2978806266985645D-01 2(23)=.1403856024113758D0
W( 11) = .2965272685908227D-01 Z(25)=.1525013783386563D0
W( 13) = .2949059325146727D-01 Z2(27)~.1645942775675538D0
W( 15) = .2930180837059142D-01 2(29)=.1766624860449019D0
W( 17) = .2908654282535595D-01 Z2(31)=.1887041934213888D0
W( 19) = .2884499115580069D-01 Z(33)=.2007175933231266D0
W( 21) = .2857737165729427D-01 2(35)=.2127008836226259D0
W( 23) = .2828392618325631D-01 2(37)=.2246522667091319D0
W( 25) = .2796491992658968D-01 Z{39)=.2365699497582840D0
W( 27) = .2762064118002044D-01 Z(41)=.2484521450010566D0
W( 29) = .2725140107556215D-01 Z(43)=.2602970699919425D0
W( 31) = .2685753330333987D-01 Z(45)=.2721029478763366D0
W( 33) = .2643939381002810D-01 Z(47)=.2838680076570817D0
W( 35) = -2599736047717519D-01 Z(49)=.2955904844601356D0
W( 37) = .2553183277970497D-01 Z(51)=.3072686197993190D0
W( 39) = .2504323142490426D-01 Z(53)=.3189006618401062D0
W( 41) = .2453199797222264D-01 Z(55)=.3304848656624169D0
W( 43) = .2399859443422820D-01 Z(57)=.3420194935223716D0
W( 45) = .2344350285908004D-01 Z(59)=.3535028151129699D0
W( 47) = .2286722489489493D-01 2(61)=.3649331078236540D0
W( 49) = .2227028133640237D-01 2(63)=.3763086569987163D0
W( 51) = .2165321165429792D-01 2(65)=.3876277561945155D0
W( 53) = .2101657350772073D-01 Z(67)=.3988887074354591D0
W( 55) = .2036094224029680D-01 Z2(69)=.4100898214687165D0
W( 57) = .1968691036020432D-01 2(71)=.4212294180176238D0
W( 59) = -1899508700473277D-01 Z(73)=.4323058260337413D0
W( 61) = .1828609738982209p-01 2(75)=.4433173839475273D0
W( 63) = .1756058224508301D-01 2(77)=.4542624399175899D0
W( 65) = .1681919723481482D-01 Z(79)=.4651393520784793D0
W( 67) = .1606261236555251D-01 Z(81)=.4759464887869833D0
W( 69) = .1529151138069267D-01 Z2(B83)~.4866822288668903D0
W( 71) = .1450659114276789D-01 Z(85)=.4973449618521814D0
W( 73) = .1370856100396590D-01 2(87)=.5079330882286160D0
W( 75).= .1289814216552733D-01 Z(89)=.5184450196736744D0
W( 77) = .1207606702671645D-01 Z2(91)=.5288791792948222D0
W( 79) = .1124307852416543D-01 Z(93)=.5392340018660591D0
W( 81) = .1039992946259468D-01 Z(95)=.5495079340627185D0
W( 83) = .9547381838326911D-02 Z(97)=.5596994346944811D0
W( 85) = .8686206157923711D-02 2(99)=.5698069749365687D0
W( 87) = .7817180756425343D-02 Z(101)=.5798290385590829D0
W( 89) = .6941091125180975D-02 Z(103)=.5897641221544543D0
W( 91) = .6058729274750651D-02 Z2(105)=.5996107353629683D0
W( 93) = .5170893207327752D-02 2(107)=.6093674010963339D0
W( 95) = .4278386752472274D-02 2(109)=.6190326557592612D0
W( 97) = .3382020818687030D-02 Z(111)=.6286050494690149D0
W( 99) = .2482621802176784D-02 Z(113)=.6380831462729113D0
W(101) = .1581095291194842p-02 Z(115)=.6474655243637248D0
W(103) = .6794761824845529D-03 Z(117)=.6567507762929732D0
GO TO 10000 Z2(119)=.6659375091820485D0

- 2560 IF(N.NE.256) GO TO 3000 Z(121)=.6750243449311627D0




7(123)=.6840099204260759D0
Z(125)=.6928928877425769D0
z(127)~.7016719143486851D0
2(129)=.7103456833045433D0
z(131)=.7189128934599714D0
7(133)=.7273722596496521D0
%(135)=.7357225128859178D0
2(137)=.7439624005491115D0
2(139)=.7520906865754920D0
2(141)=.7601061516426554D0
2(143)=.7680075933524456D0
%(145)=.7757938264113257D0
7(147)=.7834636828081838D0
2(149)~.7910160119895459D0
7(151)=.7984496810321707D0
2(153)=.8057635748129986D0
2(155)=.8129565961764315D0
7(157)=.8200276660989170D0
2(159)=.8269757238508125D0
2(161)=.8337997271555048D0
2(163)=.8404986523457627D0
2(165)=.8470714945172962D0
7(167)=.8535172676795029D0
2(169)=.8598350049033763D0
2(171)=.8660237584665545D0
2(173)=.8720825999954882D0
%(175)=.8780106206047065D0
2(177)=.8838069310331582D0
7(179)=.8894706617776108D0
2(181)=.8950009632230845D0
2(183)=.9003970057703035D0
7(185)=.9056579799601446D0
2(187)=.9107830965950650D0
2(189)=.9157715868574903D0
2(191)=.9206227024251464D0
2(193)=.9253357155833162D0
2(195)=.9299099193340056D0
7(197)=.9343446275020030D0
2(199)=.9386391748378148D0
2(201)=.9427929171174624D0
2(203)=.9468052312391274D0
2(205)=.9506755153166282D0
7(207)=.9544031887697162D0
2(209)=.9579876924111781D0
2(211)=.9614284885307321D0
2(213)=.9647250609757064D0
2(215)=.9678769152284894D0
%(217)=.9708835784807430D0
2(219)=.9737445997043704D0
2(221)=.9764595497192341D0
7(223)=.9790280212576220D0
2(225)=.9814496290254644D0
2(227)=.9837240097603154D0
2(229)=.9858508222861259D0
7(231)=.9878297475648606D0
2(233)=.9896604887450652D0
2(235)=.9913427712075830D0
2(237)=.9928763426088221D0
2(239)=.9942609729224096D0
7(241)=.9954964544810963D0
7(243)=.9965826020233815D0

7(245)=.9975192527567208D0
7.(247)=.9983062664730064D0
2(249)=.9989435258434088D0
2(251)=.9994309374662614D0
7(253)=.9997684374092631D0
7{255)=.9999560500189922D0
W(1)=.1224767164028975D-01
W(3)=.1224583436974792D-01
W(5)=.1224216010427280D-01
W(7)=.1223664939504015D-01
W(9)=.1222930306871027D-01
W(11)=.1222012222730396D-01
W(13)=.1220910824803724D-01
W(15)=.1219626278311471D-01
W(17)=.1218158775948177D-01
W(19)=.1216508537853550D-01
W(21)=.1214675811579445D-01
W(23)=.1212660872052732D-01
W(25)=.1210464021534046D-01
W(27)=.1208085589572454D-01
W(29)=.1205525932956014D-01
W(31)=.1202785435658257D-01
W(33)=.1199864508780581D-01
W(35)=.1196763590490589D-01
W(37)=.1193483145956356D-01
W(39)=.1190023667276648D-01
W(41)=.1186385673407107D-01
W(43)=.1182569710082397D-01
W(45)=.1178576349734342D-01
W(47)=.1174406191406055D-01
W(49)=.1170059860662074D-01
W(51)=-.1165538009494524D-01
W(53)=.1160841316225310D-01
W(55)=.1155970485404363D-01
W(57)=.1150926247703949D-01
W(59)=.1145709359809063D-01
W(61)=.1140320604303918D-01
W(63)=.1134760789554549D-01
W(65)=.1129030749587550D-01
W(67)=.1123131343964966D~01
W(69)=.1117063457655344D-01
W(71)=.1110828000900984D-01
W(73)=.1104425909081390D-01
W(75)=.1097858142572957D-01
W(77)=.1091125686604903D-01
W(79)=.1084229551111479D-01
W(81)=.1077170770580462D-01
W(83)=.1069950403897978D-01
W(85)=.1062569534189656D-01
W(87)=.1055029268658148D-01
W(89)=.1047330738417040D-01
W(91)=.1039475098321172D-01
W(93)=.1031463526793401D-01
W(95)=.1023297225647821D-01
W(97)=.1014977419909486D-01
W(99)=.1006505357630638D-01
W(101)=.9978823097034910D-02
W(103)=.9891095696695828D-02
W(105)~.9801884535257327D-02
W(107)=.9711202995266279D-02
W(109)=.9619064679840727D-02



W(111)=.9525483410629284D-02
W(113)=.9430473225737752D-02
W(115)=.9334048377623269D-02
W(117)=.9236223330956302D-02
W(119)=.9137012760450806D-02
W(121)=.9036431548662873D-02
W(123)=.8934494783758207D-02
W(125)=.8831217757248750D-02
W(127)=.8726615961698807D-02
W(129)=.8620705088401014D-02
W(131)=.8513501025022490D-02
W(133)=.8405019853221535D-02
W(135)=.8295277846235225D-02
W(137)=.8184291466438269D-02
W(139)=.8072077362873499D-02
W(141)=.7958652368754348D-02
W(143)=.7844033498939711D-02
W(145)=.7728237947381555D-02
W(147)=.7611283084545659D-02
W(149)=.7493186454805883D-02
W(151)=.7373965773812346D-02
W(153)=.7253638925833913D-02
W(155)=.7132223961075390D-02
W(157)=.7009739092969822D-02
W(159)=.6886202695446320D-02
W(161)=.6761633300173798D-02
W(163)=.6636049593781065D-02
W(165)=.6509470415053660D-02
W(167)=.6381914752107880D-02
W(169)=.6253401739542401D-02
W(171)=.6123950655567932D-02
W(173)=.5993580919115338D-02
W(175)=.5862312086922653D-02
W(177)=.5730163850601437D-02
W(179)=.5597156033682910D-02
W(181)=.5463308588644310D-02
W(183)=.5328641593915930D-02
W(185)=.5193175250869280D-02
W(187)=.5056929880786842D-02
W(189)=.4919925921813865D-02
W(191)=.4782183925892691D-02
W(193)=.4643724555680060D-02
W(195)=.4504568581447897D-02
W(197)=.4364736877968056D-02
W(199)=.4224250421381536D-02
W(201)=.4083130286052668D-02
W(203)=.3941397641408833D-02
W(205)=.3799073748766257D-02
W(207)=.3656179958142502D-02
W(209)=.3512737705056307D-02
W(211)=.3368768507315551D-02
W(213)=.3224293961794198D-02
W(215)=.3079335741199337D-02
W(217)=.2933915590829716D-02
W(219)=.2788055325327706D-02
W(221)=.2641776825427490D-02
W(223)=.2495102034703706D-02
W(225)=.2348052956327312D-02
W(227)=.2200651649839910D-02
W(229)=.2052920227966143D-02
W(231)=.1904880853499718D-02

3000
4000

W(233)=.1756555736330729D-02
W(235)=.1607967130749327D-02
W(237)=.1459137333310733D-02
W(239)=.1310088681902504D-02
W(241)=.1160843557567724D-02
W(243)=.1011424393208440D-02
W(245)-.8618537014200890D-03
W(247)=.7121541634733206D-03
W(249)=.5623489540314098D-03
W(251)-.4124632544261763D-03
W(253)=.2625349442964459D-03
W(255)=.1127890178222721D-03

GO TO 10000

CONTINUE

WRITE(8,4000)N

FORMAT(/////,40X, ' *#**+* ERROR FLAG FROM SUBROUTINE DGAUSS **##%7,

2//,20X,'SUBROUTINE DGAUSS DOES NOT CONTAIN THE N= ’, I3,

$
3
4

’ ROOTS AND WEIGHT FACTORS',
/. 20X, 'FOR THE GAUSS-LEGENDRE QUADRADURE INTEG
RATION SCHEME, THEY MUST BE ADDED ',/, 30X,’PROGRAM SHALL END AFTE

5R FORMAT 4000 IN SUBROUTINE DGAUSS')

10000
C

Cc
c

10100

** W

L

#
#

STOP
CONTINUE

CONSTRUCT THE REMAINING COEFFICIENTS FROM THE GIVEN ONES

NO=0
NF=N/2
IF(2(1).EQ.0.) NO=1
NJ=NO
DO 10100 J=1,NF
NI=NJ+2
Z(NJ)=-%(NJ-1)
W(NJ)=W(NJ-1)
RETURN
END

REAL*8 FUNCTION ERFC(X)

REAL*8 X

DOUBLE PRECISION DX, DEXP, DVAL

DOUBLE PRECISION P(5), Q(S5), R(3), S(3)

DATA P / 0.56420137667455481D0,
4.028389617759693D0,
13.06138566338851D0,
22.40039515948224D0,
18.3983860429584D0 /

DATA Q / 7.1408371979940819D0,
23.640303763581146D0,
43.36458705913165D0,
43.16075727248846D0,
18.3983859792919D0 /

DATA R / 0.56418959019740894D0,
0.329589904886677D0,
0.6141050178508D0 /

DATA S / 0.58418492304146109D0,
1.58835275986969D0,
0.2953483221592D0 /

IF ( X .GE. 9.307 ) GOTO 200
IF ( X .LE. -3.75 ) GOTO 300
DX = ABS(X)
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IF ( DX .GE. 8.0D0 ) GOTO 100

DVAL = DEXP(-DX*DX)*{ (((P(1)*DX + P(2))*DX + P(3))*DX +
# P(4))*DX + P(5))/(((((DX + Q(1))*DX + Q(2))*DX + Q(3))*DX +
# 0(4))*DX + Q(5))

IF ( X .LT. 0.0 ) DVAL = 2.0D0 - DVAL

ERFC = DVAL

RETURN

100 CONTINUE
DVAL = DEXP(-DX*DX)*((R(1)*DX + R(2))*DX + R(3))/
# (((DX + S(1))*DX + S(2))*DX + S(3))
ERFC = DVAL
RETURN

200 CONTINUE
ERFC = 0.0
RETURN

300 CONTINUE
ERFC = 2.0
RETURN
END




THERMAL CONSOLIDATION AROUND A CYLINDRICAL SOURCE-buffer material properties
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THERMAL CONSOLIDATION AROUND A CYLINDRICAL SOURCE-buffer material properties

= 0.100000E+09
0.250000E+00
AS=  0.500000E-04
*Y=  0.400000E-03

—
n

i0S=  0.270000E+04
KHOW= 0.100000E+04
POROSITY=  0.300000E+00

0.710000€E+03
0.418000E+03
0.160000E+01

-
n

KT

4= 0.500000E-12 R
\AVITY=  0.981000E+01

HEAT GENERATION RATE 0.411000E+03

NUMBER OF GAUSSIAN INTEGRATION POINTS 20

MITS OF VOLUMETRIC SOURCE X1=

\LCULATED PARAMETERS
LAMBDA  0.400000E+08
~.  0.400000E+08
\ERMAL DIFFUSIVITY  0.109044E-05
CONSOLIDATION COEFFICIENT 0.611621E-
4" 0.155000E-03
0.333333E+04
0.152667E+05
Y  0.100463E+01
0.825418E+00

TYME=  0.864000E+04
X Y z
0.3200E+00 0.000CE+00 0.0000E+00
0.65400E+00 0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00 0.1125E+01
‘ME=  0.864000E+05
X Y z
'0.3200E+00 0.0000E+0C 0.0000E+00
0.6400E+00 0.0000E+00 Q.0C00E+00
0.0000E+0C 0.0000E+00 0.1125E+01
TIME=  0.432000E+06
X Y z
0.3200E+00 0.0000E+00 0.0000E+00
0.6400E+00 ©0.0000E+00 0.0000E+00
0.000CE+00 0.0000E+00 0.1125E+01
..ME=  0.864000E+06
X Y z
0.3200E+00 0.0000E+00 0.0000E+00
0.6400E+00 0.0000E+00 0.0000E+00
J000E+00 0.0000E+00 0.1125E+01
< 0.432000e+07 )
X Y b4
0.3200E+00 0.0000E+00 0.0000E+00
0.6400E+00 0.0000E+00 0.0000E+00

-0.320000E+00X2=

TEMP
0.6944£+01
0.1548€+01
0.6085E+01

TEMP
0.1480E+02
0.7028E+01
0.1102E+02

TEMP
0.1769E+02
0.9594E+01
0.1313E+02

TEMP
0.2207E+02
0.1379E+02

0.320000E+00

PRESS

.1410E+05
.5173€+02

PRESS

. 1066E+06
.2377E+05
.9264E+05

PRESS

.2246E+06
.1079€E+06
.1643E+06

PRESS

.2643E+06
.1473E+06
.1915E+06

PRESS

.2995E+06
.2098E+06

-0.
-0.
.9365E+05

-0.
-0.
-0.

-0.
.7495E+05

SXX

.3861E+04
.4007&%04
.1064E+05

SXX

.4350E+05
.1007E+05
.5425€+05

SXX
9972E+05
2220€E+05

SXX
1186E+06
4043E+05
1069E+06

SXX
1347E+06

-0.
-0.
-0.

Sz

-D.1911E+04
-0.
-0.

7923E+03
3544E+04

S11

.2909€E+05
.1226E+05
. 1885E+05

511

.7490E+05
.4787E+05
.3747E+05

s12
9228E+05
6519E+05
4707E+05

S21

.1099E+06
.9230E+05
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0.0000E+00 0.0000E+00
TIME=  0.864000E+07
X Y
~ 0.3200E+00 0.0000E+00
*400E+00 0.0000E+00
JOOE+00 0.000CE+00
[ME=  0.432000E+08
X Y
0.3200€+00G . 0.0000E+00
0.6400E+00 0.0000E+00
0.0000£+00 0.0000E+00

0.1125E+01

z
0.0000E+00
0.0000E+00
0.1125E+01

z
.00C0E+00
.0000E+00
.1125e+01

o oo

0.1694E+02

TEMP
0.2317E+02
0.1488E+02
0.1799E+02

TEMP
0.2466£+02
.1636E+02
0.1946E+02

o

.2163E+06 -0.1128E+06 -0.5872E+05

PRESS SXX LY44

.2B51E+06 -0.1257E+06 -0.1048E+06
.2193E+06 -0.8356E+05 -0.8574E+05
.2073e+06 -0.1036E+06 -0.5817E+05

PRESS SXX $27

-1942E+06 -0.7165E+05 -0.6234E+05
.1780E+06 -0.6712E+05 -0.7267E+05
.1575E+06 -0.6720E+05 -0.4153E+05
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THERMAL CONSOLIDATION

INPUT DATA

0.100000E+0Q9

NO= 0.250000E+00

AS= 0.500000E-04

AW= 0.400000E-03
RHOS= 0.270000E+04
RHOW= 0.100000E+04
POROSITY= 0.300000E+00
Cs= 0.710000E+03

CH= 0.418000E+03

KT= 0.160000E+01

KH= 0.500000E-12
GRAVITY= 0.981000E+01

HEAT GENERATION RATE 0.411000E+03
NUMBER OF GAUSSIAN INTEGRATION POINTS 20
LIMITS OF VOLUMETRIC SOURCE X1= -0.320000E+00X2=

CALCULATED PARAMETERS
LAMBDA 0.400000E+08
G 0.400000E+08
THERMAL DIFFUSIVITY
CONSOLIDATION COEFFICIENT
AU 0.155000E-03

BP 0.333333E+04

X 0.152667E+05

Y 0.100463E+01

A 0.825418E+00

0.109044E-05
0.611621E-08

TIME= 0.864000E+04
X Y 2 TEMP
Sz2
0.3200E+00 0.0000E+00 0.0000E+00 0.9185E+00
E+04
0.6400E+00 0.0000E+00 0.0000E+00 0.3369E-02
E+03
0.0000E+00 0.0000E+00 0.1125E+01 0.1174E+01
E+04
TIME= 0.864000E+05
X Y Z TEMP
S22
0.3200E+00 0.0000E+00 0.0000E+00 0.6944E+01
E+05
0.6400E+00 0.0000E+00 0.0000E+00 0.1548E+01
E+05 ’
0.0000E+00 0.0000E+00 0.1125E+01 0.6085E+01
E+05
TIME= 0.432000E+06
X Y z TEMP
822
0.3200E+00 0.0000E+00 0.0000E+00 0.1480E+02
E+05
0.6400E+00 0.0000E+00 0.0000E+00 0.7029E+01

0.320000E+00

PRESS
0.1410E+05
0.5173E+02

0.1803E+05

PRESS
0.1066E+06
0.2377E+05

0.9264E+05

PRESS

0.2246E+06

0.1079E+06

SXX
-0.3861E+04
0.4007E+04
~0.1064E+05S

SXX
-0.4350E+05
0.1007E+05
-0.5425E+05

SXX
~0.9972E+05

-0.2220E+05

-0

-0.

-0.

-0.
-0.
-0.

-0.
-0.

AROUND A CYLINDRICAL SOURCE-buffer material properties

L1911

7923
3544

2909
1226

1885

7490
4787

E+05
0.0000E+00

E+05

TIME=

0.0000E+00

0.864000E+06

X Y
SZ22

0.3200E+00 0.0000E+00
E+05

0.6400E+00 0.0000E+00

E+05
0.0000E+00 0.0000E+00
E+05
TIME= 0.432000E+07
X Y
SZz
0.3200E+00 0.0000E+00
E+06
0.6400E+00 0.0000E+00
E+05
0.0000E+00 0.0000E+00
E+05
TIME= 0.864000E+07
X Y
SZZ
0.3200E+00 0.0000E+00
E+06
0.6400E+00 0.0000E+00
E+0S
0.0000E+00 0.0000E+00
E+05
TIME= 0.432000E+08
X Y
SZZ
0.3200E+00 0.0000E+00
E+05
0.6400E+00 0.0000E+00
E+05
0.0000E+00 0.0000E+00
E+05

.1125E+401

2

.0000E+00
.0000E+00

.1125E+01

2

.0000E+00
.0000E+00
.1125E+01

Z

.0000E+00
.0000E+00
.1125E+01

Z

.0000E+00
.0000E+00
.1125E+01

0

.1102E+02

TEMP
.17638E+02
.9594E+01

.1313E+02

TEMP
.2207E+02
.1379E+02

.1694E+02

TEMP
.2317E+02
.1488E+02
.1799E+02

TEMP
.2466E+02
.1636E+02
.1946E+02

0.1643E+06

PRESS

0.2643E+06

[=]

.1473E+06

o

.1915E+06

PRESS
0.2995E+06
0.2098E+06
0.2163E+06

PRESS
0.2851E+06
0.2193E+06
0.2073E+06

PRESS
0.1942E+06
0.1780E+06

0.1575E+06

-0.
-0.

-0.

-0

-0.

-0.

-0.

-0.
-0.

-0.

.9365E+05

SXX

-1186E+06

4043E+05

1069E+06

SXX

1347E+06

.7495E+05

1128E+06

SXX

1257E+06

.8356E+05

1036E+06

SXX
7165E+05
6712E+05
6720E+05

-0

-0.
-0.

-0.
-0.
-0.

-0.
-0.
-0.

.3747

.9229

6519
4707

1099
9230

5972

1048
9574
5817

.6234
.7267
.4153
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*HEADING

Problem 5: Effect of buried cylindrical heat source:

Analysis with fine mesh (element characteristic size of 0.05 m)
Length in m; energy in J; mass in kg; time in s;

Heat flow analysis.

*PREPRINT, MODEL=NO, HISTORY=NO, ECHO=NO

*k

*+* Nodal data
hk

*NODE
101,0.0,0.0

141,2.5,0.0

161,5.0,0.0

181,50.0,0.0

*NSET , NSET=N25

141

*NSET , NSET=N50

161

*NSET, NSET=N500

181

*NGEN, NSET=BASE

101,141,1
*NFILL,BIAS=0.875, THOSTEP, NSET=BASE
N25,N50,20,1
*NFILL,BIAS=0.75, TNOSTEP, NSET=BASE
N50,N500,20,1

*NCOPY,OLD SET=BASE,CHANGE NUMBER=4000,SHIFT,NEW SET=HL25
0.0,2.5,0.0

0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NCOPY,OLD SET=BASE,CHANGE NUMBER=6000,SHIFT,NEW SET=HL50
0.0,5.0,0.0

0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NCOPY,OLD SET=BASE,CHANGE NUMBER=8000,SHIFT,NEW SET=TOP
0.0,50.0,0.0
0.0,0.0,0.0,0.0,0.0,1.0,0.0
*NFILL,NSET=ALLNODES

BASE,HL25,40,100 -
*NFILL,BIAS=0.875, THOSTEP, NSET=ALLNODES
HL25,HL50,20,100
*NFILL,BIAS=0.75, TWOSTEP, NSET=ALLNODES
HLS50,TOP, 20,100

*Ak

**+ Element connectivity

L2 2 4

*ELEMENT, TYPE-=DCAX8
101,101,103,303,301,102,203,302,201
*ELGEN, ELSET=ALLELEME
101,40,2,1,40,200,100

*kk

*** The following node and element sets are used to apply boundary conditions
*** Node sets BASE and TOP have already been defined
*hkk

*NSET , NSET=LEFT, GEN

101,8101,100

*NSET, NSET=PPTOP, GEN

8101,8181,2

*NSET, NSET=RIGHT, GEN

181,8181,100

*NSET , NSET=PPRIGHT, GEN

181,8181,200

*ELSET, ELSET=BASE, GEN
101,140,1

*ELSET, ELSET=LEFT, GEN
101,4001,100

*ELSET, ELSET=HEATER, GEN
101,401,100

102,402,100

*k*k

*** The following node and element sets will be used to monitor changes
*k &

*NSET, NSET=MONITOR

101,105,109,121

901,905,909,921

*ELSET, ELSET=MONITOR

101,102,103,104,105,110,111

401,402,403,404,405,410,411

501,502,503,504,505,510,511

b 2 4

*** Element and material properties

*k K

*SOLID SECTION, ELSET=ALLELEME, MATERIAL=LEPROCK
*MATERIAL, NAME=LEPROCK

k&

*DENSITY

2190.0

*SPECIFIC HEAT

1187.0

*CONDUCTIVITY

1.6

*kKk

**+ Tnitial temperature set to 25 Celcius at all nodes
*RK

*INITIAL CONDITIONS, TYPE=TEMPERATURE

ALLNODES, 25.0

* k&

*%* Kinematic constraints
*kk

*WAVEFRONT MINIMIZATION, SUPPRESS
L2 1]

*** The following amplitude defines constant conditions
* k&

*AMPLITUDE, NAME=NOCHANGE

6.0,1.0,1.0E15,1.0

*kKk

*** Step 1: Analysis to 8.64E7 s (1000 d)

kK

*STEP, INC=5000

*HEAT TRANSFER,DELTMX=1.0

1.0,8.64E7

*kdk .

*** Apply volumetric heat generation (element set HEATER)

*** Apply zero heat flux (symmetry conditions) on base and left boundary surface

s
*kk

*DFLUX, AMPLITUDE~=NOCHANGE
HEATER, BF, 600.0
BASE,S1,0.0

LEFT,54,0.0

*xE

**% Zero-perturbation conditions on right and top boundary surfaces
ok k




*BOUNDARY , AMPLITUDE=NOCHANGE
RIGHT,11, ,25.0

TOP,11, ,25.0

*NODE PRINT, FREQUENCY=0

*EL PRINT, FREQUENCY=0

*RESTART, WRITE, FREQ=0

*NODE FILE,NSET=ALLNODES, FREQ=1
NT

*END STEP




*HEADING

Problem 5: Effect of buried cylindrical heat source:

Analysis with fine mesh (element characteristic size of 0.05 m)
Length in m; mass in (1000 kg); stress in kPa; time in s;
Thermoconsolidation analysis with external temperature input;
Temperature data in t5.fil;

*PREPRINT, MODEL=NO, HISTORY=NO, ECHO=NO

* %

**+ Nodal data

* &

*NODE

101,0.0,0.0

141,2.5,0.0

161,5.0,0.0

181,50.0,0.0

*NSET, NSET=N25

141

*NSET, NSET=N50

161

*NSET, NSET=N500

181

*NGEN, NSET=BASE

101,141,1
*NFILL,BIAS=0.875, TWOSTEP, NSET=BASE
N25,N50,20,1
*NFILL,BIAS=0.75, THOSTEP, NSET=BASE
N50,N500,20,1

*NCOPY,OLD SET=BASE,CHANGE NUMBER=4000,SHIFT,NEW SET=HL25
0.0,2.5,0.0

0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NCOPY,OLD SET=BASE,CHANGE NUMBER-6000,SHIFT,NEW SET=HLS50
0.0,5.0,0.0

0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NCOPY,OLD SET=BASE,CHANGE NUMBER=8000,SHIFT,NEW SET=TOP
0.0,50.0,0.0
0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NFILL, NSET=ALLNODES

BASE,HL25,40,100
*NFILL,BIAS=0.875, TWOSTEP, NSET=ALLNODES
HL25,HL50,20,100
*NFILL,BIAS=0.75, THOSTEP, NSET~ALLNODES
HL50,TOP, 20,100

kR

*** Element connectivity

*hk

*ELEMENT, TYPE=CAX8RP
101,101,103,303,301,102,203,302,201
*ELGEN, ELSET=ALLELEME
101,40,2,1,40,200,100

kX

*** The following node and element sets are used to apply boundary conditions
*#+* Node sets BASE and TOP have already been defined
kR

*NSET, NSET=LEFT, GEN

101,8101,100

*NSET, NSET=PPTOP, GEN

8101,8181,2

*NSET , NSET=RIGHT, GEN

181,8181,100

*NSET, NSET=PPRIGHT, GEN

181,8181, 200

*ELSET, ELSET=BASE, GEN
101,140,1

*ELSET, ELSET=LEFT, GEN
101,4001,100

*ELSET, ELSET=HEATER, GEN
101,401,100

102,402,100

ok k

*** The following node and element sets will be used to monitor changes
xRk

*NSET , NSET=MONITOR
101,105,109,121
901,905,909,921

*ELSET, ELSET=MONITOR
101,102,103,104,105,110,111
401,402,403,404,405,410,411
501,502,503,504,505,510,511
*hk

*** Element and material properties
k&

*SOLID SECTION, ELSET=ALLELEME, MATERIAL=LEPROCK

*MATERTAL, NAME=LEPROCK
*x

*DENSITY

1.89

*ELASTIC

1.0E5,0.4

*EXPANSION

1.6667E-5
*EXPANSION, PORE FLUID
1.8333E-4

*SORPTION, LAW=TABULAR
-5.50000E+01,2.29940E-01
-5.00000E+01,2.34730E-01
-4.50000E+01,2.40594E-01
-4.00000E+01,2.47935E-01
-3.50000E+01,2.57386E-01
-3.00000E+01,2.69991E-01
-2.50000E+01,2.87616E-01
-2.00000E+01,3.13917E-01
-1.50000E+01,3.57096E-01
-1.00000E+01,4.39453E-01
-5.00000E+00, 6.38781E-01
-4.75000E+00, 6.55252E-01
-4.50000E+00, 6.72605E-01
-4.25000E+00, 6.90862E-01
-4.00000E+00,7.10033E-01
-3.75000E+00, 7.30110E-01
-3.50000E+00,7.51063E-01
-3.25000E+00,7.72831E-01
-3.00000E+00,7.95309E-01
~2.75000E+00,8.18347E-01
-2.50000E+00,8.41729E-01
-2.25000E+00,8.65171E-01
-2.00000E+00, 8.88309E-01
-1.75000E+00,9.10697E-01
-1.50000E+00,9.31813E-01
-1.25000E+00,9.51077E-01
-1.00000E+00,9.67876E-01
~7.50000E-01,9.81617E-01

Page



Page

-5.00000E-01,9.91777E-01 3.74947E-05,2.69991E-01
-2.50000E-01,9.97964E-01 7.79805E-05,2.87616E-01
-2.25000E-01,9.98355E-01 1.90124E-04,3.13917E-01
-2.00000E-01,9.98704E-01 5.92208E-04,3.57096E-01
-1.75000E-01,9.99011E-01 2.81066E-03,4.39453E-01
~1.50000E-01,9.99277E-01 3.08230E-02,6.38781E-01
-1.25000E-01,9.99500E-01 3.59961E-02,6.55252E-01
-1.00000E-01,9.99682E-01 4.22110E-02,6.72605E-01
-7.50000E-02,9.99823E-01 4.97045E-02,6.90862E-01
-5.00000E-02,9.99922E-01 5.87707E-02,7.10033E-01
-2.50000E-02,9.99981E-01 6.97736E-02,7.30110E-01
0.00000E+00,1.00000E+00 8.31623E-02,7.51063E-01
*SORPTION, TYPE=EXSORPTION 9.94884E-02,7.72831E-01
-5.50000E+01,2.61371E-01 1.19423E-01,7.95309E-01
-5.00000E+01,2.65965E-01 1.43772E-01,8.18347E-01
-4.50000E+01,2.71590E-01 1.73492E-01,8.41729E-01
-4.00000E+01,2.78632E-01 2.09684E-01,8.65171E-01
-3.50000E+01,2.87697E-01 2.53587E-01,8.88309E-01
~3.00000E+01,2.99787E-01 3.06526E-01,9.10697E-01
-2.50000E+01,3.16693E-01 3.69842E-01,9.31813E-01
-2.00000E+01,3.41921E-01 4.44759E-01,9.51077E-01
~1.50000E+01,3.83337E-01 5.32217E-01,9.67876E-01
-1.00000E+01,4.62333E-01 6.32651E-01,9.81617E-01
-5.00000E+00,6.53525E~01 7.45722E-01,9.91777E-01
-4.75000E+00,6..69324E-01 8.69905E-01,9.97964E-01
~4.50000E+00,6.85968E-01 8.82817E-01,9.98355E-01
~4.25000E+00,7.03480E-01 8.95797E-01,9.98704E-01
-4.00000E+00,7.21868E-01 9.08837E-01,9.99011E-01
-3.75000E+00,7.41126E-01 9.21928E-01,9.99277E-01
~3.50000E+00,7.61224E-01 9.35057E-01,9.99500E-01
-3.25000E+00,7.82103E-01 9.48207E-01,9.99682E-01
~3.00000E+00,8.03664E-01 9.61356E-01,9.99823E-01
-2.75000E+00,8.25761E~01 9.74464E-01,9.99922E-01
~2.50000E+00,8.48189E-01 9.87456E-01,9.99981E-01
-2.25000E+00,8.70674E-01 1.00000E+00,1.00000E+00
-2.00000E+00,8.92868E-01 bl

-1.75000E+00,9.14342E-01 *** Tnitial temperature set to 25 Celcius at all nodes
-1.50000E+00,9.34597E-01 hadald

-1.25000E+00,9.53073E-01 *INITIAL CONDITIONS, TYPE=TEMPERATURE
-1.00000E+00,9.69187E-01 ALLNODES, 25.0
-7.50000E-01,9.82368E-01 *INITIAL CONDITIONS, TYPE=PORE PRESSURE
-5.00000E-01,9.92112E-01 ALLNODES, -0.025
-2.50000E-01,9.98047E-01 *INITIAL CONDITIONS, TYPE=SATURATION
-2.25000E-01,9.98422E-01 ALLNODES, 0.999981
-2.00000E-01,9.98757E-01 *INITIAL CONDITIONS, TYPE=RATIO
-1.75000E-01,9.99052E-01 ALLNODES, 0.4286
~1.50000E-01,9.99306E-01 *INITIAL CONDITIONS, TYPE=STRESS
-1.25000E-01,9.99521E-01 ALLELEME, -0.025,-0.025,-0.025,0.0
-1.00000E-01,9.99695E-01 *xk

-7.50000E-02,9.99830E-01 **+ Kinematic constraints
-5.00000E-02,9.99925E-01 R

-2.50000E-02,9.99982E-01 *BOUNDARY
0.00000E+00,1.00000E+00 BASE, 2

*PERMEABILITY, SPECIFIC=10.0 TOP, 2

1.01700E-10,0.4286 LEFT, 1

*PERMEABILITY, SPECIFIC=10.0, TYPE=SATURATION RIGHT, 1

3.24043E-06,2.29940E-01 *WAVEFRONT MINIMIZATION, SUPPRESS
4.76644E-06,2.34730E-01 b

7.30021E-06,2.40594E-01 *** The following amplitude defines constant conditions
1.17521E-05,2.47935E-01 hht

2.01481E-05,2.57386E-01 *AMPLITUDE, NAME=NOCHANGE




0.0,1.0,1.0E15,1.0
kA

**%* Step 1: Analysis to 8.64E7 s (1000 d)
thR

*STEP, INC=5000
*SOILS, CONSOLIDATION, UTOL=2.5

1.0,8.64E7

*x

** Impermeable boundaries (midplane and axial symmetry conditions)
* R

*DFLOW, AMPLITUDE=NQOCHANGE

BASE,S1,0.0

LEFT,S4,0.0

L2 2

*** Zero-perturbation conditions on right and top boundary surfaces
£ 2 24

*BOUNDARY , AMPLITUDE=NOCHANGE

PPRIGHT,8, ,-0.025

ppTOP,8, ,-0.025
*TEMPERATURE, FILE=t5, BSTEP=1, ESTEP=1

*RESTART, WRITE, FREQ=1,0VERLAY

*NODE PRINT, FREQUENCY=0

*EL PRINT, FREQUENCY=0

*NODE FILE, NSET=MONITOR,FREQ=1

POR

****EL, FILE, ELSET=MONITOR, FREQ=1, POSITION=AVERAGE
*EkASAT

*END STEP




*HEADING

problem 5: Effect of buried cylindrical heat source:
Analysis with fine mesh (element characteristic size of 0.05 m)
Length in m; mass in (1000 kg); stress in kPa; time in s;
Thermoconsolidation analysis with external temperature input;
Temperature data in t5.fil;

Case of unsaturated medium, initial pore pressure of -3.75 kPa.
*PREPRINT, MODEL=-NO, HISTORY=NO, ECHO=NO

*k

*+* Nodal data

* &

*NODE

101,0.0,0.0

141,2.5,0.0

161,5.0,0.0

181,50.0,0.0

*NSET ,NSET=N25

141

*NSET , NSET=N50

161

*NSET , NSET=N500

181

*NGEN, NSET=BASE

101,141,1

*NFILL,BIAS=0.875, TWOSTEP, NSET=BASE

N25,N50,20,1

*NFILL,BIAS=0.75, TROSTEP, NSET=BASE

N50,N500,20,1

*NCOPY,OLD SET~BASE,CHANGE NUMBER=4000,SHIFT,NEW SET=HL25
0.0,2.5,0.0

0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NCOPY,OLD SET=BASE,CHANGE NUMBER=6000,SHIFT,NEW SET=HLS0
0.0,5.0,0.0

¢.0,0.0,0.0,0.0,0.0,1.0,0.0

*NCOPY,OLD SET=BASE,CHANGE NUMBER-=8000,SHIFT,NEW SET=TOP
0.0,50.0,0.0

0.0,0.0,0.0,0.0,0.0,1.0,0.0

*NFILL, NSET=ALLNODES

BASE,HL25,40,100

*NFILL,BIAS=0.875, TWOSTEP , NSET=ALLNODES

HL25,HL50,20,100

*NFILL,BIAS=0.75, TWOSTEP, NSET=ALLNODES

HL50, TOP, 20,100

EE 24

*** Element connectivity

ok

*ELEMENT, TYPE=CAX8RP

101,101,103,303,301,102,203,302,201

*ELGEN, ELSET=ALLELEME

101,40,2,1,40,200,100

*hk

*** The following node and element sets are used to apply boundary conditions
*** Node sets BASE and TOP have already been defined

£ 2 2 3

*NSET, NSET=LEFT, GEN

101,8101,100

*NSET, NSET=PPTOP, GEN

8101,8181,2

*NSET , NSET=RIGHT, GEN

181,8181,100

*NSET, NSET=PPRIGHT, GEN
181,8181,200

*ELSET, ELSET=BASE, GEN
101,140,1

*ELSET, ELSET=LEFT, GEN
101,4001,100

*ELSET, ELSET=HEATER, GEN
101,401,100

102,402,100

ok

#** The following node and element sets will be used to monitor changes
£ 3 2]

*NSET, NSET=MONITOR
101,105,109,121
901,905,909,921

*ELSET, ELSET=MONITOR
101,102,103,104,105,110,111
401,402,403,404,405,410,411
501,502,503,504,505,510,511
sk k

*#** Element and material properties
*hkk

*SOLID SECTION, ELSET=ALLELEME, MATERIAL=LEPROCK
*MATERIAL, NAME=LEPROCK
*%k

*DENSITY

1.89

*ELASTIC

1.0E5,0.4

*EXPANSION

1.6667E-5
*EXPANSION, PORE FLUID
1.8333E-4

*SORPTION, LAW=TABULAR
~5.50000E+01, 2.29940E-01
~5.00000E+01,2.34730E-01
-4.50000E+01,2.40594E-01
-4.00000E+01,2.47935E-01
-3.50000E+01,2.57386E-01
-3.00000E+01,2.69991E-01
-2.50000E+01,2.87616E-01
-2.00000E+01,3.13917E-01
-1.50000E+01,3.57096E-01
-1.00000E+01,4.39453E-01
-5.00000E+00,6.38781E-01
-4.75000E+00,6.55252E-01
-4.50000E+00,6.72605E-01
-4.25000E+00,6.90862E-01
~4.00000E+00,7.10033E-01
~-3.75000E+00,7.30110E-01
-3.50000E+00,7.51063E-01
-3.25000E+00,7.72831E-01
-3.00000E+00,7.95309E-01
-2.75000E+00,8.18347E-01
~2.50000E+00,8.41729E-01
-2.25000E+00,8.65171E-01
-2.00000E+00,8.88309E-01
-1.75000E+00,9.10697E-01
-1.50000E+00,9.31813E-01
-1.25000E+00,59.51077E-01
-1.00000E+00,9.67876E-01
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-7.50000E-01,9.81617E-01 .01481E-05,2.57386E-01
-5.00000E-01,9.91777E-01 .74947E-05,2.69991E-01
-2.50000E-01,9.97964E~01 -79805E-05,2.87616E-01
-2.25000E-01,9.98355E-01 -90124E-04,3.13917E-01
-2.00000E-01,9.98704E-01 .92208E-04,3.57096E-01
-1.75000E-01,9.99011E-01 .81066E-03,4.39453E-01
-1.50000E-01,9.99277E-01 .08230E-02,6.38781E-01

-1.
-1,
-7.
-5.
-2.

0.

*SORPTION, TYPE=EXSORPTION

-5

25000E-01,9.99500E-01
00000E-01,9.99682E-01
50000E-02,9.99823E-01
00000E-02,9.99922E-01
50000E-02,9.99981E-01
00000E+00,1.00000E+00

.50000E+01,2.61371E-01

.59961E-02,6.55252E-01
.22110E-02,6.72605E-01
-87045E-02,6.90862E-01
.87707E-02,7.10033E-01
.97736E-02,7.30110E-01
.31623E-02,7.51063E-01
.94884E-02,7.72831E-01
-19423E-01,7.95309E-01

-5.00000E+01,2.65965E-01 .43772E-01,8.18347E-01
-4.50000E+01,2.71590E-01 .73492E-01,8.41729E-01
-4.00000E+01,2.78632E-01 .09684E-01,8.65171E-01
~-3.50000E+01,2.87697E-01 .53587E-01,8.88309E-01

.00000E+01,2.99787E-01
.50000E+01,3.16693E-01
-00000E+01,3.41921E-01
.50000E+01,3.83337E-01

.06526E-01,9.10697E-01
.69842E-01,9.31813E-01-
.44759E-01,9.51077E-01
.32217E-01,9.67876E-01

-1.00000E+01,4.62333E-01 .32651E-01,9.81617E-01
-5.00000E+00,6.53525E-01 .45722E-01,9.91777E-01
~4.75000E+00,6.69324E-01 .69905E-01,9.97964E-01
~-4.50000E+00,6.85968E-01 .82817E-01,9.98355E-01
-4.25000E+00,7.03480E-01 .95797E-01,9.98704E-01
-4.00000E+00,7.21868E-01 .08837E-01,9.99011E-01
-3.75000E+00,7.41126E-01 .21928E-01,9.99277E-01

LCOLVOOVLOYWOODONAUARWWNNRFRRMROOMAU S & W WU~ WN

-3.50000E+00,7.61224E-01 .35057E-01,9.99500E-01
~3.25000E+00,7.82103E-01 .48207E-01,9.99682E-01
-3.00000E+00,8.03664E-01 .61356E-01,9.99823E-01
-2.75000E+00,8.25761E-01 .74464E-01,9.99922E-01
-2.50000E+00,8.48189E-01 .87456E-01,9.99981E-01
-2.25000E+00,8.70674E-01 1.00000E+00,1.00000E+00

-2
-1
-1
-1
-1
-7
-5
-2

-00000E+00,8.92868E-01
.75000E+00,9.14342E-01
.50000E+00,9.34597E-01
-25000E+00,9.53073E-01
-00000E+00,9.69187E-01
-50000E-01,9.82368E-01
.00000E-01,9.92112E-01
.50000E-01,9.98047E-01

kK

*** Tnitial temperature set to 25 Celcius at all nodes
*kk

*INITIAL CONDITIONS, TYPE=TEMPERATURE

ALLNODES, 25.0

*INITIAL CONDITIONS, TYPE=PORE PRESSURE

ALLNODES, -3.75

*INITIAL CONDITIONS, TYPE=SATURATION

Page

-2.25000E-01,9.98422E-01 ALLNODES, 0.741126
-2.00000E-01,9.98757E-01 *INITIAL CONDITIONS, TYPE=RATIO
-1.75000E-01,9.99052E-01 ALLNODES, 0.4286
-1.50000E-01,9.99306E-01 *INITIAL CONDITIONS, TYPE=STRESS
-1.25000E-01,9.99521E-01 ALLELEME, -3.75,~3.75,-3.75,0.0
-1.00000E-01,9.99695E-01 LA

~-7.50000E-02,9.99830E-01 *** Kinematic constraints
-5.00000E-02,9.99925E-01 kK

-2.50000E-~02,9.99982E-01 *BOUNDARY
0.00000E+00,1.00000E+00 BASE, 2
*PERMEABILITY,SPECIFIC=10.0 TOP, 2

1.01700E-10,0.4286 LEFT, 1

*PERMEABILITY, SPECIFIC=10.0, TYPE=SATURATION RIGHT, 1

3.24043E-06,2.29940E-01 *WAVEFRONT MINIMIZATION, SUPPRESS
4.76644E-06,2.34730E-01 LA

7.30021E-06,2.40594E-01 **+ The following amplitude defines constant conditions

1.17521E-05,2.47935E-01 rrk




*AMPLITUDE , NAME=NOCHANGE
0.0,1.0,1.0E15,1.0

kK

*#* Step 1: Analysis to 8.64E7 s (1000 d)

LR x 3

*STEP, INC=5000

*SOILS, CONSOLIDATION,UTOL=2.5

1.0,8.64E7

* &

** Impermeable boundaries (midplane and axial symmetry conditions)
*h

*DFLOW, AMPLITUDE=NOCHANGE

BASE,S1,0.0

LEFT,S4,0.0

LR 2

*** Zero-perturbation conditions on right and top boundary surfaces
£ 2]

*BOUNDARY , AMPLITUDE=NOCHANGE

PPRIGHT,8, ,-3.75

ppTOP,8, ,-3.75

*TEMPERATURE, FILE=t5,BSTEP=1, ESTEP=1

*RESTART, WRITE, FREQ=1,0VERLAY

*NODE PRINT, FREQUENCY=0

*EL PRINT, FREQUENCY=0

*NODE FILE,NSET=MONITOR, FREQ=1

POR

*EL FILE,ELSET=MONITOR, FREQ=1, POSITION=AVERAGE
SAT

*END STEP
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FRACTURE PERMEABILITY
NUMERICAL STUDY
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SUBROUTINE UVARM(UVAR,DIRECT,T,TIME,DTIME, CMNAME,6 ORNAME,
NUVARM, NOEL, NPT, LAYER, KSPT,KSTEP, KINC, NDI, NSHR)

' ABA_PARAM. INC’

CHARACTER*8 CMNAME, ORNAME, FLGRAY (15)

DIMENSION UVAR(NUVARM),DIRECT(3,3),T(3,3),TIME(2)
DIMENSION ARRAY(15),JARRAY(15)

This code computes changes in equivalent fracture aperture
and permeability using values of inelastic strain

supplied by ABAQUS. The results are stored in the vector UVAR,
and can be obtained from ABAQUS as variable UVARMn,

where n is defined as follows

The parameter NLGEOM must be specified in the STEP command in the
input file; also, the command "USER OUTPUT VARIABLES" must be
invoked in the material definition,
output variables set to 3. The initial equivalent aperture
(AINIT) need to be specified for each element;
specified through a file if its values vary

1.0D-12
1.0D-4

If total time is zero,

IF (TIME(2)

Save value UVAR vector at end of last increment

UVAR(1)
UVAR(2)

Call utility subroutine to get current inelastic strain;
then calculate inelastic volumetric strain.
The parameter NLGEOM must be specified on the STEP command;

CALL GETVRM(’IE’,ARRAY,JARRAY,FLGRAY,JRCD)
IF (JRCD) THEN
WRITE(6,1000)

DO 20 I=1,NDI
VSN + ARRAY(I)

VSN
VSN - VSLAST

Variable UVARMn

Inelastic volumetric strain
Equivalent fracture aperture
Fracture permeability (L~2 units)

with the number of user

it may have to be

initialize UVAR vector and return.

.LT. TTOL) THEN
0.0

AINIT*AINIT/12.0

ALAST*(1.0 + DVSN)
A

1000 FORMAT(/,10X, 'UNSUCCESSFUL CALL FOR IE FROM UVARM’)
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Maximum average shear stress (MPa)
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Dilation angle (degrees)
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TASK 2.3: PROBLEM 8 HEATED
DRIFT WITH OPEN FRACTURE



———

PROBLEM SET 8: HEATED DRIFT WITH OPEN FRACTURE

The:purpose of this problem set is to evaluate the modeling of the normal stiffness of rock discontinuities
in .ABAQUS. The results of Problem Set 3 indicated substantial differences in the values of
fracture-surface normal stress calculated using ABAQUS and UDEC. It is believed that the differences are
caused by the different methods used by the two codes to model the normal stiffness of discontinuities.
‘This issue is important for two reasons, namely, (i) the normal stiffness of a rock fracture has a strong
effect on aperture changes, which are important for the prediction of mechanical-effect-dependent fluid
flow through fractures; and (ii) fracture-surface shear resistance depends on the normal stress, which
depends on the normal stiffness. Therefore, this problem was developed to evaluate all the provisions
available in ABAQUS for modeling fracture opening and closure under the influence of normal stress.

The geometry of the problem is illustrated in Figure 8-1. It consists of a horizontal circular drift
intersected at its crown and floor by a single vertical fracture. The drift is located in the interior of a
horizontal drift-array that consists of drifts located at the same horizontal center-to-center distance from
each other. The fracture is initially open, and its aperture cannot decrease below a specified minimum
value. The values of in situ principal compressive stress are 10 MPa vertical, and 2 MPa horizontal.

The sequence of events to be modeled consists of drift excavation under constant (initial)
temperaturs; followed by drift heating, which will be accomplished by applying a specified temperature
history to:the drift wall.

The problem will be solved in two and three dimensions using ABAQUS, UDEC, and 3DEC.
The: purpose:of the three-dimensional (3D) solution is to evaluate the ABAQUS 3D-interface elements. To
facilitata the: comparison of the 3D and two-dimensional (2D) solutions, the geomietry of the problem and
the magnitnde and orientation of the in situ principal stresses will be the same for the 3D and 2D models.
In that cagesthie 3D-calculated responses for the middle vertical plane normal to the drift axis should be the
saréwis these calculated using the 2D model.
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Figure 8-1. Problem geometry for Problem Set 8
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) Temperature history applied to the drift wall to simulate the thermal history of emplaced

/
Table 4-1. Material property specifications for Problem

B Pr:)perty, symbol, and unit Value
Yowg'smoddus, EMP) | szixiot
Poisson’s ratio, v 0.25
Friction angle for fracture surfaces, ¢ 40°
Cohesion for fracture surfaces (MPa) 0.0
Coefficient of linear expansion, o (K™1) 8.5x 1076
Thermal conductivity, kg (MJ m~1.s"1.K™1) 2.1x1076
Specific heat capacity, C, (MJ-m—.K™) 22
Density, p (10° kg-m™>) 2.24% 1073

 ipternal and external boundaries.
in Figure 4-2), and the symmetry
ertical line CF) that were established
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Elevation above tunnel centerline (m)
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*kk

*

1003,1428,17
2003,2428,17
3003,3428,17
4003,4428,17
5003,5428,17

* k&

*** Node set WALL required in mechanical analyses to specify boundary
*** conditions for the excavated surface: the nodes are fixed in Step 1
*** and released in Step 2 to simulate excavation

kK
*NSET, NSE‘I‘
WPWALL,

*NSET, NSET=WALL, GEN

6003,6428,17
7003,7428,17
8003,8428,17
9003,9428,17

*hk

*** Zero temperature-change applied at node set TOPNODES

*kk
*NSET , NSET={TOPNODES/, GEN
523,530,1

1523,1530,1
2523,2530,1
3523,3530,1
4523,4530,1
5523,5530,1
6523,6530,1
7523,7530,1
8523,8530,1
9523,9530,1
10523,10530,1
11523,11530,1
12523,12530,1
13523,13530,1
14523,14530,1

*dkk

*** Zero temperature-change and zero vertical displacement applied at
*** node set BASENODE

kA
*NSET , NSET=B
763,770,1

1763,1770,1
2763,2770,1
3763,3770,1
4763,4770,1
5763,5770,1
6763,6770,1
7763,7770,1
8763,8770,1
9763,9770,1
10763,10770,1
11763,11770,1
12763,12770,1
13763,13770,1

*** Prescribed temperature history applied at node set WPWALL
* %

*NSET, NSET GEN
3,428,17

14763,14770,1

*kk

*** Zero horizontal displacement applied at node set LEFTNODE

k%
*NSET, NSET @ GEN
289,391,17

1289,1391,17
2289,2391,17
3289,3391,17
4289,4391,17
5289,5391,17
6289,6391,17
7289,7391,17
8289,8391,17
9289,9391,17
10289,10391,17
11289,11391,17
12289,12391,17
13289,13391,17
14289,14391,17
459,523,8
1459,1523,8
2459,2523,8
3459,3523,8
4459,4523,8
5459,5523,8
6459,6523,8
7459,7523,8
8459,8523,8
9459,9523,8
10459,10523,8
11459,11523,8
12459,12523,8
13459,13523,8
14459,14523,8
531,763,8
1531,1763,8
2531,2763,8
3531,3763,8
4531,4763,8
5§531,5763,8
6531,6763,8
7531,7763,8
8531,8763,8
9531,9763,8
10531,10763,8
11531,11763,8
12531,12763,8
13531,13763,8
14531,14763,8

£ 2]

*** Zero horizontal displacement applied at node set RIGHTNOD

*kk

*NSET, NSET
68,170,17
1068,1170,17
2068,2170,17
3068,3170,17
4068,4170,17
5068,5170,17
6068,6170,17




7068,7170,17
8068,8170,17
9068,9170,17
10068,10170,17
11068,11170,17
12068,12170,17
13068,13170,17
14068,14170,17
458,530, 8
1458,1530,8
2458,2530,8
3458,3530,8
4458,4530,8
5458,5530,8
6458,6530,8
7458,7530,8
8458,8530,8
9458,9530,8
10458,10530,8
11458,11530,8
12458,12530,8
13458,13530,8
14458,14530,8
538,770,8
1538,1770,8
2538,2770,8
3538,3770,8
4538,4770,8
5538,5770,8
6538,6770,8
7538,7770,8
8538,8770,8
9538,9770,8
10538,10770,8
11538,11770,8
12538,12770,8
13538,13770,8
14538,14770,8

*kk

*** Temperature and displacement histories will be saved at
*%** pode set SMBNODES, to provide information for internal definition
*#+* of the submodel boundary conditions

Rx
*NSET , NSETASGMBNODES

Z12P5NOD, Z15N0D

*NSET, NSET=SMBNODES , GEN

475,490,1
1475,1490,1
2475,2490,1
3475,3490,1
4475,4490,1
5475,5490,1
6475,6490,1
7475,7490,1
8475,8490,1
9475,9490,1
10475,10490,1
11475,11490,1
12475,12490,1
13475,13490,1
14475,14490,1

571,586,1
1571,1586,1
2571,2586,1
3571,3586,1
4571,4586,1
5571,5586,1
6571,6586,1
7571,7586,1
8571,8586,1
9571,9586,1
10571,10586,1
11571,11586,1
12571,12586,1
13571,13586,1
14571,14586,1

LE 2

**% Zero normal heat flux applied on face 4 of element set S4RIGHT
*** Face 4 of these elements collected into surface named RLVIEW for
*** longitudinal view of results

xkk
*ELSET,ELSET GEN
64,144,16

1064,1144,16
2064,2144,16
3064,3144,16
4064,4144,16
5064,5144,16
6064,6144,16
7064,7144,16
8064,8144,16
9064,9144,16
10064,10144,16
11064,11144,16
12064,12144,16
13064,13144,16
427,490,7
1427,1490,7
2427,2490,7
3427,3490,7
4427,4490,7
5427,5490,7
6427,6490,7
7427,7490,7
8427,8490,7
9427,9490,7
10427,10490,7
11427,11490,7
12427,12490,7
13427,13490,7
507,710,7
1507,1710,7
2507,2710,7
3507,3710,7
4507,4710,7
5507,5710,7
6507,6710,7
7507,7710,7
8507,8710,7
9507,9710,7
10507,10710,7
11507,11710,7

P



12507,12710,7
13507,13710,7

kX

*** Zero normal
*kk

*ELSET, ELSET
272,352,16

1272,1352,16
2272,2352,16
3272,3352,16
4272,4352,16
5272,5352,16
6272,6352,16
7272,7352,16
8272,8352,16
9272,9352,16
10272,10352,1
11272,11352,1
12272,12352,1
13272,13352,1

*hk

*** Zero normal heat flux applied on face 6 of element set S6LEFT

EE X3

*ELSET, ELSET
421,484,7
1421,1484,7
2421,2484,7
3421,3484,7
4421,4484,7
5421,5484,7
6421,6484,7
7421,7484,7
8421,8484,7
9421,9484,7
10421,10484,7
11421,11484,7
12421,12484,7
13421,13484,7
501,704,7
1501,1704,7
2501,2704,7
3501,3704,7
4501,4704,7
5501,5704,7
6501,6704,7
7501,7704,7
8501,8704,7
9501,9704,7
10501,10704,7
11501,11704,7
12501,12704,7
13501,13704,7

GEN

6
6
6
6

eat flux applied on face 4 of element set S4LEFT
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