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45- ?PP,Z '/ 1462'&3546 9%6 28%70 5%/=06 60L7423642'%/ 2'B07 C8'&8 %&&36 '/ !"#]7 &470-

AD? 8/)E(
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370$ 9%6 B%$055'/= 247<7^ ''Z 2% ='Q0 4/ %Q06Q'0C %9 &%/&012345 3/&0624'/2'07 60=46$'/= 280 :39906 
60L7423642'%/V C8'&8 84Q0 :00/ 73==0720$ '/ 28070 B%$055'/= 247<7^ 4/$ '''Z 2% 0Q453420 280 
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16%j0&2V 4/$ 280 B%$055'/= 247<7 C8'&8 84Q0 4$$60770$ 28070 0W106'B0/27- H $07&6'12'%/ %9 280 
KE#EJ in-situ 2072 '7 16070/20$ '/ .841206 ?V 2%=02806 C'28 4 73BB46; %9 1069%6B0$ B%$055'/=
247<7- @80 KE#EJ B%&<L31 2072 4/$ 280 B%$055'/= 247<7 605420$ 2% 28'7 2072 460 73BB46'[0$ '/ 
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C47 0W&4Q420$ Y37'/= 4 @#AZ '/ !0120B:06 L F&2%:06 (OO*- @80 9'/45 (,-) B %9 280 $6'92 C47 
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$4;7 106'%$- H /0C 78%2&6020 153= C47 73:70g30/25; &%/7263&20$V 4/$ 280 2072 %9 280 60B4'/'/= 
1462 %9 280 0W106'B0/2 C47 &%/2'/30$-

Figure 2-1. Overview of the FEBEX in-situ test.
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@80 KE#EJ '/L7'23 2072 C47 7050&20$ 47 %/0 %9 280 B%$055'/= 247< YU% (Z '/ 280 D0&%Q450W RRR 
16%j0&2 C8'&8 C47 &466'0$ %32 $36'/= (OOO 2% ?PP>- @80 B%$055'/= 247< C47 $'Q'$0$ '/2% 28600 
14627S

� HS eA B%$055'/= %9 280 6%&<- @80 %:j0&2'Q0 %9 28'7 1462 C47 2% 160$'&2 280 C4206 '/95%C 
'/2% 280 23//05 4/$ 280 C4206 16077360 0Q%532'%/ '/ 280 6%&< $36'/= 280 23//05 0W&4Q42'%/- 

� #S @eA 4/45;7'7 %9 280 :39906 :084Q'%36- @80 %:j0&2'Q0 %9 28'7 1462 C47 2% 160$'&2 280 
0Q%532'%/ %9 280 8042'/= 1%C06V 47 C055 47 280 20B10642360V 60542'Q0 83B'$'2; 4/$ 2%245 
72607707 45%/= 7050&20$ 70&2'%/7 4/$c%6 42 710&'9'& 1%'/27 '/ 280 :39906 $36'/= 280 9'672 (PPP 
$4;7 %9 %10642'%/-

� .S @eA 4/45;7'7 %9 280 6%&<- @80 %:j0&2'Q0 %9 28'7 1462 C47 2% 160$'&2 280 0Q%532'%/ %9 280 
20B10642360V C4206 16077360V /%6B45 726077V 64$'45 $'7154&0B0/2 42 710&'9'& 1%'/27 4/$c%6 
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160&0$'/= 4/$ 280 73:70g30/2 2'B0 106'%$7 C060 0W&53$0$ 9%6 B%$055'/=V 4/$ 28'7 84$ 2C% 
&%/70g30/&07S 

� @80 9%36 B%/287 106'%$ C'28 '7%2806B45 8;$642'%/V C8'&8 9%55%C0$ 280 '/7245542'%/ %9 280 
2072V C47 '/&53$0$ :; 7%B0 B%$055'/= 204B7V 4/$ 28'7 'B15'0$ 4 :02206 4=600B0/2 C'28 280 
0W106'B0/245 60542'Q0 83B'$'2; Y\eZ $424 '/ 280 %3206 1462 %9 280 2072-
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� @80 2C% ;046 106'%$V C8'&8 9%55%C0$ 280 9'672 (PPP $4;7 49206 280 8042'/= 724620$V C47 /%2 
'/&53$0$ '/ 280 B%$057V 4/$ 28'7 B04/2 2842 280 B%$057 C060/]2 &%B1460$ C'28 280 $424 
96%B 280 $'7B4/25'/= %9 280 2072- 

H /3B:06 %9 %:706Q42'%/7 &%35$ :0 B4$0 96%B 280 16070/20$ 160$'&2'%/7S

� Thermal problem: @80 20B10642360 160$'&2'%/7 Q46'0$ 7'=/'9'&4/25; 4B%/= 280 B%$055'/= 
204B7V 4528%3=8 280 4&2345 60&%6$0$ Q45307 20/$0$ 2% 60B4'/ 42 280 4Q064=0 %9 455 
&45&3542'%/7- F/0 %:706Q0$ 9042360 C47 280 '/'2'45 60$3&2'%/ 4/$ 280 73:70g30/2 '/&60470 '/ 
280 1%C06 60g3'60$ 2% B4'/24'/ 4 &%/724/2 20B10642360 42 280 804206L:39906 &%/24&2- @8'7 
C47 4/ 0990&2 %9 280 '/'2'45 $6;'/= 4/$ 280 73:70g30/2 60L7423642'%/ %9 280 '//06 1462 %9 280 
:0/2%/'20-  A%$057 C8'&8 $'$ /%2 '/&53$0 4 7423642'%/L$010/$0/2 2806B45 &%/$3&2'Q'2; 
&%35$ /%2 6016%$3&0 28'7 0990&2V 4/$ %/5; %/0 %9 280 160$'&2'%/7 B42&80$ 280 4&2345 
:084Q'%36 &%660&25;-

� Hydraulic problem: A%$057 C8'&8 '/&53$0$ 4 &%660&2 @e &%315'/=V Y'-0- C'28
6016070/242'%/7 %9 280 5'g3'$cQ41%36 18470 &84/=0^ 4/$ 280 Q41%36 953WZ C060 &414:50 %9 
6016%$3&'/= 280 %:706Q0$ 0Q%532'%/ %9 60542'Q0 83B'$'2;- @8'7 C47 710&'455; 280 &470 9%6 
280 160$'&2'%/7 %9 280 16%&07707 42 280 B'$L70&2'%/ %9 280 8042067- @80 16%&07707 '/ 280 
&0/2645 70&2'%/ %9 280 2072 C060V 8%C0Q06V B%60 &%B150W 4/$ C060 /%2 4&&364205;
6016%$3&0$ :; 280 B%$057- N609060/2'45 Q41%36 95%C 14287 45%/= %10/ j%'/27V C8'&8 B4; 
84Q0 154;0$ 4 6%50 '/ 280 KE#EJ 2072V C060 /%2 &%/7'$060$ '/ 280 370$ B%$057 Y4 605420$ 
16%&077 '7 $07&6':0$ 4/$ 4770770$ '/ 70&2'%/ *-?Z-

� Mechanical problem: \4$'45 72607707 60&%6$0$ '/ 280 %3206 1462 %9 280 :39906 78%C0$ 4 
&%/2'/3%37 '/&60470 $36'/= 280 %:706Q42'%/ 106'%$ 4/$ 280'6 Q4530 0W&00$0$ >AN4 42 $4; 
(PPPV C806047 280 16077360 70/7%6 5%&420$ '/ 280 '//06 1462 %9 280 :39906 60B4'/0$ 
0770/2'455; 3/5%4$0$ $36'/= 280 74B0 106'%$- !%B0 %9 280 16070/20$ B%$057 160$'&20$ 28'7 
$'726':32'%/V C8'50 %2806 B%$057 6073520$ '/ 4 B%60 8%B%=0/0%37 :3'5$L31 %9 72607707 
C'28'/ 280 :39906-
@80 1%6%7'2; %9 280 :39906 60B4'/0$ &%/724/2 '/ =5%:45 206B7 $30 2% 280 6'='$ &%/9'/0B0/2 
%99060$ :; 280 =64/'20- @80 '/26'/7'& 106B04:'5'2; %9 280 :39906 &%35$ 280609%60 :0 0W10&20$ 
2% :0 94'65; &%/724/2- @8'7 'B15'0$ 2842 4 &%660&2 160$'&2'%/ %9 280 60542'Q0 83B'$'2; 
0Q%532'%/ $'$ /%2 60g3'60 4 B0&84/'&45 &%315'/=- @8'7 C47 $0B%/726420$ :; %/0 %9 280 
B%$055'/= 204B7-

� Influence of the rock matrix permeability: A047360B0/27 %9 $'99060/2 \e $'726':32'%/7 
78%C0$ 2842 280 $'7&6020 &%/$3&2'/= 90423607 %9 280 6%&< 84$ %/5; 4 B'/%6 '/9530/&0 %/ 280 
:39906 8;$642'%/V 4/$ '2 C47 &%/&53$0$ 2842 280 5%C 106B04:'5'2; %9 280 74236420$ 
:0/2%/'20V Y(i(PL?( B?Z &%B1460$ C'28 280 =64/'20 B426'W 106B04:'5'2; Y*i(PL(O B?ZV 504$7 
2% 4 94'65; 8%B%=0/0%37 8;$642'%/ %9 280 :466'06- R/ %2806 C%6$7V 280 :0/2%/'20 
106B04:'5'2; &%/26%550$ '27 %C/ 6420 %9 8;$642'%/ 4/$ 280 6%&< B426'W C47 &414:50 %9 
16%Q'$'/= 455 280 60g3'60$ 95%C %9 C4206-
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?DB !)7(,,$*1 )J FG3GH $*I%$#6 #(%# =- WT+
H9206 280 &%B1502'%/ %9 280 KE#EJ 247< C'28'/ 280 D0&%Q450W RRR 16%j0&2V !j/&80[ 4/$ `0/7 
Y?PPTZ 4/$ `0/7 02 45- Y?PPOZ 16070/20$ 6073527 96%B 4 B%$055'/= C%6< C8'&8 0/&%B14770$ 280 
0/2'60 9'Q0 ;046 2072 106'%$ %9 280 %3206 1462 %9 280 0W106'B0/2V C8'&8 280609%60 457% &%35$ '/&53$0 
4 &%B146'7%/ C'28 $424 96%B 280 $'7B4/25'/= %9 2842 1462- @80 B%$05 &%/7'720$ %9 4 ?D 
4W'7;BB026'& =0%B026;V 4/$ 0B15%;0$ 280 9355; &%3150$ 2806B%L8;$6%LB0&84/'&45 9%6B3542'%/ 
Y'/&53$'/= =47 264/71%62Z 47 'B150B0/20$ '/ 280 .%$0k#6'=82 KEA &%$0- @80 8042 264/71%62 C47 
&45&35420$ C'28 K%36'06_7 54CV 280 4$Q0&2'Q0 264/71%62 %9 C4206 4/$ 4'6 9%55%C0$ D46&;_7 54CV 4/$ 
280 $'9937'Q0 264/71%62 %9 Q41%36 9%55%C0$ K'&<_7 54C- @80 370$ 6020/2'%/ &36Q0 C47 4 
B%$'9'&42'%/ %9 280 Q4/ `0/3&820/ 0W16077'%/-  K%6 280 B0&84/'&45 :084Q'%36 4 B%$'9'0$ 9%6B %9 
280 #46&05%/4 #47'& A%$05 C47 0B15%;0$- 

H /3B:06 %9 %:706Q42'%/7 &%35$ :0 B4$0 96%B 4 &%B146'7%/ %9 280 B%$05 6073527 4/$ 280 $424 
96%B 280 70/7%67 '/ 280 :0/2%/'20S

� Thermal problem:  @80 B%$05 C47 4:50 2% 6016%$3&0 280 20B10642360 0Q%532'%/ =0/06455; 
C055V 4528%3=8 280 &45&35420$ 8042'/= 1%C06 C47 3/$06L160$'&20$ :; 4116%W'B4205; (P 4/$ 
(+dV 9%6 e04206 ( 4/$ ?V 60710&2'Q05;- 

� Hydraulic problem: @80 B%$05 C47 4:50 2% 6016%$3&0 280 0Q%532'%/ %9 \e Q06; 
742'794&2%6;- @80 %3206 1462 %9 280 :0/2%/'20 $'7154;0$ 4 B%/%2%/'& '/&60470 %9 \eV
60950&2'/= 280 8;$642'%/ 96%B 280 6%&<- R/ 280 '//06 1462V 8%C0Q06V 280 \e 9'672 $'7154;0$
4/ '/&60470V C8'&8 60950&20$ 4 Q41%36 96%/2 96%B 0Q0/ C46B06 14627- @8'7 C47
'BB0$'4205; 9%55%C0$ :; $6;'/= C'28 $0&6047'/= \e- K'/455;V 280 \e 0W8':'20$ 4 75%C 
'/&6047'/= 260/$V 457% 60950&2'/= 280 8;$642'%/ 96%B 280 6%&<- 

� Mechanical problem: @80 B%$05 C47 4:50 2% 6070B:50 280 =0/0645 :3'5$L31 %9 2%245 
72607707 4/$ 457% 280 9'/45 Q4530 9%6 4 /3B:06 %9 70/7%67- @80 60542'Q05; 75%C :3'5$L31 %9 
72607707 '/ 280 '//06 1462 %9 280 :0/2%/'20 C47V 8%C0Q06V /%2 6016%$3&0$- 

@80 B%$05 457% 7'B35420$ 280 &%%5'/= 724=0 4/$ 280 0W&4Q42'%/ 1069%6B0$ 16'%6 2% 74B15'/=V 4/$
280 B%$05 6073527 &%35$ :0 &%B1460$ C'28 $424 96%B 280 4/45;707 2842 C060 1069%6B0$ %/ 74B1507 
%:24'/0$ $36'/= 280 $'7B4/25'/= %10642'%/S

� Water content profiles: @80 /3B06'&45 4/45;7'7 78%C0$ Q06; =%%$ 4=600B0/2 C'28 280 
B047360$ 16%9'507 %9 280 C4206 &%/20/2- R/ 70&2'%/7 &5%70 2% 280 804206V 280 C4206 &%/20/2 
C47 72'55 :05%C 280 '/'2'45 Q4530- R/ &%%5 70&2'%/7V 8%C0Q06V 28060 C47 4 7B455 /02 =4'/ '/ 
280 &0/2645 1462 %9 280 23//05- .5%70 2% 280 6%&< C455V '/ &%/26472V 280 C4206 &%/20/2 84$ 
'/&60470$ 7'=/'9'&4/25;-   

� Dry density profiles: @80 /3B06'&45 4/45;7'7 457% 78%C0$ Q06; =%%$ 4=600B0/2 C'28 280 
B047360$ 16%9'507 %9 280 $6; $0/7'2;- .5%70 2% 280 6%&< 280 :0/2%/'20 84$ 0W14/$0$V 
0W8':'2'/= $6; $0/7'2; Q45307 C055 :05%C 280 '/'2'45 Q4530- R/ &%/26472V '/ [%/07 /046 280 
804206 4/$ '/ 280 &0/2645 1462 %9 280 23//05V 280 $6; $0/7'2; 84$ '/&60470$- 

R2 C47 &%/&53$0$ 96%B 28'7 B%$05'/= C%6< 2842 280 370$ @eA 9%6B3542'%/ C47 4:50 2% &412360 280 
180/%B0/4 '/Q%5Q0$ 47 C055 47 280'6 '/2064&2'%/7V 4/$ 457% 2842 '2 847 4 =%%$ 160$'&2'Q0 1%C06- R2 
C47V 8%C0Q06V 457% 72420$ 2842 '2 '7 1%77':50 2842 %2806 180/%B0/4 B4; 72462 154;'/= 4 B%60 
7'=/'9'&4/2 6%50 Y73&8 47 2806B%L%7B%7'7V &80B'&45 0990&27V %6 280 $%3:50 1%6%7'2; 94:6'& %9 280 
&%B14&20$ :0/2%/'20Z C80/ 5%/=06 106'%$7 460 &%/7'$060$-   
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+

B FG3GH <)/'I6E #(%#
BDA .(%# 7(%/>$E#$)*
@8'7 70&2'%/ '7 :470$ %/ '/9%6B42'%/ 16%Q'$0$ :; A462'/ 4/$ #46&454 Y?PP*Z 4/$ !j/&80[ 4/$ 
`0/7 Y?PPTZ-

@80 KE#EJ B%&<L31 2072 847 :00/ 1069%6B0$ 4/$ '7 72'55 63//'/= '/ 280 54:%642%6; %9 .'0B42 '/ 
A4$6'$- @80 2072 '7 1069%6B0$ '/ 4 &;5'/$6'&45 72005 :%$; C'28 4 370935 50/=28 %9 T B 4/$ 4/ '//06 
$'4B0206 %9 (-T? B- @C% 8042067 C'28 4 50/=28 %9 (-T? B 4/$ 4 $'4B0206 %9 P->) B C060 '/724550$ 
C'28'/ 4 :39906 B4$0 %9 KE#EJ :0/2%/'20 :5%&<7- @80 :5%&<7 84$ 4/ '/'2'45 C4206 &%/20/2 %9 
(>-TdV 4/$ 4/ '/'2'45 $6; $0/7'2; %9 (-,, =c&B>- @80 %Q06455 $6; $0/7'2; %9 280 :39906V 24<'/= =417 
'/2% 4&&%3/2V C47 (-T* =c&B>-

@80 0W106'B0/2 '7 0g3'110$ C'28 4/ 462'9'&'45 8;$642'%/ 7;720B :; C8'&8 =64/'2'& C4206 847 :00/
370$ 9%6 8;$642'%/ %9 280 :0/2%/'20- @8600 $4;7 :09%60 280 72462 %9 280 2072V 4 Q%53B0 %9 T>) 5'2607
C47 '/j0&20$ '/ %6$06 2% 95%%$ 455 280 Q%'$7 '/ =417 '/ 280 0W106'B0/2- @80 8042'/= 4/$ 280 
8;$642'%/ :0=4/ 7'B3524/0%375; %/ )28 K0:6346; (OO,- H2 9'672 280 8042'/= C47 1069%6B0$ C'28 
&%/724/2 1%C06 %32132V :32 %/ $4; (P 280 7;720B C47 7C'2&80$ 2% &%/724/2 20B10642360 B%$0V 
C'28 4 246=02 20B10642360 %9 (PP f. 42 280 804206L:0/2%/'20 '/20694&0- @80 %3206 2806B45 :%3/$46; 
'7 702 :; 280 0W206/45 &5'B420 C8'&8 '7 B4'/24'/0$ C'28 4'6L&%/$'2'%/'/= 42 ?P l ? m.- @80 C4206 
'/j0&2'%/ 16077360 847 :00/ :02C00/ P-*LP-T AN4 7'/&0 280 72462-   

H/ %Q06L8042'/= 0Q0/2 %&&3660$ %/ $4; (>O( 4/$ 54720$ 9%6 )P 8%367- @80 B4W'B3B 20B10642360
'/ 280 :0/2%/'20 604&80$ ?)P m. $36'/= 28'7 0Q0/2-

K6%B 4116%W'B4205; $4; OPPV 280 C4206 3124<0 %9 280 2072 847 :00/ 7'=/'9'&4/25; 75%C06 284/ C842 
847 :00/ 160$'&20$V 4/$ 28'7 847 B%2'Q420$ '/Q072'=42'%/7 %9 non-standard flow models Y700 /0W2 
70&2'%/Z- @80 75%C C4206 3124<0 &%'/&'$0$ C'28 4 50Q055'/= %32 4/$ 0Q0/ 60$3&2'%/ %9 2%245 
72607707- H/ 45206/42'Q0 0W154/42'%/ 2842 4 16%:50B '/ 280 8;$642'%/ 7;720B &%35$ 4990&2 280 C4206 
73115; 2% 280 :0/2%/'20 847 457% :00/ &%/7'$060$- e%C0Q06V 4&&%6$'/= 2% !j/&80[ 4/$ `0/7 
Y?PPTZV '/Q072'=42'%/7 84Q0 &%/9'6B0$ 2842 28060 C47 /% %:7263&2'%/ '/ 280 8;$642'%/ 7;720B %6 
=0%20W2'50V 4/$ 2842 280 C4206 '/24<0 C47 /0465; 3/'9%6B %Q06 280 0/2'60 8;$642'%/ 96%/2-

Figure 3-1. `0/0645 54;%32 %9 280 KE#EJ B%&<L31 2072-
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O

BD? !)7(,,$*1 )J FG3GH <)/'I6E #(%# =- WT+
!j/&80[ 4/$ `0/7 Y?PPTZ 84Q0 16070/20$ 6073527 96%B 4 B%$055'/= C%6< 4/$ &%B1460$ 28'7 C'28 
0W106'B0/245 $424 96%B 280 %10642'%/45 724=0 C'28 8;$642'%/ 4/$ 8042'/= 31 2% $4; ?)(,- R/ 
4$$'2'%/V 6073527 96%B 4 5%/=L206B Y?P ;0467Z 160$'&2'%/ C060 16070/20$-   

@80 B%$05 &%/7'720$ %9 4 ?D 4W'7;BB026'& =0%B026;V 4/$ 0B15%;0$ 280 9355; &%3150$ 2806B%L
8;$6%LB0&84/'&45 9%6B3542'%/V 47 'B150B0/20$ '/ 280 .%$0k#6'=82 KEA &%$0 4/$ Q06; 7'B'546 
280 %/0 370$ 9%6 280 '/L7'23 2072 B%$05 Y70&2'%/ ?->Z- @80 8042 264/71%62 C47 &45&35420$ C'28 
K%36'06_7 54CV 280 4$Q0&2'Q0 264/71%62 %9 C4206 4/$ 4'6 9%55%C0$ D46&;_7 54CV 4/$ 280 $'9937'Q0 
264/71%62 %9 Q41%36 9%55%C0$ K'&<_7 54C- @80 370$ 6020/2'%/ &36Q0 C47 4 B%$'9'&42'%/ %9 280 Q4/ 
`0/3&820/ 0W16077'%/-  K%6 280 B0&84/'&45 :084Q'%36 4 B%$'9'0$ 9%6B %9 280 #46&05%/4 #47'& 
A%$05 YH5%/7% 02 45- (OOPZ C47 0B15%;0$-  

H &%B146'7%/ %9 6073527 96%B 4 :470 &470 B%$05 4/$ 280 $424 96%B 280 70/7%67 '/ 280 :0/2%/'20 
78%C0$ 2842S

� Thermal problem:  @80 B%$05 C47 4:50 2% 6016%$3&0 280 20B10642360 0Q%532'%/ =0/06455; 
C055-

� Hydraulic problem: @80 B%$05 C47 4:50 2% 6016%$3&0 280 &3B3542'Q0 C4206L3124<0 4/$ 
0Q%532'%/ %9 \e g3'20 C055 31 2% $4; OPP- H9206 2842 280 B%$05 20/$0$ 2% %Q06L072'B420 280 
8;$642'%/ 6420-

� Mechanical problem: @80 B%$05 C47 4:50 2% 6070B:50 280 =0/0645 :3'5$L31 %9 2%245 
72607707 31 2'55 $4; OPP- H9206 2842 280 B%$05 20/$0$ 2% %Q06L072'B420 280 :3'5$L31 %9 
72607707-

@80 %:706Q0$ $'99060/&07 &%/&06/'/= 280 8;$642'%/ 6420 B%2'Q420$ 280 '/Q072'=42'%/ %9 4 /3B:06 
%9 /%/L724/$46$ 95%C B%$057- @8070 4/45;707 C060 1069%6B0$ C'28 (LD 4W'7L7;BB026'&45 B%$057- 
@C% &8464&206'72'& 70&2'%/7 C060 &%/7'$060$S %/0 6016070/20$ 4 70&2'%/ '/ 280 &0/2645 1462 %9 280 
8042067 4/$ C47 B%$0550$ C'28 4 20B10642360 %9 (PP m. 42 280 '//06 :%3/$46;V 4/$ %/0 &%5$ 
70&2'%/  6016070/2'/= 280 %3206 14627 %9 280 2072 C47 B%$0550$ C'28 4 20B10642360 %9 ?, m. 42 280 
'/206/45 1462 %9 280 :466'06- @8070 '/Q072'=42'%/7 460 73BB46'[0$ '/ 280 9%55%C'/= 73:70&2'%/7-

BD?DA .0>(%0),7 1>"7$(*#
D46&;]7 54C $07&6':07 4 5'/046 60542'%/78'1 :02C00/ 280 953W 4/$ 280 8;$6435'& =64$'0/2V 4/$ 28'7 
54C '7 =0/06455; Q45'$ 42 5%C \0;/%5$7 /3B:067 Y#046 (O,?Z- !%B0 4328%67 84Q0V 8%C0Q06V
$'7&3770$ 4 5%C06 5'B'2 9%6 280 4115'&4:'5'2; %9 D46&;]7 54C Y700 9%6 '/724/&0 #046 Y(O,?Z 4/$ 
A'2&8055 Y(OO>ZZV 4/$ 73&8 4 5%C06 5'B'2 C%35$ 'B15; 2842 4 286078%5$ =64$'0/2 B372 :0 0W&00$0$
:09%60 4/; 95%C &4/ :0 '/'2'420$ Y700 K'=360 >L?Z-  

R/ 280 B%$055'/= %9 280 KE#EJ B%&<L31 2072V Y!j/&80[ 4/$ `0/7 ?PPTZV 280 9%55%C'/= /%/L5'/046 
60542'%/78'17 :02C00/ 280 953W 4/$ 280 8;$6435'& =64$'0/2 C060 '/Q072'=420$S

� H 286078%5$ =64$'0/2 Ya%Z 0g345 2% *P 
� H &6'2'&45 =64$'0/2 Ya&Z &5%70 2% ?PPP- 
� H 1%C06 54C 9%6 280 64/=0 %9 8;$6435'& =64$'0/2 C'28 /%/LD46&'4/]7 95%C-
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(P

R2 C47 9%3/$ 2842 4 (D 4W'7;BB026'& @eA B%$05 C8'&8 '/&53$0$ 28'7 $07&6'12'%/ &%35$ &412360 
280 60$3&2'%/ '/ 280 8;$642'%/ 6420 %:706Q0$ '/ 280 B%&<b31 2072- R2 C47V 8%C0Q06V 457% /%20$ 2842 
280 370$ 4116%4&8 'B15'0$ 2842 280 :466'06 $'$ /%2 604&8 9355 C4206 7423642'%/- 

@80 '/9530/&0 %9 4 286078%5$ =64$'0/2 C47 457% '/Q072'=420$ '/ 4 B%$05 %9 %/0 %9 280 KE#EJ 
'/9'52642'%/ 2072 Y!4/&80[ 02 45- ?PP,Z- R/ 28'7 &470 280 370$ 286078%5$ =64$'0/2 C47 457% 702 2% *PV 
C8'50 280 &6'2'&45 =64$'0/2 C47 702 2% 4 Q4530 &5%70 2% (*PP-

Figure 3-2. Linear and non-linear relationships between flux (q) and hydraulic gradient (J). 

BD?D? .0(><)I)%<)%$%
h'28 2806B%L%7B%7'7 '7 =0/06455; B04/2 953'$ 95%C C8'&8 '7 &4370$ :; 4 20B10642360 =64$'0/2-
!3&8 4 &%3150$ 95%C 180/%B0/4 '7 7311%620$ :; /%/L0g3'5':6'3B 2806B%$;/4B'&7 YD0`6%%2 4/$
A4[36 (O+)V A'2&8055 (OO>Z 4/$ '7 %/0 %9 70Q0645 &%3150$ 95%C 180/%B0/4 C8'&8 &4/ %&&36V 700 
@4:50 >L(- 

R/ 280 B%$055'/= %9 280 KE#EJ B%&<L31 2072V Y!j/&80[ 4/$ `0/7 ?PPTZV 280 9%55%C'/= 0g342'%/
C47 9%6B35420$ '/ %6$06 2% '/&53$0 280 2806B%L%7B%2'& 0990&2S

TP HTllHHl ������ DEDF ZY � Y>L(Z

@80 95%C &%099'&'0/2 DGG &%66071%/$7 2% 7n<6c 370$ '/ D46&;]7 54CV C8'50 De@  '7 280
180/%B0/%5%='&45 &%099'&'0/2 477%&'420$ 2% 280 2806B%L%7B%2'& 95%C- K%6 280 KE#EJ :0/2%/'20 
28060 C060 /% 0W106'B0/245 $424V 4/$ 9%6 280 B%$05'/= %9 280 KE#EJ B%&<L31 4 2806B%L%7B%2'& 
&%/724/2 %9 ?-,>i(PL(> B?c"c7 C47 4$%120$V 4/$ 28'7 Q4530 C47 C'28'/ 280 64/=0 %9 1%77':50 Q45307 
9%3/$ '/ 280 5'20642360-

R2 C47 9%3/$ 2842 4 (D 4W'7;BB026'& @eA B%$05 C8'&8 '/&53$0$ 28'7 $07&6'12'%/ $'7154;0$ 4 
7%B0C842 :02206 4=600B0/2 C'28 280 \e 0Q%532'%/ '/ 280 8%2 70&2'%/ &5%70 2% 280 804206V :32 280
%Q06455 20/$0/&; %9 280 B%$05 &%35$ /%2 :0 &%/7'$060$ =%%$- @80 B047360$ 260/$ '/ [%/07 /046 
280 8;$642'%/ 96%/2 C47 /%2 7% C055 &412360$V 4/$ 6073527 96%B 280 B%$05 %9 280 %3206 &%5$ 70&2'%/ 
C060 /%2 '/9530/&0$ :; 280 2806B%L%7B%2'& 0990&2- R2 C47 457% %:706Q0$ 2842 '2 C%35$ :0 1%77':50 
2842 280 &54; /0Q06 604&807 9355 7423642'%/ '/ 280 8%2 70&2'%/7 '9 28'7 4116%4&8 '7 370$-
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((

!4/&80[ 02 45 Y?PP,Z 457% '/Q072'=420$ 2806B%L%7B%7'7 '/ 4 B%$05 %9 280 KE#EJ '/9'52642'%/ 2072- 
R/ 28'7 &470V 280 370$ 2806B%L%7B%2'& &%/724/2 C47 702 2% *i(PL(? B?c"c7- K'/455;V p80/= 4/$ 
!4B106 Y?PP+Z '/Q072'=420$ 2806B%L%7B%7'7 '/ 4 B%$05 %9 280 KE#EJ B%&<L31V '/ C8'&8 &470
280 370$ 2806B%L%7B%2'& &%/724/2 C47 702 2% >-T?i(PL(? B?c"c7-  

'()*% K,-. ;/1%3$ (#0 3"45*%0 2*"A 5:%#"7%#(.
N>"7$(*#%

F,)9 P-7>"6,$/ 0("7 +0(<$/", /)*/(*#>"#$)* .(<E(>"#6>(
F,6$7 K">/-_% ,"9 +0(<$/", )%<)%$% .0(><) )%<)%$%
C)* 8#>("<$*1 /6>>(*# F$/'_% ,"9 8)>(# (JJ(/#
P("# C%)#0(><", 0("# #>"*%J(> K6J)6> (JJ(/# F)6>$(>_% ,"9

BD?DB !$/>)IJ"=>$/ (;),6#$)*
@80 /%2'%/ %9 B'&6%L94:6'& 0Q%532'%/ '7 =0/06455; :470$ %/ 280 9%55%C'/= &%/&0127 Y@8%B47 02 45- 
?PP>V !j/&80[ 4/$ `0/7 ?PPTZS 'Z 280 B4'/ 1462 %9 280 C4206 2842 0/2067 280 :0/2%/'20 '7 4$7%6:0$ 
'/2% 280 B'&6%L1%607V ''Z 28'7 'B15'07 2842 280 1462'&507 7C055V 4/$ '9 280 :0/2%/'20 '7 607264'/0$V 28'7 
C'55 280/ 60$3&0 280 7'[0 %9 280 B4&6%L1%607V '''Z 28'7 C'55 60$3&0 280 0990&2'Q0 8;$6435'& 
&%/$3&2'Q'2; %9 280 :0/2%/'20V 7'/&0 %/5; macro-pore water is available for flow Y280 Q45'$'2; %9 
28'7 28'6$ 1%'/2 '7 $'7&3770$ '/ 70&2'%/ )-)Z- 

R/ 280 B%$05'/= %9 280 KE#EJ B%&<L31 2072 Y!j/&80[ 4/$ `0/7 ?PPTZV 28'7 0990&2 C47 &%/7'$060$ 
'/ 4/ 4116%W'B420 C4; :; 60$3&'/= 280 '/26'/7'& 106B04:'5'2; '/ 280 0W206/45 [%/0 %9 280 :466'06
Y3/2'5 4 B4W'B3B %9 (*d 9%6 73&2'%/7 5%C06 284/ ? AN4Z- R2 C47 9%3/$ 2842 28'7 B%$05 &%35$
6016%$3&0 280 %:706Q0$ :084Q'%6 '/ 280 :466'06 :02206 284/ 280 %10642'%/45 :470 &470 B%$05- R2 C47 
457% 9%3/$ 2842 280 &470 C'28 B'&6%L94:6'& 0Q%532'%/ 604&80$ 2%245 C4206 7423642'%/ '/ 4 5%/= 206B 
160$'&2'%/V '/ &%/26472 2% 280 &4707 C'28 286078%5$ =64$'0/2 %6 2806B%L%7B%7'7-

A'&6%L94:6'& Y%6 B'&6%7263&2360Z 0Q%532'%/ C47 457% '/Q072'=420$ '/ B%$057 %9 280 .4/4$'4/ 546=0L
7&450 0W106'B0/27 R7%2806B45 @072 Y@8%B47 02 45- ?PP>V 700 70&2'%/ )-)ZV 4/$ 280 #39906L&%/24'/06 
0W106'B0/2 Y@8%B47 02 45- ?PPOZ- 
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(?

` G;",6"#$)* )J *)*I%#"*7">7 J,)9 <)7(,%

`DA C*#>)76/#$)*
@80 =%45 %9 280 0Q45342'%/ '7 2C%L9%5$S 'Z 2% $07&6':0 280 B0&84/'7B7 %9 280 73==0720$ /%/L
724/$46$ 95%C B%$057^ 4/$ ''Z 2% 477077 280 6050Q4/&0 %9 28070 B%$057 9%6 280 !\L!'20 &45&3542'%/7 
'9 280; C%35$ 84Q0 :00/ '/&53$0$ '/ 28%70-

!'/&0 280 95%CLB%$057 460 /%2 'B150B0/20$ '/ .%$0k#6'=82V 28060 460 28600 1%20/2'45 14287 2842 
&4/ :0 136730$ 9%6 280 0Q45342'%/ %9 28070 95%C B%$057S 'Z B%$'9'&42'%/ %9 0W'72'/= /3B06'&45 2%%5 
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Figure 4-1. Steady-state solutions with saturation degree vs. temperature, cold end saturation is 
0.8, 0.9, 0.98, 0.99, 0.998 (left).Radial profiles of temperature (right).

Figure 4-2.  Radial profiles of saturation degree (left) and hydraulic gradient (right) for cold end 
saturation degree 0.8, 0.9, 0.98, 0.99 and 0.998.
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Figure 4-3. Steady-state solutions with saturation vs. temperature (left) for radial temperature
profiles typical for KBS-3 canister mid-height conditions at four different times (right).

Figure 4-4.  Radial profiles of saturation degree (left) and hydraulic gradient (right) for thermal 
conditions shown in Figure 4-3(right). 
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Figure 4-5. Retention curve and dS/dT derivative (left). Radial temperature distribution and 
steady-state saturation profile (right).

Figure 4-6. Radial temperature distribution typical for KBS-3 canister mid-height (left) and 
corresponding steady-state saturation profile (right).
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Figure 4-7. Hydraulic conductivity vs. saturation degree.
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Figure 4-8. Retention curve and hydraulic conductivity relations (left) and moisture diffusivity 
(right). Upper graphs show data from Thomas et al. (2003), lower graphs show data from this 
analysis.
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Relevance for SR-Site calculations
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Figure 4-9. Moisture diffusivity function based on the material model for buffer hydration 
calculations.

P-T P-, P-+ P-O (
P

?

)

T

+

(P

e%B- :39906 L .;5'/$06
e%B- :39906 L \'/=

D0=600 %9 7423642'%/ YLZ

D
'99

37
'Q

'2;
 W

 (
E(

P 
YB

?c
7Z

PD
F 

re
nd

er
in

g:
 D

ok
um

en
tID

 1
41

58
74

, V
er

si
on

 1
.0

, S
ta

tu
s 

G
od

kä
nt

, S
ek

re
te

ss
kl

as
s 

Ö
pp

en



??

b L#0(> 6*/(>#"$*#$(%

bDA C*#>)76/#$)*
D36'/= 280 &%3670 %9 280 C%6< C'28 280 16070/20$ 4/45;7'7V '2 C47 /%2'&0$ 2842 4 90C %2806 
&%/&012345 3/&0624'/2'07 457% $0706Q0$ 4 28%6%3=8 0Q45342'%/- @8'7 &%/&06/0$S 'Z /423645 
&%/Q0&2'%/ '/ 1055027L9'550$ 75%27V 4/$ ''Z 280 20B10642360 $010/$0/&0 %9 280 6020/2'%/ 16%1062'07- 
@8070 0Q45342'%/7 460 16070/20$ '/ 280 9%55%C'/= 73:70&2'%/7-    

bD? :"#6>", /)*;(/#$)* $* E(,,(#%IJ$,,(7 %,)#%

bD?DA 3"/'1>)6*7
@80 C4206 7423642'%/ 16%&077 4/$ 280 2'B0L7&450 %9 280 :39906 8;$642'%/ C47 4/45;70$ :; y<077%/ 
02 45- Y?P(PZ- HB%/= 280 4/45;70$ B%$057V 28%70 C'28 5%C '/95%C %9 C4206 Y5%C 6%&< 
106B04:'5'2;Z 0W8':'20$ 7'=/'9'&4/2 moisture redistribution, 4/$ 28'7 C47 457% 280 &470 '/ B%$057 
C'28 /% C4206 '/95%C Y$6; 6%&< 7&0/46'%Z- @80 7204$;L72420 &%/$'2'%/7 4/$ 280 2'B0L7&450 2% 604&8 
28'7 72420 460 2% 7%B0 0W20/2 $0206B'/0$ :; 280 95%C &%099'&'0/27- K%6 $6; 6%&< &%/$'2'%/7 280 B%72 
'B1%624/2 264/71%62 16%&077 '7 280 diffusion of vapour, 4/$ 28'7 C47 280 %/5; B04/7 2% 264/7906 
B%'72360 96%B 8%2 2% &%5$ 14627 '/ 280 16070/20$ B%$057- @80 1%20/2'45 &%/26':32'%/ %9 natural 
convection 2% 4 B%60 16%/%3/&0$ B%'72360 60$'726':32'%/ 847 280609%60 :00/ '$0/2'9'0$ 47 4 
&%/&012345 3/&0624'/2; 9%6 280 0Q%532'%/ %9 280 60L7423642'%/- @80 607352 96%B 4 9'672 477077B0/2 %9 
28'7 16%&077 '7 16070/20$ '/ 28'7 70&2'%/-

Figure 5-1. Suggested modes of natural convection in pellets-filled slot. In outer slot only (left) 
and in inner and outer slot (right). 
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Figure 5-2. Rectangular porus medium between heated side walls, left; illustration of Eq (5-2), 
right (after Nield and Bejan 2006).  

Figure 5-3. Maximum height with sustained natural convection. 
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Figure 5-4. Relations between RH and temperature (left) and water content and temperature 
(right) at equilibrated vapour pressures. Right graph based on water retention data for free 
swelling conditions and for an initial water content of 17% (Dueck, 2004).
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Figure 5-4. Retention curves and experimental data (FEBEX) for unconfined conditions. 

Figure 5-5. Entropy change as a function of water content according to data by Kahr et al. 
(1990) (left); according to entalpy  data by Kahr et al. (1990), and retention data according to 
Dueck (2007) and Villar (2002), respectively (right).
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Figure 5-6. Retention curves for MX-80 at 20 and 50�C. Calculated with Eq (5-7)  (upper graph) 
and determined with the sorption balance method and zero initial water content (lower graph).

6020/2'%/ $424 16070/20$ :; D30&< Y?PP,Z-  @80 6073527 460 78%C/ '/ K'=360 *LT- H7 0W10&20$ :; 
280 0/26%1; &84/=0 $424V 280 542206 $424 702 'B15'07 4 7B45506 20B10642360 $010/$0/&0 284/ 280 
9%6B06V 4/$ 28'7 '7 411460/25; B%60 '/ 4=600B0/2 C'28 280 0W106'B0/245 6020/2'%/ &36Q07- !2'55V '2 
78%35$ :0 %:706Q0$ 2842 280 6020/2'%/ &36Q0 :; D30&< Y?PP,Z C060 %:24'/0$ 9%6 4/ '/'2'45 C4206 
&%/20/2 %9 (PdV C806047 280 4$7%12'%/ $424 :; D30&< 4/$ U'577%/ Y?P(PZV 47 C055 47 "486 02 45- 
Y(OOPZ C060 %:24'/0$ 9%6 4 [06% '/'2'45 C4206 &%/20/2-     

@80 60542'%/ :02C00/ 280 73&2'%/ 9%6 &%/9'/0$ &%/$'2'%/7 4/$ 9%6 9600 7C055'/= &%/$'2'%/7 &4/ :0 
$07&6':0$S

PTwTw freeconf ����� �ZVYZVY Y*L+Z

h8060 N '7 280 16077360 4/$ ~ '7 4 &%B16077':'5'2; 94&2%6- @80 Q4530 %9 280 1464B0206 ~ '7 373455;
4773B0$ 2% :0 0g345 2% 3/'2;V 0Q0/ 28%3=8 %2806 Q45307 84Q0 :00/ 601%620$-

P (P ?P >P )P *P TP ,P +P OP (PP
P

*

(P

(*

?P

?*

>P

>*

)P
U4S "486 02 45- (OOPS ?P .
U4S "486 02 45- (OOPS *P .
U4S D30&< ?PP,S ?P .
U4S D30&< ?PP,S *P .

\0542'Q0 83B'$'2; YdZ

h
42

06
 &

%/
20

/2
 Yd

Z

@

b

A@

Ab

?@

?b

B@

Bb

`@

@ A@ ?@ B@ `@ b@ d@ e@ f@ g@ A@@

A
BL

D

MN BLD

83h@h?@ 

83h@hb@ 

PD
F 

re
nd

er
in

g:
 D

ok
um

en
tID

 1
41

58
74

, V
er

si
on

 1
.0

, S
ta

tu
s 

G
od

kä
nt

, S
ek

re
te

ss
kl

as
s 

Ö
pp

en



>P

Eg342'%/7 Y*L,Z 4/$ Y*L+Z &4/ :0 &%B:'/0$ '/ %6$06 '/&53$0 :%28 4 20B10642360 $010/$0/&0 4/$ 4 
16077360 $010/$0/&0S 

PTTwsTwTw freeconf ��������
�

ZYZY
ZVYZVY P

P
Y*LOZ

@8'7 60542'%/ '7 4/45;[0$ 9%6 280 &470 C'28 4 ='Q0/ 16077360 50Q05 Y, AN4ZV 4 [06% 73&2'%/ Q4530V 
4/$ 9%6 20B106423607 :02C00/ ?P 4/$ (PP f.- !3&8 '7%:467 460 78%C/ '/ K'=360 *L, 9%6 455 
0/26%1; &84/=0 60542'%/7 78%C/ '/ K'=360 *L*- @8070 60542'%/7 &%35$ '/ 16'/&'150 &%/72'2320 
7423642'%/ 16%9'507 9%6 C8'&8 280 8;$642'%/ 72%17V 4/$ 280609%60 &%66071%/$7 2% 280 7423642'%/ 
16%9'507 '/ K'=360 )L( 4/$ K'=360 )L*- R2 &4/ :0 /%20$ 2842 280 3/74236420$ Q%'$ 714&0 C%35$ :0
94'65; 7B455 '/ 280 &4707 :470$ %/ 280 6020/2'%/ $424 :; D30&< Y?PP,Z 4/$ G'5546 Y?PP?ZV 4/$
7'=/'9'&4/25; 546=06 '/ 280 &4707 C'28 280 %6'='/45 0/26%1; &84/=07 16070/20$ :; "486 02 45- (OOP-

@80 &%/70g30/&07 %9 28'7 0990&2 C%35$ :0 0Q0/ 7B45506 9%6 280 2806B45 &%/$'2'%/7 '/ "#!L>- H 
2;1'&45 20B10642360 42 280 %3206 4/$ '//06 64$'' %9 280 &4/'7206 B'$L80'=82 70&2'%/ C47 *+ 4/$ ,T
f. 49206 20/ ;0467- @8'7 '/206Q45 C%35$ 607352 '/ 4 64/=0 '/ C4206 &%/20/2 96%B ?T-) 2% ?*-O dV 
4&&%6$'/= 2% 280 6073527 '/ K'=360 *L, 9%6 280 &470 C'28 U4 :0/2%/'20 4/$ 6020/2'%/ $424 :; D30&< 
Y?PP,Z-  

Figure 5-7. Zero suction water content as a function of temperature at P= 7 MPa. 
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