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1. Introduction  
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Figure 11. A cartoon showing two REVs, each forming an open system (both for water and minerals). The
removal of the mineral mass occurs at dissolution sites (marked symbolically with) at the microcrack
walls within one REV, while long-range diffusion lowers the concentration of dissolved silica near the

source. Precipitation may occur at remote locations at another REV sites (marked with! ).

be realized that the shape of the chemical-softening function may be such as to produce a critical
softening earlier, i.e. before mass removal is near completion. Finally, it needs to be realized that
even at the low stress value the tertiary creep does develop. In reality, it may take a substantial
amount of time to take place, especially at low stress. In this model, the physical argument is that
the tertiary creep sets off depending on when the mass removal! reaches a particular level (in
our particular example a value about! = 0.75) which is at an extremely long time for a truly low
stress level.

Finally, it is interesting to note that the aforementioned compensatory mechanism regarding
the hardening variables of Equation (5) can be used to address the dual phenomenon of creep,
which is relaxation. For simplicity, one may consider relaxation under a constrained deviatoric
strain invariant, i.e. forú" = 0. The condition for the progress of the process of the chemo-plastic
softening, Equation (5), under those conditions implies that(! f / ! #i j ) ú#i j < 0, for the relative mass
removalú!> 0, given the fact that for chemical softening! f / ! !> 0. Hence, the stress rate is required
to be oriented to the interior of the current yield locus, which in a 1-D case means that the stress
is decreasing. However, to model properly the evolution of the reactive surface areavia dilatancy
may require to consider elastic strains or a strain or displacement component-based relaxation
condition.

5. CREEP IN AN OPEN SYSTEM AFFECTED BY A LOCAL DISSOLUTION
AND LONG-RANGE DIFFUSION

In an open system, masses of all species move in and out of the REV. Material properties, and in
particular the chemical softening is therefore, in addition to the local dissolution and precipitation,
affected by a long-range mineral diffusion. Thus, as presented in the cartoon (Figure 11) silicic
acid diffuses out of REV and may undergo precipitation away from the local dissolution site in a
remote REV. However, as the local precipitation depends on the activity (hence concentration) of
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R-"0-! "8!D.)"#.D!3)(/ !2-. !.%2.*D.D!P)1+.)i8!0(*8"82.*0:!0(*D"2"(*A!

!! ! ! (! !" ! ! !!"" ! ! )!

!! !
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! ! !"
! !" !
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!"" !
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E-.!:".'D!'(058!+)1D".*2!85++.828!2-.!/(D.!(3!82)1"*!)12.G!R-"'.!2-.!/1+*"25D.!(3!

82)1"*! )12.! "8! 0(*2)(''.D! 6:! /5'2"&'".)! ΛG! R-"0-! "/&'".8! 2-)(5+-! "28! .%&).88"(*! 2-12!

0-./"01'! /188! )./(#1'! -18! 2-.! 16"'"2:! 2( !133.02! 2-.! D.#.'(&/.*2! (3! ")).#.)8"6'.! 82)1"*!

1*D!#"0.!#.)81G!R-.*!.%2.)*1'!'(1D"*+!(*!2-.!8:82./!"8!3"%.DS! !

E-.! 0-./( T&'182"0"2:! .33.028! &'1:! 1! )('.! 12! 1''! 801'.8! 1*D! 1).! 1! #.)812"'.! 2(('! 2(!

).&).8.*2! 0()).8&(*D"*+! /.0-1*"08! 12! 2-(8.! 801'.8S! C2! 2-.! /"0)( T801'.! "2! "8! /(82!

&)(/"*.*2!"*!2-.!&)(0.88!F(*.!"*!3)(*2!(3!2-.!0)10? T2"&!18!"2!1&&.1)8!2-12!"2!0(*2)('8!2-.!

&)(0.88!(3!0)10?!&)(&1+12"(*S!

=5)"*+ !2-.!0-./( T/.0-1*"01'!&)(0.88G!(2-.) !&)(&.)2".8!(3!2-.!8("'e) (0?!/12.)"1'G!

850-! 18! "*2)"*8"0!&.)/.16"'"2: ! 1*D! &()(8"2:G! "*! 2.)/8! (3! -:D)15'"0! 0-1)102.)"82"08G! 1).!

133.02.D!18!R.''S!$33.02"#.!&.)/.16"'"2:!(3!3)1025).D!)(0?!/.D"1!D.&.*D8!*(2! (*':!(*!2-.!
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"*2.)0(**.02.D!0)10?8G!652!1'8(!"*2.)T0)10?!8('"D!)(0?!+.*.)1'"F.D!2)1*8/"88"#"2:!6.2R..*!

1DQ10.*2! 5*0(**.02.D! 0)10?8G! .8&.0"1'':! R-.*! 1! '1)+.! &()2"(*! (3! 3)1025).8! 1).! *(* T

0(**.02.DS! E-"8! 2)1*8/"88"#"2:! "8! 1! 35*02"(*! (3! &.)/.16"'"2:! (3! (&.*! 0)1 0?8G! "*2)"*8"0!

&.)/.16"'"2:!(3!2-.!)(0?!/12)"%!1*D!2-.!D"821*0.!6.2R..*!1DQ10.*2!0)10?!2"&8S!C8!1!/122.)!

(3! 3102G! 2R(! *."+-6()"*+! 0)10?8! /"+-2! 35*02"(*! 18! k0(**.02.Dl! "3! 8533"0".*2! /"0)(T

0-1**.'"*+!21?.8!&'10.!6.2R..*!2-./S!!450-!&-.*(/.*1!/1:!6.0(/.!&)(*( 5*0.D!R-.*!

2-.! &). T3)1025).D! /12.)"1'! "8! 82).88.D! 1*D! "8! 856Q.02! 2(! /188! '(88! D5.! 2(! 0-./"01'!

D"88('52"(*!()!&(88"6': !-:D)( T.)(8"(*S!C8!0)10?8!&)(&1+12.G!2-.!/.D"5/!2)1*8/"88"2:!"8!

/(82! 8.*8"2"#.! (*! 2-.! 8.+/.*28! (3! '(R.82! &.)/.16"'"2:G! "S.S! 2-.! 1).1! (3! 8(' "D! /12)"%!

6.2R..*! 2R(! 1DQ10.*2! 0)10?8S! O./(#1'! 1*D! &).0"&"212"(*! (3! /"*.)1'! 3)(/! 2-.! 0)10?8!

2-./8.'#.8!133.028!2-.!&.)/.16"'"2:!.#('52"(*!`<5.0?.'!1*D!<5G!JKLLaS! !

!
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2. Objectives and T asks  

E-.! /1"*! (6Q.02"#.! (3! 2-"8! 825D:! "8! 2(! 3()/5'12. !1! 6.22.)! 5*D.)821*D"*+! (*! 2-.!

&)(0.88! (3! 0)10?! &)(&1+12"(*! "*! 1!+.(/12.)"1'! 5*D.)! 6(2-! /.0-1*"01'! 1*D! 0-./"01'!

'(1D"*+ S!E-.!&)(0.88 .8!(3!2-.8.!2R(!2:&.8!(3! '(1D"*+ !1).!0(5&'.D!"*!*125).G!D.#.'(&"*+!

R"2-"*! /5'2"&'.!801'.8G!6(2-!8&12"1'!1*D!2./&()1'S!E-.!"*#.82"+12"(*!R"''!6. !01))".D!(52!

R"2-"*! 2-.! 3)1/.R()?! (3! 0-./( T/.0-1*"08! 2-.()".8 ! 1*D! 2-.*! 3(''(R.D! 6:! 1! 8.)".8! (3!

.%&.)"/.*28G! R-"0-! "*! 25)*! ).#.1'! 8&.0"3"0! /.0-1*"8/8! (3! "*2.)102"(*8! 1*D! -(&.35'':!

).85'2!"*!&(825'12"*+!(3!D"82"*02"#.!0(*82"252"#.!.I512"(*8S!N18.D!(*!2-.!0-./( T&'182"0"2:!

2-.():! 2-12! <5! 1*D! <5.0?.'! `JKK_! 1G! 6a! 1&&'".D! 2(! 2-.! /"0)( T"*D.*212"(*! &)(0.88G! R.!

35)2-.)! "*#.82"+12.! (*! 0")05/821*0.8! (3! "*D582)"1'! "*2.).82! 2-12! "*#('#.! 0-./"01'!

.*-1*0./.*2! (3! 0)10?! &)(&1+12"(*G! ./&'(:"*+! 2-.! 0(*0.&2! 2-12! ")).#.)8"6'.! 82)1"*! "8!

0(5&'.D! R"2-! /188! )./(#1'S! c5/.)"01'! 8"/5'12"(*8! R"''! 6.! &.)3()/.D! 3()! 8" /&'"3".D!

80.*1)"(8!618.D!(*! D.#.'(&.D!/(D.' 8S!;.1*R-"'.G!1*!.%&.)"/.*21'!8.2!5&!R"''!6.!65"'2!

2(! -.'&! 5*D.)821*D! 2-.! 10251'! /.0-1*"8/8! 1*D! 2-.")! /(D.'8G! R"2-! 2-.! *5/.)"01'':!

( 621"*.D!8('52"(*8!1*D!&1)1/.2)"0!825D".8!8.)#"*+ !18!1!).3.).*0.!1*D!3()!0(/&1)"8(*S !

4&.0"3"0!218?8!2(!6.!5*D.)21?.*!"*0'5D.8A!

• E(! .8216'"8-!2-.! .33.028!(3!/"0)( T0)10?"*+!"*!2-.!&)(0.88!F(*.G!R"2-!1*D!R"2-(52!

0-./"01'!.*-1*0./.*2S !

• E(! .8216'"8-! I51*2"212"#.! ).'12"(*8-"&8! 6.2R..*! #1)"16'.8! 0(*2)(''"*+!

+.(0-./"01' T/.0-1*"01'!0(5&'"*+S! !
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• E(! .8216'"8-! 2-.! 0(5&'"*+! /.0- 1*"8/8! 6.2R..*! /188! )./(#1' ! `"S.S! 0-./"01'!

D"88('52"(*a!1*D!")).#.)8"6'.!D1/1+.!"*!2-.!#"0"*"2:!(3!1!8560)"2"01'!3)1025). S!

• E(! &.)3()/! 1! 8.)".8! (3! .%& .)"/.*28! 2-12! 8"/5'12.! 2-.! +.( T0-./"01'':! .*-1*0.D!

0)10?!&)(&1+12"(*!18!R.''!18!2-.!1'2.)12"(*!(3!(#.)1''!-:D)15'"0!2)1*8/"88"#"2:S !

• E(!1*1':F.!(3!2-.!.%&.)"/.*21'!).85'28!"*!'"+-2!(3!2-.!/(D.'"*+!).85'28S !

• E(!35)2-.)!1DQ582!()!"/&)(#.!2-.!/(D.'G!1*D!).&.12! 2-.!&).#"(58!82.&!5*2"'!).10-!

0.)21"*!D.+)..!(3!R120-S!!!

• E(! D.#.'(&! 1! /(D.'! 3()! '"*?"*+! 2-.! .33.02"#.! &.)/.16"'"2:! 2(! 100(5*2! 3()! 2-.!

D"'121*2!D.3()/12"(*eD1/1+.!1*D!-.*0.!2-.!")).#.)8"6'.!82)1"*S !

• E(!0(/&1).!3"*D"*+8!3)(/!8"/5'12"(*!).85'28!(3!D"33.).*2!0" )05/821*0.8S!

• E(! &)(&(8.!1! +.*.)1'! /(D.'!3()!0-./( T/.0-1*"01'!0(5&'"*+!"*! .*#")(*/.*2 1'':!

.*-1*0.D!0)10?!&)(&1+12"(* S!

• E(! 35)2-.)! .%&'().! 2-.! &)(0.88! (3! /188! )./(#1'G! 1*D! "28! 0(5&'"*+! R"2-! 2-.!

/.0-1*"01'!1*D!-:D)15'"0!&)(&.)2".8!"*!1!8:82./!(3!3)1025).8S !

!

!

!
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3. Concept of C hemo -plasticity  

3.1 Coupling between Mass Removal and Plasticity  

C8! (*.! (3! 2-.! '.1D"*+! +.( T.*#")(*/.*21'! &)(6'./8! "*! 2-.! R()'DG! 2-.! /188!

)./(#1'! &-.*(/.*(*! 01*! 6.! (68.)#.D! .#.):R-.).G! 133.02"*+! &56'"0! -.1'2-G! 813.2:G!

&)(&.)2:!1*D!.*#")(*/.* 2G!0(82"*+!0(*82)502"(*!"*D582):!1*D!'(01'!+(#.)*/.*2!6"''"(*8!

(3!D(''1)8!1!:.1)S!E-. !/(82!8"+*"3"01*2!0(*8.I5.*0.8!(3!/188!)./(#1'!"*0'5D.! '1*D8'"D.8G!

80(5)! 12! 2-.! 6)"D+.8G! 81*D! &)(D502"(*! "*! 2-.! ("'! ).0(#.):G! .20S! E-.! &)(0.88! (3! /188!

)./(#1'! "8! (32.*! 0(5 &'.D! R"2-! 0-./"01'! ).102"(*8! (005))"*+! (*! 2-.! "*2.)310.! (3! 2R(!

&-18.8G!"S.S!2-.!8('"D!&()(58!/12.)"1'!1*D!1*!1++).88"#.!3'5"D!`.S+S!10"D!)1"*!"*!2-.!018.8!

(3! 8'(&.! "*8216"'"2:aS! E-.! 0-./"01'! /188! ).'.18.! R.1?.*8! 2-.! 82).*+2-! (3! 2-.! /12.)"1'G!

R-"0-! /.1*R-"' .!&(8.8!1*! "*3'5.*0.! (*!2-.! /188!D"88('52"(*! )12.!#"1! /"0)( T82)5025)1'!

1'2.)12"(*! (3! 2-.! /12.)"1'S! E-.! /5251'':! &)(/(2"*+! .33.02! 6.2R..*! 0-./"01'! ).102"(*8!

1*D!/.0-1*"01'!R.1?.*"*+!"*D50.8!.*-1*0.D!D.+)1D12"(*!"*!2-.!/.D"5/S! !

C*(2-.)! 0(*0.)*! (*! 0-./"01'! /1 88! )./(#1'! 2-12!122)1028! .*()/(58!122.*2"(*! "8!

3)(/! 2-.! .*.)+:! 3".'DS! 4"*0.! 2-.! 2.0-*"I5.! (3! -:D)15'"0! 3)1025)"*+! -18! 6..*! &)(#.D!

.33"0".*2! "*! .*-1*0"*+! )(0?! ()! 8.D"/.*2! &.)/.16"'" 2:! 1*D! -.*0.! ("'e+18! &)(D502"(*!

`V10?8(*! .2! 1'SG! JKLLb! O1-/1*G!JKK]b! =.)8-(R "2F! .2! 1'SG! JKKLa!18! R.''! 18! -.12! .%2)102"(*!

3)(/! +.(2-.)/1'! 3".'D8! `P()2".)! 1*D! \5121FG! JKLKb! g"//.)/1**! .2! 1'SG! JKLLaG ! 2-.!

10"D"F"*+! 2).12/.*2! R-"0-! &'1:8! 1*! .88.*2"1'! )('.! "*! 2-.! 3)1025)"*+! &)(0.88! -18! 6. .*!

"*2.*8.':! 825D".D! '12.': S! E-.! /1"*! &5)&(8.! 3() ! 10"D"F"*+! `"*Q.02"*+! 0-./"01'':! 102"#.!
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3'5"D8a! "8! 2(! .*-1*0.! 3)1025).! &)(&1+12"(*! 1*D! -.*0.! 2-.! .33.02"#.! &.)/.16"'"2:! "*! 2-.!

21)+.2!).8.)#(")S!U*!850-!018.8G!2-.!3)1025).8!0).12.D!6:!&.)3()12"*+!&.)3()/1*0.!1).!3"''.D!

R"2-!&).885)"F.D!10"D!R12.)S!@*D.)!6(2-!2-.!/.0-1*"01'!'(1D!1*D!2-.!0-./"01'!'(1DG!2-.!

/12.)"1'!+(.8!2-)(5+-!1!8.)".8!(3!0(/&'.%!&)(0.88.8!12!2-.!/"0)(80(&"0!801'.G!R-.).!2-.!

0(5&'"*+! (3! 2-.! 2R(! 2:&.8! (3! '(1D8! "8! ).1'"F.D! #"1! /"0)( T0)10?"*+! &)(0.88! "*D50.D! 6:!

/"*.)1'!)./(#1'S!H-"'.!12!2-.!/1 0)(80(&"0!801'.G!2-.!1'2.)12"(*!(*!/.0-1*"01'!&)(&.)2".8!

(3! 2-.! ).8.)#(")! /12.)"1'! "8! (3! +).12! 0(*0.)*! 18! R.''G! R-"0-! /"+-2! 6.! 1! 0158.! 3()! '(01'!

8568"D.*0.!()!5*.#.*!8.22'./.*2S !

E-.).!1).!2:&"01'':!2R(!2:&.8!(3!/188!)./(#1'S!Z*.!"8!D5.!2(!2-.!/"*.)1'!).'.1 8.!

0158.D! 6:! 1! 0-./"01'! ).102"(*! 12! 2-.! R1''! 85)310.8! (3! /"0)( TD.3.028G! R-"0-! -18! 6..*!

825D".D!"*!2-.!&1&.)8! (3!<5!1*D!<5.0?.'! `JKK_!1G!6aS!E-.! (2-.)! (*.! "8!D5.!2(!D:*1/"0!

102"(*! (*! +)1"*8! (3! &(). T3'5"D! /(#"*+! R"2-! 1! #.'(0"2:! 133.02"*+! 3"''"*+! 3"*.! /"*.)1' 8!

6.2R..*!8("'!+)1"*8G!1*D!R.1?.*"*+!+)1"* T/12)"%!"*2.)310.S!W"22'.!"8!?*(R*!(*!"28!"*8"D.!

/.0-1*"8/8S! <(R.#.)G! 2-.8.! 2R(! .33.028! 1).! 5851'':! 0(5&'.D! 2(+.2-.)! 18! 1! /5251'':!

.*-1*0"*+!102"(*!(3!0-./"82):!1*D!3'5"D!D:*1/"08G!R-"0-!-18!*(2!6..*!1DD).88.D!6.3( ).S!!

3.2 Mechanics of C hemical Mass R emoval  

4('"DT3'5"D!"*2.)102"(*!"*!+.(/12.)"1'8!-18!6..*!825D".D!3()!/1*:!:.1)8!3(058"*+!

(*!2-.! .33.02! (3!&().!&).885).! (*! )(0?!1*D!8("'! /12)"%S!E-.!0(*0.&2! (3! ).102"#.!0-./( T

&'182"0"2:!"8!618.D!(*!2-.!*(2"(*!2-12!1!/"*. )1'!/188!)./(#.D!3)(/e1DD.D!2(!1!8('"D!01*!

133.02! 6(2-! 2-.! /.D"5/! 0(/&'"1*0.! 1*D! 82).*+2-! `<5.0?.'G! JKKJG! <5! 1*D! <5.0?.'G!
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JKK_1G!6aS!C8!(*.!(3!2-.!&)"/1):!8(5)0.8!(3!/188!)./(#1'G!0-./"01'!D"88('52"(*!-18!6..*!

122)102"*+! /50-! 122.*2"(*S! C! ?.:! /.0-1*"8/! 2-1 2! '"*?8! 2-.! 0-./"01'! &)(0.88! 1*D!

/.0-1*"01'! D.+)1D12"(*! -18! ?*(R*! 3()! 8(/.2"/.! 2(! 6.! )(0?! /"0)( T0)10?"*+S! N12-582!

`L[Y]a!1*D!Z821&.*?(!`L[^]G!L[_Ya!*(2.D!2-12!/"0)( T0)10?"*+! '.1D8!2(!2-.!+.*.)12"(*!(3!

*.R!8('"D T3'5"D!"*2.)310.G!R-.).!1*!.*-1*0.D!/"*.)1'!D" 88('52"(*!21?.8!&'10.S!E1D1!.2!1'S!

`L[]_a!3(5*D!2-12!/"0)(!3)1025).8!1*D!&'182"0!D.3()/12"(*!&'1:!1*!"/&()21*2!)('.!"*!2-.!

&)(0.88!(3!&).885).!8('52"(*S!!

E-.!0(*0.&2!(3!0-./"01'!D"88('52"(*!0(5&'.D!R"2-!&'182"0"2:!R18!1DD).88.D!"*!<5!

1*D! <5.0?.'i! &1&.)8! `J KK_1G! 6aG! '"*?"*+! 2-.! ")).#.)8"6'.! D"'121*0:! 1*D! 2-.! ).'12.D!

"*0).18.! (3! 3)..! 8&.0"3"0! 85)310.! 1).1! 2(! 2-.! 1/(5*2! (3! /"*.)1'! D"88('52"(*! &.)! 5*"2!

#('5/.S!E-"8!0(5&'"*+! /.0-1*"8/G!5851'':! ).3.)).D!18! j).102"#.!0-./( T&'182"0"2:jG!1028!

12!1!0(/&1)12"#.':! '(*+ !2"/.!801'.G!D"82"*+5"8-.D!3)(/! j*(* T).102"#.!0-./( T&'182"0"2:jG!

"S.SG!R-.*!/.0-1*"01'!&)(&.)2".8!(3!8('"D!8?.'.2(*!01*!6.!133.02.D!"*821*21*.(58':!6:!1*!

1'2.).D!0(*0.*2)12"(*!`(3!8.'.02.D!8&.0".8a!"*!2-.!&().!3'5"DS! !

7)(/!1!/"0)(80(&"0!&("*2!(3!#".R!).102 "#.!0-./( T&'182"0"2:!821)28!R-.*!1!/"*.)1'!

/188!D"88('#.8!"*2(!R12.)!12!1#1"'16'.!D"88('52"(*!8"2.8!(*!2-.!8('"D T3'5"D!"*2.)310.S!U2!"8!

0(//(*':! 1885/.D! 2-12! 2-.! D"88('52"(*! ).102"(*! )12.! 1*D! -.*0.! /188! )./(#1'! )12. ! "8!

&)(&()2"(*1'!2(!2-.!8&.0"3"0!85)310.!1).1! (3!2-.! "*2.)310.S!U2!"8! -.*0.!&(825'12.D!2-12!2-.!

")).#.)8"6'.!D1/1+. T"*D50.D!D"'121*0:G!"8!188(0"12.D!R"2-!2-.!+.*.)12"(*!(3!*.R!/"0)( T

0)10?!R1''8S!E-.!"*0).18.D!R1''!85)310.!1).1!1DD8!2(!2-.!&).T.%"82"*+!8&.0"3"0!85)310.!1).1!
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(3!2-.!&().8G!-.*0.!1D# 1*0"*+!2-.!(#.)1''!/"*.)1'!/188!&)(D502"(*!(3!2-.!/.D"5/S!4"*0.!

/188!)./(#1'!133.028!2-.!82).*+2-! (3!2-.! /.D"5/G!2-.!0.*2)1'!&1)2!(3!2-.!D.80)"&2"(*! (3!

2-.! 0-./( T/.0-1*"01'! 0(5&'"*+! "8! -(R! 2(! I51*2"3:! -(R! /50-! R.1?.)! 2-.! /12.)"1'!

6.0(/.8!D5.!2(!D"88('52"(* S!!E-.).3().!2-.!0(5&'"*+!6.2R..*!2-.!")).#.)8"6'.!82)1"*!1*D!

2-.!0-./"01'':!"*D50.D!/188!)./(#1'!"8!1!2R( TR1:!0(5&'"*+!`8..!1'8(!<5.0?.'!1*D!<5G!

JKK[aS!

E(! I51*2"3:! 2-.! 16(#.! 0(5&'"*+! /.0-1*"8/8G! 1! O.&).8.*212"#.! $'./.*21):!

\('5/.! `O$\a! (3! 2-.! D)1"*.D! &()( 58! /.D"5/! "8! 0(*8"D.).DG! ).&).8.*2.D! 6:! 1! 8"*+'.!

+.(/.2)"01'!&("*2G!2(!R-"0-!6(2-!/.0-1*"01'!1*D!0-./"01'!&)(&.)2".8!1).!122)"652.DS!E-.!

8('"D! &-18.! /12.)"1'! "8! 1885/.D! 18! )"+"D T&'182"0S! E-"8! 1885/&2"(*! "8! 1! /122.)! (3!

0(*#.*".*0.G! 18! "2! /1?.8! "2! &(88"6'.! 2 (! (621"*! 1! 8./" T1*1':2"01'! 8('52"(*S! Z*! 2-.! (2-.)!

-1*D!2-.!.'182"0!82).88!0(/&(*.*2!"8!/50-!8/1''.)!2-1*!2-.!")).#.)8"6'.!(*.!"*!2-.!1).1!(3!
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4. Approaches to Simulate Crack Propagation  

4.1 Mechani sm of Mineral Dissolution Coupled with Volumetric 
Strain  
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2-.")!D"82)"652"(*!1*D!.#('52"(*!"8!8"+*"3"01*2S!c(2.!1'8(G!2-12!1885/"*+!F.)(!)1D"1'!82).88!

12!2-.!"**.)!6(5*D1):!.%0'5D.8!1*:!).1'"82"0!D.80)"&2"(*!(3!2-.!82).88!0(*0.*2)12"(*!*.1)!

2-.! 0)10?! 2"&S! <(R.#.)G! (5)! 3(058! "8! )12-.)! (*! 2-.! 1DQ10.*2! &)(0.88! F(*.! (3!

/"0)(0)10?"*+G! R-"0-! "8! 1R1:! 3)(/! 2-.! 0)10?! 2"&! 6:! 1! *( * T*.+'"+"6'.! D"821*0.G!

).&).8.*2.D!"*!(5)!018.!6:!2-.!)1D"58! "#!`N1F1*2!1*D!f1F./"G!L[[KG!W"*!1*D!W165FG!JKLLaS!!

E-.! .I5"'"6)"5/! .I512"(*! 1*D! ?"*./12"0! ).'12"(*8-"&8! 3()! 2-.! &'1*.! 82)1"*!
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!
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R-.).! ! !1*D!! !D.*(2.! !2-.!0")05/3.).*2"1'!1*D!)1D"1'!0(()D"*12.8!`).8&.02"#.':aG!1*D! ! !!

D.*(2"*+! 1! )1D"1'! D"8&'10./.*2! 1).! D.3"*.D! 18! &(8" 2"#.! R-.*! &("*2"*+! (52R1)D8S! E-.!

0")05/3.).*2"1'!D"8&'10./.*2!"8!*5''!D5.!2(!1%"8://.2):S!! !

!

`1a!
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JY!
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`6a!

!"#$%&'D)'9+?'E"/&+%"C&5'F"&05'0-3$1'.-%'4A&',+4&%"+0G'9H?'@7&43A'-.'14%&11'B%-."0&1'
8"4A"/'4A&'B%-3&11'C-/&'

!

C!'"*.1)"F.D!:". 'D!85)310.!"8!0-(8.*!3()!8"/&'"0"2:!132.)!;)nF!1*D!fR18F0F:*8?1!

`L[_LaG! <5.0?.'! 1*D! ;)nF! `L[_MaG! 18! 8-(R*! "*! !"#$%&'D+S! E.*8"'.! 82).88! ()! 82)1"*! "8!

0(*8"D.).D!*.+12"#.!"*!2-.!&).8.*2!8:82./G!-.*0.G!2-.!&)(0.88!(3!:".'D"*+!821)28!3)(/!2-.!

2-")D!I51D)1*2!"* !!"#$%&'D+S!E-.!'(058!8.+/.*2!$=!D.2.)/"*.8!2-.!).'12"(*8-"&!6.2R..*!

! ! !1*D!! ! !12!2-.!"*"2"1'!:".'D"*+A!! ! ! = !"# !
!
!

! ! !!! ! ! ! !"# !
!

!
! ! ) ! !"#$! ! !" G!R-.).! ! G!

! !1*D!! !" !1).!&1)1/.2.)8!8-(R*!"*! !"#$%&'D+I'E-.! '"*.1)" F.D!:".'D! '(058!5*D.)+(.8!1*!

.%&1*8"(*!R"2-!1*!"*0).18.!(3!2-.!8-.1)!82)1"*!"*2.*8"2:!`$I*S!LaG!R-"'.!"2!8-)"*?8!R"2-!2-.!

8I51).!(3!2-.!'(88!(3!2-.!/"*.)1'!/188G! ! S!E-.!1885/.D!-1)D.*"*+!)5'.8!1).A! !

! ! ! = ! ! !! ! ! ! !!
!"" ! ! ! ! ! ;! `LYa!
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!

!
! !! ! ! ! (!"# !
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!
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! ! ! ! ! !
`L^a!

Z*.!8-(5'D!*(2"0.!2-12!$I*S!`LYa!1*D!$I*S!`L^a!1&&':!.%0'58"#.':!3()! ! ! ! !! ! ! S!

!! 1*D! ! ! 1).! 0(*821*2! 0(.33"0".*28! 3()! 82)1"*! -1)D.*"*+! 1*D! 0-./ "01'! R.1?.*"*+G!

).8&.02"#.':S! =.#"12()"0! 82)1"*! "*2.*8"2:! ! !
!""! 01*! 6.! 01'05'12.D! #"1! $I*S! `La! "*2.+)12.D!

R"2-! 2"/.S! E-.! 1%"1'! 82).88! 0(/&(*.*2! ! $! "8! 1885/.D! *(2! 2(! "*3'5.*0.! :".'D"*+! "*! 2-.!

&'1*.! 82)1"*! )12.! 0(*D"2"(*8S! U2! 01*! 6.! 01'05'12.D! 2-)(5+-! $I*S! `Ya! 3)(/! 2-.! 0(*D"2"(*!

!! !
!"" ! 0!18G!!! !

!
!

!!! + ! ! ) ! ! !!!
! ! !G!R-.).! ! !"8!1!0(*821*2!1*D!!!!"8!8.0(*D!"*#1)"1*2!(3!

D.#"12()"0! 82).88G! R-"'.! 2-.! 8"+*!±
!
).3.)8! 2(! ."2-.)! 2(&! ()! 2-.! 6(22(/! &1)2! (3! 2-.! :".'D!

'(058G!!"# $%&'D+G!`8..!1'8(!;) —F!1*D!fR18F0F:o8?1G!L[_LaS!

O.01''!2-12!R.!*.+'.02.D!2-.!&).0"&"212"(*! .33.02S!<.*0.!2-.!0(/6"*12"(*!(3!$I*S!

`]a!1*D!$I*S!`[a!:".'D8A!!

! ! ! ! !! ! ! ! ! !! ! !"!! !
! ! ! ! `L_a!

H.!35)2-.)!1885/.!2-.!102"#"2".8!1 *D!102"#"2:!0(.33"0".*28!1).!5*"2".8!3()!2-.!0(*#.*".*0.!

(3!8"/5'12"(*G!1*D!-.*0.! !!01*!6.!).R)"22.*!18! !

! ! ! ! !! !!!! ! ! + ! ! )! !!!! ! ! ! `L]a!

<.*0.G!"3!! !!"8!*.+12"#.G!!
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!
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R-"0-!'.1D8!2(! !

! ! ! ! ! ! ! ( !
!

!
!! !!" ! ! ! 2! ! ! ! ! !

!

!
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!! ! ,! `JKa!

R-.).! ! = ! ! ! !! G!! ! = !! ! ! ! ! G! ).&).8.*2"*+! 2-.! (#.)1''! 0-./"01'! 8(32.*"*+! )12.!

0(.33"0".*28! 188(0"12.D! R"2-! *.R':! +.*.)12.D! /"0)( T0)10?"*+! 1*D! 2-.! "*"2"1'! #("D! )12"(G!

).8&.02"#.':S!!!

C*!"*"2"1'!D"88('52"(*G!&)(&()2"(*1'!2(!1!0(*821*2!8&.0"3"0!85)310.!1).1!188(0"12.D!

R"2-!2-.! "*"2"1'!&()(8"2:G! .#.*!3()!1! '(R!82).88!&)"()!2(! :".'D "*+G!"S.S!3()!! !" !  ! ! ! !!!" !

!"#$%. ! ! !
! !

!
! ) ! ! !2-)(5+-!1!8'(R!/188!)./(#1'! ! ! ! !1*D!0()).8&(*D"*+!8-)"*?1+.!(3!

2-.!:".'D!'(058!01*!.#.*251'':!102"#12.!2-.!&'182"0!:".'D"*+!12!$=!` !"#$%&'Da!"S.S!6)"*+!2-.!

0(*D"2"(* !  ! ! ! !1)(5*D!2-.!"*"2"1'':! 8560)"2"01'!0)10?S!C2!2-12!&("*2G!R"2-!2-.!0(*2"*5"*+!

).102"(*G!! > ! G!652!*(R!1'8(! .*-1*0.D!6:!2-.! /"0)( T0)10?"*+!18! /1*"3.82.D!6:! !! ! 0G!

2-.!0(5&'.D!&)(0.88!"8!8"+*"3"01*2':!"*2.*8"3".DS!!
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4.3 Hydraulic Pressurizing Mode  

! C*(2-.)!80.*1)"(!(3!(5)!" *2.).82!01*!6.!D.80)"6.D!18!1!8"*+'.!0)10?!6."*+!133.02.D!
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2-.! 81/.! 2"/.! 6:! 1! 0-./"01'! "*3"'2)12"*+! 3)(/! 2-.! 0)10?! 1*D! R.1?.*"*+! 2-.! 0)10?!
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0(5&'"*+! "*! 2-12! '(012"(*S! E-.! 82).88! 8212.! *.1)! 2-.! 0)10?! 2"&! "8! D"33.).*2! 3)(/! 2-.! (*.!

D.80)"6.D! "*! 2-.! &).#"(58! 8.02"(*! "*! 2-.! 3102! 2-12! 2-.! 82).88! *.1)! 2-.! 0)10?! 2"&! "8!

0(/&).88"#.! ()2-(+(*1'':! 2(! 2-.! 0)10?! .D+.8S!Z*!0(*2)1):! 2(! 2-.!&).#"(58!80.*1)"(G! "*!
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"*82.1D! (3! 1! 8"*+'.! &("*2G! 1*D! 2-.).132.)! 2-.! 82).88! D"82)"652"(*! &122.)*! 12! 2-.! 0)10?T2"&!

85)310.! "8! (621"*.D! `8..! D.21"'.D! &1)2! "*!!"#$%&'JaS! E-.! 82).88! 12! 2-.! 0)10?T2"&! "8!

&)(3(5*D':!8"+*"3"01*2!D5.!2(!82).88!0(*0.*2)12"(*G!1*D!1!0)10?!.%2.*D8!3)(/!"28!2"&!R-.*!
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1885/.D!*1))(R!.*(5+-!1*D!2-.!82).88.8!12!2-.!R1''8!1).!/50-!'.88!"/&()21*2!0(/&1).D!
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c(2.! 2-12! (2-.)! 6(5*D1):! 0(*D"2"(*8! 2-12! (*.! *()/1'':! R(5'D! "/&(8.! (*! 1!

6(5*D1): ! #1'5.! &)(6'./! 18! 8-(R*! "*! !"#$%&'LG!'"?.! F.)(! 0")05/3.).*2"1'! 82).88! 12! 2-.!

0)10?!310.8G!1).! "+*().D! "*!2-"8!018.!6:!#")25.! (3!1D(&2"*+!2-.!V(-*8(*!1&&)(%"/12"(*G!

2-12!1''(R!2(!58.!2-.!1%"1'!8://.2):!3".'D8S!H-"'.!*(216':!2-.!(621"*.D!8('52"(*8!1).!*(2!

Problem Definition 

r = a

r = b
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!
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!
− ! !!! ! ! (!"# !

!
!

!

! ! ! !"#$! ! !" G!R-.).! !G!! !1*D!! !" !1).!D.*(2.D!"*! !"#$%&'DS!!

Problem Definition 

r = a

r = b
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!"#$%&'Q)'@7&43A'-.'4A&'0"/&+%"C&5'F"&05'0-3$1'+/5'14%&11'B%-."0&1'

!

C32.)!1!3.R!01'05'12"(*8G!! ! !"8!D.2.)/"*.D!12!1!#1'5.!+).12.)!2-1*! !!"G!1*D!2-.!'"*.!

2-12!3.125).8!!! = !! !"8!8.2!18"D.!2-.!:".'D!'(058!"*! !"#$%&'QS!9"#.*!2-12!2-.!82).88!8212.!(3!

! ! ! !"8!3"%.D!12!2-.!"*2.)8.02"(*!(3!'"*.!7, !`.#(' #"*+!"*!2-.!&)(0.88a!1*D!2-.!: T1%"8G!R-"'.!

2-12!(3!! ! ! !-18!2(!).10-! ! ! ! ! ! !`8..! !"#$%&'QaG!R.!0(/.!5&!R"2-!2-.!2R( TF(*.!/(D.'!18!

8-(R*! "*! !"#$%&'>S!E-.! "**.)! (*.! "8! *1/.D!0)"2"01' T8212.!F(*.G!R"2-"*!R-"0-!2-.!82).88!

8212.! (3! /12.)"1'! "8! 1885/.D! /(#"*+! 1'(*+! '"*.! ,C ! "*! !"#$%&'QS! U*! 2-.! D"'121*2! F(*.G!

D5)"*+! .#('52"(*! &)(0.88! R-.).! -1)D.*"*+e8(32.*"*+! /1:! (005)G! ! !! 1*D! ! !! 01*! 6.!

0()).'12.D!6:A !
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! ! ! ! !"#
!

!
! ! ! ! − !"#

!
!

! ! ! !"#$ ! !" ! !! ! ! )! `JJa!

R-.).! ! !D.*( 2.8!2-.!-1)D.*"*+!&1)1/.2.)G!R-"0-!"8!D.3"*.D!18A !

• If the material becomes harder, ! ! !  (i.e. the yield locus expands); 

• If the material becomes softer, ! < !  (i.e. the yield locus shrinks); 

• If the strength of material does not change, ! ! !  (i.e. the yield locus stays). 

!

!"#$%&'>)''@7&43A'-.'4A&'48-6C-/&',-5&0 '

!

,(*2"*5"2:!6.2R..*!2-.!2R(!F(*.8!).I5").!2-12 !

! !
!""#$

! ! !
! ! !!"#$%

!! !! `JMa!

C00()D"*+! 2(! 2-.! 0(*0.&2! (3! 0-./( T&'182"0"2:! 1DD).88.D! 6:! <5! 1*D! <5.0?.'!

`JKK_1G6aG!2-.!-1)D.*"*+!)5'.!01*!6.!1885/.D!'"*.1)!18A!

! = ! ! !
!"" ! !" ! `JXa!

R-.).! ! !1*D! ! !1).!0(*821*2!0(.33"0".*28!3()!82)1"*! -1)D.*"*+!1*D!0-./"01'!R.1?.*"*+G!

).8&.02"#.':S! =.#"12()"0! 82)1"*! !!
!"" ! "8! 8.'.02.D! 18! 1! ).&).8.*212"#.! 3()! 2-.! .33.02! (3!

-1)D.*"*+!1*D!"28!)12.!01*!6.!).'12.D!R"2-!2-.!)12.!(3!D"8&'10./.*2!2-)(5+-!$I*S! LX!1*D!

2-zone model 

a

b
r

c
Dilatant zone 

Critical-state zone 
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!

!
− ! G!(68.)#.D!3)(/! !"#$%&'QS!! !D.*(2.8!2-.! '(88!(3!

/"*.)1'! /188G!).&).8.*2"*+!2-.!8(32.*" *+! .33.02S!<.*0.G!2-.!"*0).18.!(3!8-.1)!82)1"*!1*D!

2-.! 0-./"01'':! "*D50.D! /188! '(88! 1).! 0(/&.2"*+! 3()! /1?"*+! 2-.! /12.)"1'! -1)D.)! ()!

8(32.)S!

E-.!1%"1'!82).88!0(/&(*.*2! ! $!"8!1885/.D!*(2!2(!"*3'5.*0.!:".'D"*+!"*!&'1*.!82)1"*!

)12.! 0(*D"2"(*8S! U2! 01*! 6.! 01'05'12.D! 2-)(5+-! 3)(/! 2-.! 0(*D"2"(*! d!z
irr = 0 18G!

! z = 1
2 ! r +! "( )±3BJ2

1/2 G!R-.).! %!"8!1!0(*821*2!1*D!&' ! "8!8.0(*D! "*#1)"1*2! (3!D.#"12()"0!

82).88G! R-"'.! 2-.! 8"+*!!
!
).3.)8! 2(! ."2-.)! 2(&! ()! 2-.! 6(22(/! &1)2! (3! 2-.! :".'D! '(058! `"*!

!"#$%&'QaG!`;)—F!1*D!fR 18F0F:o8?1G!L[_LaS!!

U3!R.!1D(&2!2-.!-.%1+(*1'!0):821'!188./6':!/(D.'!`<5!1*D!<5.0?.'G!JKK_6a!1*D!

*.+'.02!2-.!&).0"&"212"(*!.33.02G!2-.!)12.!(3!/188!)./(#1'!01*!.#.*251'':!6.!.%&).88.D!18A!! !

! ! ! ! !! !!"" ! !" ! !!! ! `JYa!

C885/"*+! 2-.!-1)D .*"*+!)5'.! "8!'"*.1)G!2-.*!R.!-1#. A!!!

! ! ! ! ! !!"" ! ! ! !
!"" !" ! ! ! !! `J^a!

R-.).! ! !!""! D.*(2.8! 2-.! ")).#.)8"6'.! #('5/.2)"0! 82)1"*! 1*D! "8! 1! 35*02"(*! (3! 1#1)"16'.!

"*2.)*1'! 8&.0"3"0! 85)310.! 1).1S!! ! 1*D! ! ! ! ).&).8.*2! 2- .! (#.)1''! 0-./"01'! 8(32.*"*+! )12.!

0(.33"0".*28! 188(0"12.D! R"2-! *.R':! +.*.)12.D! /"0)( T0)10?"*+! 1*D! 2-.! "*"2"1'! #("D! )12"(G!

).8&.02"#.':S! C*! "*"2"1'! D"88('52"(*G! &)(&()2"(*1'! 2(! 1! 0(*821*2! 8&.0"3"0! 85)310.! 1).1!

188(0"12.D!R"2-!2-.!"*"2"1'!&()(8"2:G!.#.*!3()!1!'(R!82).88G!2-)(5+-!1!8'(R!/188!)./(#1'!

1*D! 0()).8&(*D"*+! 8-)"*?1+.! (3! 2-.! :".'D! '(058! 01*! .#.*251'':! 102"#12.! 2-.! &'182"0!



!

MX!

:".'D"*+!"S.S!6)"*+!2-.!0(*D"2"(*! (!)!*! 1)(5*D!2-.!"*"2"1'':!8560)"2"01'!0)10?S!C2!2-12!&("*2G!

R"2-! 2-.! 0(*2"*5"*+! ).102"(*G! G!652! 1'8(! .*-1*0.D! 6:! 2-.! /"0)( T0)10?"*+! 18!

/1*"3.82.D! 6:! G!2-.!0(5&'.D!&)(0. 88!"8!8"+*"3"01*2':!"*2.*8"3".DS!!

! E-.!*.%2!82.&!"8!2(!8('#.!$I*8S!JLpJ^S!C32.)!1!3.R!82.&8!(3!1*1':2"01'!D.)"#12"(*G!

.#.*251'':! R.! +.2! 1! 8:82./! 2-12! 0(*21"*8! (*':! 2R(! *(*'"*.1)! .I51 2"(*8A!

! `J_a!

R-.).! ! !G!! !!`i! ! = ! ! ! !3! ! a!01*!6.!01'05'12.DG!1*D!K! G!! G!γG!!" G!tan! !8-1''!6.!&).80)"6.DS!!

ER(!/.2-(D8!1).!0(*8"D.).D!2(!8('#.!2-"8!8:82./!(3!.I512"(*8S!E- .!3")82!(*.!"8!2(!

).R)"2.!$I*S!J_ !18A!

!

!!! ! ! ! ! ! ! ! ! ! ! !

!

`J] a!

R-.). !

!

!

U*!2-.!+2-!2"/.!82.&G!+"#.*!! (!! G!! ! ! − ! ! G!! ! !! G!! (! ! ! )!1*D!! !! ! − ! ! G!! ! ! !! !"8!(621"*.DA!

!!!!!!!!!!! ! ! ! ! ! ! ! ! !!!!!!

!

!`J[ a!

!! > 0

!! v > 0

(1! Kct)"(A1c
ta! 1 ! A2 ) ! (! ucc

ta ! K(1! ta) ucc
ta# dt)"(A3c

ta! 1 ! A4c
! ta! 1) ! Pa "c! 1! tan" = 0

(1! Kct)"(B1c
ta! 1 ! B2 ) ! (! ucc

ta ! K(1! ta) ucc
ta# dt)"(B3c

ta! 1 +B4c
! ta! 1)+ tan" "Pa "c! 1! tan" = 0

d1 = c

d2 = M = ! ucc
ta ! K(1! ta) ucc

ta" dt

(1!Kct) " (A1d1
ta!1 ! A2 )! A3d1

ta!1d2 + A4d1
!ta!1d2 !Pa "d1

!1!tan! = 0

(1!Kct) " (B1d1
ta!1!B2)!B3d1

ta!1d2 !B4d1
!ta!1d2 + tan! "Pa "d1

!1!tan! = 0

uc(i) =
M(i)!M(i !1)+ (! +K(1! ta)dt / 2) "uc(i !1) "cta(i !1)

(! !K(1! ta)dt / 2) "cta(i)



!

MY!

!

c.R2(* TO1&-8(*!"2.)12"(*!"8!&.)3()/.D!"*!.10-!2"/.!82.&!R"2-!31'8.!&(8"2"(*!

8.1)0-"*+! "*0( )&()12.DS!!

E-.!8.0(*D!/.2-(D!8.)#.8!18!1!0-.0?!3()!2-.!3")82!(*.G!1*D!"2!01*!6.!85//.)"F.D!

18A!

• Obtain the equation with single unknown ! ! !! , i.e. eliminating !(!! ; 

• Use MatLab function ÔfzeroÕ to calculate c! !! ; 

• Then substitute ! (!!  back and get ! ! !! ; 

• Calculated ! !! !!  with the same approach mentioned above in the Method I. 

!



!

M !̂

5. Preliminary Results  

5.1 Preliminary Results from Rem ote Traction Mode  

c5/.)"01'! 8('52"(*8! R.).! (621"*.D! 6:! 8('#"*+! `58"*+! ,"-."/! 01! 2-.! 16(#. T

/.*2"(*.D!8:82./!(3!.I512"(*8G!+"#.*!2-.!"*"2"1'!1*D!6(5*D1):!0(*D"2"(*8G!18!8&.0"3".D!

.1)'".)S! E-.! "*&52! &1)1/.2.)8! 1).! ! = ! !   ! ! 1!   ! ! ! /! !   !"#$ ! 0!! !   ! /! ! 10!   !! !

! !! ×! ! !! ! ! ! G!1*D!!!"8!8.2!2(!6.!! !0! ! ! ! ! ! ! !G!5*'.88!"2!"8!1!856Q.02!(3!1!&1)1/.2)"0!825D:S!

E-.! D"8&'10./.*2! ! !! 12! 2-.! "*2.)*1'! 0")05/3.).*0.! "8! 58.D! 2(! ).&).8.*2! (3! 2-.!

&)(&1+12"(*! (3!2-.!0)10?!2"&G!1*D!"28!D"/.*8"(*'.88!3()/! ! ! /! !18!8-(R*!"*! !"#$%&'RS!U3!

2-.!#1'5.!(3!0-./"01'!8(32.*"*+!0(.33"0".*2! ! G!"8!"*0).18.D!6:!(*.!()D.)!(3!/1+*"25D.G!2-.!

D"8&'10./.*2! ! ! ! R"2-"*! L! /(*2-! `MK! D1:8a! 821)28! +)(R"*+! .%&(*.*2"1'':G! /.1*"*+! 1*!

100.'.)12.D! 0)10?! &)(&1+12"(*G! R-"0-! "8! 1*!.%&.02.D! ).85'2! (3! 2-.! D1/1+. TD"88('52"(*!

0(5&'"*+S!!"#$%&'P'35)2-.)!D./(*82)12.8!2-.!).'12"(*8-"&!6.2R..*!2-.!0)10?!&)(&1+12"(*!

18!).&).8.*2.D!6:! !! ! ! !1*D!1!2(21'! "*2.+)12.D!D"88('#.D! /188!
!

! ! !
!

!
!

!
! !"!# S!c(216':G!

R"2-"*!2-.!)1 *+.!825D".D!12!1*!1D#1*0.D!/188!)./(#1'G!1!D.0.'.)12"*+!0)10?!&)(&1+12"(*!

"8! (68.)#.D! 3()! 1! 8533"0".*2':! -"+-! #1'5.D! ! S! C8! 8..*! 1'8(G! 3()! 2-.! 81/.! 1005/5'12.D!

/188!(3!D"88('52"(*G!1!8/1''.)!0-./"01'!0(.33"0".*2! !!'.1D8!2(!1!D..&.)!0)10?!&.*.2)12"(*G!

18!! !"8!&)(&()2"(*1'!2(! ! !1*D!! !!"" G!R-"'.!2-.! '122.)! "8! '"*?.D!2(! ! !S!E-.! .#('52"(*! (3!2-.!

D"82)"652"(*!(3!).'12"#.!/188!D"88('52"(*!18!R.''!18!(3!D"88('52"(*!)12.!"8!8-(R*!"*! !"#$%&'

(=!1*D!!"#$%&'(( G!).8&.02"#.':S!!"#$%&'(=' "*D"012.8!2-12!2-.!.#('52"(*!(3!2-.!1005/5'12.D!

D"88('#.D!/188!D"82)"652"(*!1'(*+!2-.!)1D"58!"8!0(*3"*.D!2(!2-.!*.1)!0)10?!2"&!1).1S!E-.!
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/1%"/5/! 1005/5'12.D! ).'12"#.! /188! )./(#1'! ).10-.8! KS^_G! R-"0-! "8! #.):! -"+-S! c(2.G!

2-12!D"88('52"(*! (3!01)6(*12.! )(0?!01*!6.!#.):! 3182!1*D!1D#1*0.D! `8..! .S+S! ,"1*2"1!1*D!

<5.0?.'G!JKLMaS!E-.!0(*3"*./.*2!2(!2-.!*.1) T2"&!F(*.!"8!.#.*!8-1)&.)!"*!2-.!D"88('52"(*!

)12.!D"82)"652"(*G!18!!"#$%&'((' D./(*82)12.8!2-12!2-.! )12.!(3!0-./"01'!D"88('52"(*!"*!2-.!

"**.)!1).1!(3!2-.!&)(0.88!F(*.!5*D.)+(.8!1!- 5+.!0-1*+.G!R-"'.!2-12!(528"D.!(3!2-.!1).1G!"2!

"8!1'/(82!*.+'"+"6'.G!18!"2!0(/.8! /1"*':!3)(/!2-.!&). T.%"82"*+!85)310.!1).1!(3!2-.! "*"2"1'!

&()(8"2:S! E-.! )12.! D"82)"652"(*! "8! 0'.1)':! '"*?.D! 2(! 2-12! (3! D"'121*0:G! 1'(*+! 2-.! )1D"58G!

R-"0-! `18! 8-(R*! "*! !"#$%&'( <a! D.#.'(&8! "*! 1! 8"/"'1)! 318-"(*G! "*D"012"*+! 2-12! 2-.! *.1)!

0)10?T2"&!1).1!"8!856Q.02!2(!/(82!8.#.).!D1/1+.S!9"#.*!2-.!'"*.1)!3()/!(3!2-.!:".'D!'(058G!

1*D!2-.!*()/1'"2:!)5'.G!2-.).!"8!*(!0(/&102"(*!"*!2-.!&)(0.88!F(*.S! !"#$%&'(D'1*D!!"#$%&'

(J' 8-(R!2-.! .#('52 "(*! (3!2-.! )1D"1'!1*D!0")05/3.).*2"1'!82).88!0(/&(*.*2!D"82)"652"(*G!

).8&.02"#.':S!N.0158.!2-.!)1D"1'!82).88.8!(*!6(2-!2-.!"*2.)"()!1*D!.%2.)"()!6(5*D1)".8!1).!

3"%.DG! 2-.).! "8! '"22'.! 3)..D(/! 3()! 1*:! .#('52"(*S! <(R.#.)G! 2-.! D"82)"652"(*! (3! ! ! !

5*D.)+(.8 !1! *(2"0.16'.!0-1*+.G!8&.0"3"01'':!3)(/!2!d!YYK2!2(!2dLLKK2G!D5)"*+!R-"0-!2-.!

0)10?! &.*.2)12.8! 1'/(82! 2.*! 2"/.8! D..&.)! `18! (68.)#.D! "*! !"#$%&'RaS! U2! "8! "*2.).82"*+! 2(!

*(2"0.! 2-12! "*! 2-.! *.1)! 0)10? T2"&! 1).1! 2-.! 2.*8"'.! `*.+12"#.a! 82).88! .%&.)".*0.8! 1! 8/1''!

"*0).18.! 6.3().! "2! 0(''1&8.8! 610?G! R-"0-! "*D"012.8! 1*! "*"2"1'':! D(/"*12"*+! 82)1"* T

-1)D.*"*+! 3(''(R.D! 6:! 2-.! &)(+).88"#.! (#.)21?"*+! 6:! 2-.! 0-./"01'! 8(32.*"*+S! E-"8! "8!

#"8"6'.!12!2-.!82).88!&)(3"'.8!3()!2R(!).&).8.*212"#.!/(/.*28!"*!2-.!.#('52"(*!D.'"* .12.D!

"*! !"#$%&' DG! R-.).! !! ! ! ! !821*D! 3()! 82).88! 8212.! 12! 2-.! "*2.)"()G!! ! ! G! R-"'.!
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!! ! ! !!).&).8.*2!2-.!0(5*2.)&1)2!.%2.)"()G! ! ! ! G!).8&.02"#.':S!E-.!.%2.)"()!(3!2-.!&)(0.88!

F(*.! "8! 856Q.02.D! 2(! 0(*8"82.*2! 652! /50-! /().! /(D.82! 0-./"01'! R.1?.*" *+! /1"*':!

'"*?.D!2(!2-.!610?+)(5*D!D"88('52"(*!18!2-.!D.3()/12"(*1'!.33.02!"8!#.):!8/1''S !

!

!"#$%&'R)'S%-B+#+4"-/'-.'4A&'3%+37'4"B'

!
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!

!"#$%&'P)'T/.0$&/3&'-.'4-4+0',+11'%&,-2+0'-/'3%+37'B%-B+#+4"-/'

!

!"#$%&'(=)'U2-0$4"-/'-.'4A&'5"14%"H$4"-/'-.'%&0+4"2&',+11'5"11-0$4"-/'



!

XK!

!

!"#$%&'(( )'U2-0$4"-/'-.'4A&'5"14%"H$4"-/'-.'5"11-0$4"-/ '%+4&'

!

!"#$%&'(<)'U2-0$4"-/'-.'4A&'5"14%"H$4"-/'-. '"%%&2&%1"H0&'2-0$,&4%"3'14%+"/'



!

XL!

!

!"#$%&'(D)'U2-0$4"-/'-.' %+5"+0'14%&11'5"14%"H$4"-/'

!

!"#$%&'(J )'U2-0$4"-/'-.' 3"%3$,.&%&/4"+0'14%&11'5"14%"H$4"-/'



!
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5.2 Preliminary Results from  Hydraulic Pressurizing Mode  

E-.!).85'28! (621"*.D!3)(/!;.2-(D!U!1*D!;.2-(D!UU!(#.)'1&!R.''!R"2-!.10-!(2-.)G!

18! 8-(R*! "*! !"#$%&'(LG! R-"0-! &)(#"D.8! 58! 0(*3"D.*0.! 3()! 6(2-! ).85'28S! E-.! "*&52!

&1)1/.2.)8! 1).! ! = ! !   ! ! ! !   ! ! ! /! !   !"#$ ! ! !! !   ! ! ! ! 10!   !! ! 1!0×! ! ! ! ! ! ! G! 1*D!! !

"8!8.2!2(!6.!1.! ! ! ! ! ! ! ! ! !5*'.88!"2!"8!856Q.02!(3!1!&1)1/.2)"0!825D:S!$'./.*2!).3"*./.*28!

1).!&.)3()/.D!1*D! !"#$%&'(L' "8!1221"*.D!6:!LKK!.'./.*28S!U*!;.2-(D!UG!2-.!2(21'!"2.)12"(*!

*5/6.)!"8!(*':!L[]S!!!! !

!

!"#$%&'(L)'V-/ 65",&/1"-/+0'"/4&%.+3&'B-1"4"-/'+/5'4A&'5"1B0+3&,&/4'+4'%'W'3'



!

XM!

!

!"#$%&'(Q)'X%+37'B%-B+#+4"-/'$/5&%'2+%"-$10F'"/4&/1"."&5'3A&,"3+0'
&/2"%-/,&/4 '

4"*0.! c!1*D!u! !1).!(621"*.DG!.#('52"(*8!(3!2-.!82).88!3".'DG!2-.!82)1"*!3"'.DG!18!R.''!

18! 2-.! D"8&'10./.*2! (3! 2-.! 0)10?! 2"&G! R-"0-! "8! 6.'".#.D! 2(! 1! ).&).8.*212"#.! (3! 0)10?!

&.*.2)12"(*G!01*!6.! ).#.1'.DS!E-.!D"/.*8"(*'.88!3()/! ! !! !!"8!8-(R*!"*! !"#$%&'(Q'R"2-!

#1)"(58!"*&528!(3!0-./"01'!"*2.*8"2:S!C8!2-.!#1'5.!(3!0-./"01'!8(32.*"*+!0(.33"0".*2! ! G!"8!

"*0).18.D!6:!(*.!()D.)!(3!/1+*"25D.!2-.!D"8&'10./.*2! ! ! !R"2-"*!LK!D1:8!821)2!+)(R"*+!

.%&(*.*2"1'':! /.1*"*+!100.'.)12.D!0)1 0?!&)(&1+12"(*G!R-"0-! "8!&-:8"01'':! 1*! .%&.02.D!

).85'2! (3! 2-.! D1/1+. TD"88('52"(*! 0(5&'"*+S!!"#$%&'(>' Y' (P! 8-(R! 2-.! .#('52"(*8! (3! 2-.!

#('5/.2)"0! 82)1"*G! 2-.! )1D"1'! 1*D! 0")05/3.).*2"1'! 82).88! 0(/&(*.*2! D"82)"652"(*G!

).8&.02"#.':S! 4"+*"3"01*2! 0-1*+.! (3! #('5/. 2)"0! 82)1"*8! "8! 0(*3"*.D! "*! 2-.! *.1)! 0)10?! 2"&!

1).1S!N.0158.!2-.!)1D"1'!82).88.8!(*!6(2-!"*2.)"()!1*D!.%2.)"()!6(5*D1)".8!1).!3"%.DG!-.*0.!

2-.).! "8! '"22'.! 3)..D(/! 3()! 1*:! .#('52"(*S! <(R.#.)! 2-.! D"82)"652"(*! (3! ! !! 5*D.)+(.8!
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XX!

*(2"0.16'.!.#('52"(*S! E-.!82).88!&)(3"'.!3()!.10-!).&).8.*212"#.!/(/.*2 !"*!2-.!.#('52"(*!

"8! D.'"* .12.D! "*! !"#$%&' QG! R-.).! ! !821*D8! 3()! 82).88! 8212.! 12! 2-.! "*2.)"()G!

!!!! ! ! ! !).&).8.*2!2-.!0(5*2.)&1)2!.%2.)"()G! 1*D!!!!! ! ! !   D.*(2.!2-.!"*2.)310.!(3!2-.!2R(!

F(*.8G!).8&.02"#.':S!!

!

!"#$%&'(>)'U2-0$4"-/'-.'2-0$,&4%"3'14%+"/'+0-/#'4A&'%+5"$1'

!

!

!"#$%&'(R)'U2-0$4"-/'-.'%+5"+0'14%&11'+0-/#'4A&'%+5"$1'



!

XY!

!

!

!"#$%&'(P)'U2-0$4"-/'-.'3"%3$,.&%&/4"+0'14%&11'+0-/#'4A&'%+5"$1'

!

!

!"#$%&'<=)'U2-0$4"-/'-.'4A&'5"14%"H$4"-/'-.'%&0+4"2&',+11'5"11-0$4"-/'
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!

!"#$%&'<()'T/.0$&/3&'-.'4-4+0',+11'5"11-0$4"-/'-/'3%+37'B%-B+#+4"-/ '

!

4-)"*?"*+!(3!2-.!0)"2"01' T8212.!F(*.!"8!1+1"*!(68.)#.DS!U2!"8!"*2.).82"*+!2(!8..!2-12!

2-.! D"'121*2! F(*.! 01*! 6.! 35)2-.)! D"#"D.D! "*2(! 2R(! )"*+8! q! "*! 2-.! "**.)! )"*+! 2-.! 2.*8"'.!

0")05/3.).*2"1'! 82).88! "*0).18.8G! /.1*"*+! 2-.! /12.)"1'! "8! +("*+! 2-)(5+-! 1*! (#.)1 ''!

-1)D.*"*+! &)(0.88b! R-"'.! "*! 2-.! (52.)! )"*+! 2-.! /12.)"1'! 8(32.*8S! 4"+*"3"01*2! 8(32.*"*+!

(*':! (005)8! *.1)! 2-.! .%2.)"()! 6(5*D1):G! R-"'.! 2-.! /(82! 8"+*"3"01*2! -1)D.*"*+! /(#.8!

R"2-!3)4!2(R1)D8!2-.!0.*2.)!(3!&)(0.88!F(*.S!E-.!.#('52"(*!(3!2-.!D"82)"652"(*!(3!) .'12"#.!

/188! D"88('52"(*! "8! &).8.*2.D! "*! !"#$%&' <=S! U2! "8! R()2-! *(2"*+! 2-12! 2-.! ).'12"#.! /188!

D"88('52"(*!"8!8"+*"3"01*2':!-"+-.)!12!2-.!"*2.)310.!6.2R..*!2-.!0)"2"01' T8212.!F(*.!1*D!2-.!

D"'121*2! F(*.S!!"#$%&' <(! 8-(R8! 2-.! "*3'5.*0.! (3! 2(21'! /188! D"88('52"( *! `"*2.+)12"(*! (3!

D"88('#.D! /188! (*! 2"/.! 1*D! )1D"58a! (*! 0)10?! &)(&1+12"(*! R"2-! #1)"(58! "*&528! (3!

0-./"01'!"*2.*8"2: S!O12-.)!2-1*!6."*+!.%&(*.*2"1'G!2-.!8'(&!(3!2-.!05)#.8!"8!1'/(82!'"*.1)G!
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R-"0-! /"+-2! "*D"012.! 2-12! D"88('52"(*! "*! 0.)21"*! 1).1! R"2-"*! 2-.! &) (0.88! F(*.! "8! *(2!

0(*2)"652"*+!/50-!2(!2-.!&)(0.88!(3!0)10?!&)(&1+12"(*!18!"2!"8!85&&(8.D!2(S!!

5.3 Damage-dissolution -diffusion  

U*8"D.!2-.!&)(0.88!F(*.G!2-.!&-.*(/.*(*!(3!D"3358"(*!(005)8!(*0.!2-.!8('52.G!"S.S!

01'0"2.G!"8!D"88('#.D!"*!R12.)S!E-.! ).3.).*0.!0(*D"2"(*! "8!8.2!18!1!5*"3()/!D"88('52"(*!12!

2-.!85)310.!(3!&).T.%"82"*+!#("D8!R"2-"*!1!O$\S!U*2.)0(**.02.D!#("D8!R"2-"*!2-.!&)(0.88!

F(*.!3()/!/"0)( T0-1**.'8G!&)(#"D"*+!&12-R1:8!3()!01'0"2.!2)1*8&()2S!C2!2-.!0)10?!2"&G!R.!

1885/.!2-12!R"2-"*!2-.! /10)( T&().G!R12.)!R18-.8!1R1:!2-.! .%0.88! (3!2-.! /"*.)1'G!1*D!

3()! 8"/&'"0"2:! R.! 1885/.! F.)(! 0(*0.*2)12"(*G! -.*0.! !!"! ! ! ! !!"!! ! !S! E-.! .%2.)"()! (3!

2-.!&)(0.88!F(*.!"8!1*!1)2"3"0"1'!6(5*D1):!1*D!"8!1885/.D!2(!821:!18!"2!R18!12!2-.!"*"2"1'!

8212.!(3!2-.!/12.)"1'G!R-.*!D"88('52"(*!R18!'"/"2.D!2(!2-.!&). T.%"82"*+!/"0)( T&().8G!-.*0.!
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6. Conclusions and Discussion  
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7. Future W ork  

• To  address  the  concept  of  geochemo-­‐‑hydrology  and  of  hydro-­‐‑geomechanics,  and  

further  perform  a  conceptual  analysis  on  the  coupling  mechanisms  in  order  to  

propose  a  model  for  chemo-­‐‑hydro-­‐‑geomechanical  coupling  in  environmentally  

enhanced  crack  propagation.    
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• To  establish  the  coupling  mechanics  between  hydraulic  and  chemo-­‐‑geomechanical  

processes,  especially  the  coupling  between  the  two  types  of  mass  removal,  i.e.  

chemical  dissolution  and  hydro-­‐‑erosion.  
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• To  perform  a  series  of  experiments  that  simulate  the  geo-­‐‑chemically  and  erosion  

enhanced  crack  propagation  as  well  as  the  alteration  of  overall  hydraulic  

transmissivity.  

• To  investigate  behaviors  of  fractures  subject  to  aggressive  aqueous  environment  

under  type  II  (shearing)  mode.    
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• To  further  explore  the  chemo-­‐‑hydro-­‐‑geomechanical  coupling  in  a  system  of  fractures#  
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