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|xOQDUo ẁ[wt l} 'pNrNDt \}Lt QO |oOwr; p=kDv= |xO}OB |R=UpOt
|UQQ@ x@ Ovy QO |}xar=]t QO 'xvwtv |=Q@ "CU= C}ty= R�=L xm CU= |D=ar=]t
pOt w |y=oW}=tR; G}=Dv R= xO=iDU= =@ pNrNDt \}Lt l} R= pwrLt p=kDv= Q=DiQ
R= w s=Hv= =yxU=t R= |Dw=iDt `=wv= |wQ Q@ =yV}=tR; "CU= xOW xDN=OQB |OOa
xm CU= xOw@ u; R= |m =L u; G}=Dv w xOW xO=iDU= xOv}q; u=wvax@ O}=Qrm pwrLt
|v=wNsy |O=} R OL =D |OOa pOt w =yV}=tR; R= xOt; CUOx@ |xvNQ |=y|vLvt
|OOa w |y=oW}=tR; |rOt G}=Dv '�2013� |Qo}O |xar=]t QO u}vJty [15]"OvQ=O
QO xm CU= xOW xO=iDU= xvNQ |vLvt j} Q] R= pwrLt p=kDv= Q=DiQ |UQQ@ |=Q@
xO=iDU= �|Wvm =wQ}e pwrLt� O}=Qrm w �|Wvm =w pwrLt� O}=Qwri pwrLt wO R= u;
|R=Ux}@W =@ Q}N-=D ?} Q[ w |m}t=v}OwQO}y Q=WDv= ?} Q[ Q}O=kt "CU= xOW
|x]kv xm CU= xO=O u=Wv G}=Dv w xOW xOR u}tND xvNQ |=y|vLvt |y=oW}=tR;
|Wvm =w pwrLt =@ xU}=kt QO |Wvm =wQ}e pwrLt |=Q@ xvNQ |=y|vLvt |xv}W}@
<=RH= VwQ =@ xm |OOa |=ypOt x@ Ov=wD|t |y=oW}=tR; C=aq]= w CU= QDq=@

[16]"OWN@@ Q=@Da= 'OvwW|t s=Hv= OwOLt
w xOW xDi=@ Q}e p}=DUmDw�S |=yQDr}i R= ?w=vDt |=yx}q 'Q[=L VywSB QO
|Q}PBPwiv C}r@=k Q_v R= xm Ov=xDiQ Q=mx@ |oOwr; hPL w Vy=m |=Q@ |}xv=O l =N
xOW?PH |=y|oOwr; w CQwOm Vy=m CyH w xOw@ C}ty= R�=L ?PH CQOk w
QO '|oOwr; hPL QO %u; |}=Q=m xrtH R= |D=mv x@ O=wt ?=NDv= QO "Ov=xOW xO=iDU=
VywSB |rY= hOy "CU= xOW xHwD uOw@ Ct}ku=RQ= u=mt= OL =D w uOw@ TQDUO
�xOW|L=Q] QDr}i� pNrNDt \}Lt QO |oOwr; p=kDv= |xO}OB |R=UpOt 'Q[=L

"CU= xOw@

QDr}i Kr=Yt C=YNWt "2
u}}aD x@ =OD@= QO 'l} Swrw}@ QDr}i |L=Q] QO |Q}PBPwiv u=R}t C}ty= x@ xHwD =@
|=yV}=tR; s=Hv= R= TB '|Q}PBPwiv Q_v R= QDr}i O=wt ?U=vt \qDN= C@Uv
CN=U |=Q@ Q_vOQwt O=wt |vRw OYQO Qw_vt u}O@ "CU= xOW xDN=OQB u=Di= Q=@
u}vJty w O=wt u}= "CU= xOW |@=} RQ= w x@U=Lt |Q}PBPwiv ?} Q[ w ?=NDv= QDr}i

114



3/
1|

xQ=t
W'

33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt "u=vtU C}rwr}DBwv}rm C}rw�R |}=}t}W R}r=v; "1 pwOH
Al2O3 SiO2 TiO2 Fe2O2 CaO MgO Na2O K2O MnO P2O

|vRw OYQO Vy=m
j=QDL= QF= QO

11 8 66 5 0 21 1 3 3 11 0 77 2 01 3 12 0 04 0 01 �12 05
"OvDUy ��� OYQO ?UL Q@ Q}O=kt �

"p}=DUmDw�S |x}q C=YNWt "2 pwOH
OL=w C=}YwYN

QDU=|rB w ur}@ wQB|rB � O=wt TvH
828 gr=m2 K]U OL=w sQH
6 7 mm Ct=N[ u}ov=}t
0 08 mm Pi=vt |xR=Ov=
3 82 mm/s |Q}PBPwiv ?} Q[

u=tR pQDvm VwQ w |HwQN CQwOm R=Ht OL 'Q=Wi Ci= |=yVwQ R= xO=iDU=
'Q[=L VywSB Cwr}=B QO xOW|v}@V}@ |wWwCUW VwQ "CU= xOW u}}aD

"CU= xOw@ ?; =@ Twmat |wWwCUW
xO=iDU= u}vJty w p=ai Q}PBPwiv |x}q |xv} Ry uOt; u}}=B |=Q@ %xQ= l =N "4
R= OvwW|t xOv=RwU =} OvwW|t =yQ Ca}@] QO C=a}=[ u=wvax@ xm |O=wt R=
OQwt |xQ= l =N "OwW|t xO=iDU= C=QD}v ?P=H O=wt R= |m} u=wvax@ xQ= l =N
|Qw;`tH GwU=} QyW K]U |Q@?wJ |=yx=oQ=m R= Q[=L VywSB QO xO=iDU=
xQ= l =N |xOta O}rwD "CU= xOw@ Q=O}BU u=DNQO |xQ= l =N pt=W w xOW
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pt=m u=tR =D ẁQW R= CN=wvm} CQwYx@ C@=F |xOv}q; Q=@ =@ w `=@W= CQwYx@
Q_v QO Q[=L VywSB pOt QO R}v ?PH Ov}=Qi "CU= C=QD}v |xvNQ |vLvt uOW

"CU= xOW xDiQo

119



"""Q
O|

m}S
wrw}@

|m=
NQ

Dr}i
|R=

Up
Ot

"x}v=F 198153 u=tR QO |OOa pOt R= xOt; CUOx@ |@=}OQ |xy@H "13 pmW

"x}v=F 376227 u=tR QO |OOa pOt R= xOt; CUOx@ |@=}OQ |xy@H "14 pmW

"xvNQ |vLvt uOW pt=m u=tR QO |@=}OQ |xy@H "15 pmW

"x}rw= \}=QW QO |OOa pOt |xr}Uwx@ xOW |R=Ux}@W |@=}OQ |xy@H "10 pmW

"x}v=F 22052 u=tR QO |OOa pOt R= xOt; CUOx@ |@=}OQ |xy@H "11 pmW

"x}v=F 116085 u=tR QO |OOa pOt R= xOt; CUOx@ |@=}OQ |xy@H "12 pmW

120



3/
1|

xQ=t
W'

33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt |xvNQ w |R=UQ=mW; "OQ=O |tm h=QLv= |Uwo =} uQ=kD Cr=L R= xvNQ |vLvt
pOt QO C=QD}v CUmW u=tR =@ xm 'ODi=|t j=iD= xk}kO 24 OwOL u=tR QO C=QD}v
|OOa pOt QO C=QD}v |xvNQ |vLvt "Ovm|t |Q@=Q@ ,=@} QkD �xk}kO 25� |y=oW}=tR;
x@ |QDW}@ |orwJ '�7 pmW� u; |y=oW}=tR; pOt x@ C@Uv �17 pmW� QDr}i
|k]vt '|m} R}i w |Q=t; ^=Lr R= |vLvt wO Qy pmW |rw &OQ=O CU=Q CtU
pOt QO QDr}i |]}Lt \}=QW Cw=iD p}rO x@ \w@ Qt hqDN= w CU= pw@kp@=k w

"CU= |OOa w |y=oW}=tR;
QDr}i pw] QO \N l} |wQ Q@ xm pOt R= |]=kv |=Q@ xvNQ |vLvt u}vJty
|xvO@ R= |w=Ut |xrY=i QO w uwDU hm R= Cw=iDt |=yxrY=i =@ \=kv� OvQ=O Q=Qk
=@ \=kv |xU}=kt =@ "�18 pmW� CU= xOt; CUOx@ �(x = 0 032m) QDr}i
xm u=Um} |v=tR |xR=@ QO �0 032 w 0 01� w �0 222 w 0 01� C=YDNt
|=QHt R= QwO |}x]kv w �16 pmW� |HwQN |=QHt \Uw QO |}x]kv ?}DQDx@
u=Um} |xrY=i QO� =DU=Q l} QO x]kv wO Qy w OvDUy pOt QO �18 pmW� |HwQN
|=QHt \Uw QO xDiQo Q=Qk |x]kv QO xm OwW|t xOy=Wt 'OvQ=O Q=Qk �uwDU hm R=
|vLvt 'Qo}O |x]kv QO |rw &CU= xDiQW}B uOW pt=m =D xvNQ |vLvt '|HwQN
sQH pt=m p=kDv= sOa w |oO}WNB 'uwDU uwQO Kqt= CmQL |xy@H Cra x@ xvNQ

"CU= xOWv pt=m |L=wv u}= x@ xOv}q;

PRB |=Q@ u=tR =@ C_re u=}O=Qo |x]@=Q "4"3"5
|=tvy=Q Ov=wD|t QDr}i\}Lt pw] QOC_re u=}O=Qo '?=}OQ |xy@H Q=DiQ|UQQ@ QO
x]kv |O=OaD '19 pmW j@=]t p}rO u}ty x@ 'OW=@ u; |xO}OB Q}UiD |=Q@ |@ wN
|=DU=Q QO x]kv xU w PRB pw] QO sy |=DU=Q QO x]kv xU� PRB \}Lt QO
|=yOy hqDN= |=Q@ C_re u=}O=Qo TBU "CU= xOW ?=NDv= �PRB Q]k QO sy
|Q}o\UwDt |=yC_re Ci+2 w 'Ci+1 'Ci "CU= xOW x@U=Lt 10cm w 5cm

0 05m Qo}O |=DU=Q =D =DU=Q Qy |xrY=i xm CU= PRB Q]k R= =DU=Q Qy QO xOW
hqDN= Cr=L wO |=Q@ PRB QO xOW|Q}o\UwDt C_re u=R}t '20 pmW "CU=
'Oy hqDN= Vy=m =@ u; j@=]t xm OyO|t u=Wv =Q u=tR =@ 10cm w 5cm Oy
CU= R=}v |QDW}@ u=tR u}=Q@=v@ w xOQm Qw@a \}Lt R= |QDtm CaQU =@ Kqt= |xy@H
hqDN= |=Q@ xm |Qw]x@ 'Ovm |] =Q \}Lt QDtm Oy hqDN= =@ Kqt= |xy@H =D
u=}O=Qo 'QwmPt pmW j@=]t "CU= xOw@ QDtm Kqt= |xy@H V}=t}B u=tR 'QDq=@ Oy

hm R= Cw=iDt |=yxrY=i =@ QDr}i pOt R= |]=kv |=Q@ xvNQ |vLvt "18 pmW
"(x = 0=032m) QDr}i |xvO@ R= |w=Ut |xrY=i QO w uwDU

|OOa |R=UpOt R= xOt; CUOx@ |xvNQ |=y|vLvt "3"3"5
�Q_vOQwt QDr}i� uwDU QO 'QD}r Q@ sQo|r}t 100 C_re =@ C=QD}v pwrLt xm|t=ovy
xm OwW|t xOy=Wt hrDNt |=yu=tR QO |@=}OQ |xy@H x@ xHwD =@ 'OwW|t j} QRD
sQo|r}t 100 C_re =@ C=QD}v pwrLt 'C}=yv QO w xDi=} Q}}eD u=tR =@ ?}mQD u}=
'16 pmW "OwW|t Q=mW; QDr}i |HwQN QO |YNWt u=tR CWPo R= Oa@ QD}r Q@
OvQ=O Q=Qk QDr}i pw] QO \N l} |wQ Q@ xm pOt R= |]=kv |=Q@ xvNQ |vLvt
QDr}i |xvO@ R= |w=Ut |xrY=i QO w uwDU hm R= Cw=iDt |=yxrY=i =@ \=kv�
|=yxvwtv |=y|vLvt u}@ 'u; j@=]t xm &OyO|t u=Wv =Q �(x = 0=222m)

|HwQN |=QHt uwJ "OwW|t xOy=Wt |L[=w |=yhqDN= QDr}i pOt QO |}x]kv
u=tR CWPo =@ 'Kqt= Q=WDv= w |oO}WNB Cra x@ 'CU= QDr}i |v}}=B |xWwo QO
|=QHt QO xvNQ |vLvt xm |Qw] x@ &OwW|t QDl}ORv uOW pt=m x@ xvNQ |vLvt
C=QD}v pwrLt C_re uwJ 'QDr}i |OwQw QO "CU= 17 pmW j@=]t QDr}i |HwQN
=@ "CU= 1 Q@=Q@ =yu=tR |t=tD QO C=C0 Q=Okt 'CU= C@=F =yu=tR |t=tD QO
p}mWD pt=m CQwYx@ xvNQ |vLvt 'QDr}i R= |oOwr; Q@= Qw@a =@ w u=tR CWPo
sHL l} GwQN R= TB O}=@ BTC |vLvt '|v=tQ; w |rwY= Q_v R= "OwW|t
Q=Owtv xm '17 pmW QO "OW=@ xDW=O |}xv} Qk pmW 'l =N pm pNrND pO=at `}=t
pmW "OQ=O |k]vt w CUQO Q=DiQ |m} R}i ^=Lr R= 'CU= u=tR ?UL Q@ C=C0

w uwDU hm R= Cw=iDt |=yxrY=i =@ QDr}i R= |]=kv |=Q@ xvNQ |vLvt "16 pmW
"(x = 0=222m) QDr}i |xvO@ R= |w=Ut |xrY=i QO

"CTRAN/W Q=Ri=sQv QO QDr}i pOt C=QD}v |xvNQ |vLvt "17 pmW

121



"""Q
O|

m}S
wrw}@

|m=
NQ

Dr}i
|R=

Up
Ot

|Q}oxH}Dv w EL@ "6
x@ xHwD =@ u}vJty w u; G}=Dv |UQQ@ w |Q}PBPwiv |=yV}=tR; s=Hv= R= TB "1
CQwYx@ O=wt|vRw \qDN=C@Uv 'pta QO|@=NDv= O=wt uOw@ TQDUOQO u=R}t
l =N �10 w uy; |xO=Q@ �20 'C}rw�R �20 'C}U=QDv; �25 'xU=t �25

"CU= xOW xDiQo Q_v QO Q=O}BU ?wJ |xQ=
QDr}i xm CW=O Q=_Dv= u=wD|t QDr}i |xOvR=U O=wt |wWwCUW x@ xHwD =@ "2

"Ovm O=R; OwN R= |tm Q=}U@ |oOwr; COtR=QO QO Q_vOQwt
|x}rw=C_re =@|awvYt?=UBj} QRD =@ QDr}i |=Q@CUmW|vLvtu}}aDCyH "3
xk}kO 25 u=tR QO C=QD}v |xvNQ w |R=UQ=mW; 'C=QD}v QD}r Q@ sQo|r}t 100
?} QkD =@ u=wD|t =QPRB |xvNQ |vLvt "CU= xO=Di= j=iD= V}=tR; ẁQW R=
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|=Q@ `k=w QO "OwW|t XNWt Q[=L |xar=]t QO pOt syt Vkv w QDr}i QO
CU= sw=Ot CQwY x@ QDW}@ |=yV}=tR; x@ R=}v 'QY=va CmQL |rta |UQQ@
=@ u=wD@ xm CU= ?wr]t Q=}U@ u}=Q@=v@ "CU= xv} Ry QB w Q}oCkw 'pmWt xm
CWwvQU u=wD|t 'QwmPt pOt uDW=O =@ "OQm OQw;Q@ =Q Kqt= CmQL |}=ypOt
w u=tR Q_v R= sy xm OQm u}}aD |D} Q}Ot hrDNt \}=QW QO QDr}i QO =Q QY=va

"OW Oy=wN |} wHxiQY 'xv} Ry Q_v R= sy

"u=tR =@ C_re u=}O=Qo Q=Owtv sUQ CyH QDr}i \}Lt R= ?NDvt \=kv "19 pmW

"QDr}i QO u=tR =@ Oy hqDN= wO C_re u=}O=Qo u}@ |x]@=Q "20 pmW

xm CQwY u}O@ "OvQ=O |k]vt w sHUvt |Q=DiQ 'u=tR =@ Oy hqDN= wO C_re
Q=Owtv u}=Q@=v@ 'CU= xOW |vqw] |@=}OQ |xy@H QPo u=tR 'Oy hqDN= Vy=m =@
xm CU=y|vLvt pmW 'Qo}O syt |xDmv "CU= xOW QDuyB u=tR =@ C_re u=}O=Qo

"OvQ=O Q=Qk K]U l} QO |vLvt wO l}B w CU= p=tQv ,=D@Uv |rmW

C=QD}v ?PH QO QDr}i OQmrta |UQQ@ "4"5
C_re =@ |awvYt ?=UB |xvwtv xmCU= xOw@ |}xvwo x@ sDU}U u}= |L=Q] |xwLv
0 001� C@=F u=} QH COW =@ w xDUw}B CQwYx@ C=QD}v QD}r Q@ sQo|r}t 100
C=QD}v |awvYt ?=UB VOQo "OW=@ xDW=O u=} QH QDr}i QO �x}v=F Q@ ?amtQDt
OWQ p}rO x@ xm CU= xOW XNWt w |UQQ@ x=t 1 OwOL Q_vOQwt sDU}U QO
QO QDr}i |rw 'CU= xDi=} Vy=m uwDU wO Qy R= |HwQN u=} QH |@O '|m} Swrw}@
C}U=QDv; CN=wvm} |Ov@xv=O Ov=wD|t u; p}rO xm CU= xOWv OwOUt V}=tR; COt
pw= uwDU \UwD C=QD}v hPL u=tOv=Q "OwW|t pt=W =Q PRB |vRw �25 xm 'OW=@
98 83 w 96 51 '93 02 ?}DQD x@ RwQ 9 w 6 '4 |=Q@ CU= �PRB pt=W xm �
C=QD}v pm hPL |=Q@ xOW|L=Q] sDU}U |q=@ |}=v=wD Qou=}@ xm CU= xOw@ OYQO
QDr}i 'swO uwDU xmv}= x@ xHwD =@ "CU= |awvYt ?=UB R= RwQ 9 COt QO pwrLt
x@ C@Uv u; R= |HwQN |xvwtv C=QD}v 'OQ=O Q=Qk pw= uwDU R= Oa@ w CU= |}xU=t
|Q}}eD w xOv=t C@=F ,=@} QkD =yV}=tR; |t=tD QO 'pw= uwDU R= u; x@ |OwQw C=QD}v
"CU= C}U=QDv; w xU=t \UwD C=QD}v ?PH sOa p}rO x@ OvwQ u}= "CU= xOQmv =O}B
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1. Methemoglobinemia
2. permeable reactive barriers
3. Gifu
4. Anthracite
5. woven geotextiles
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7. naue
8. break through
9. asymptotic
10. non-�ckian
11. anomalous transport
12. error function compliment
13. Peclet
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