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xm =Q |a}@] =} |RrwrU h=}r= R= |NQ@ p=Ft u=wvax@ "Ci=} u=t}U Q}tN QO =yu;
|v}at |=yxOwOLt QO |Qy=_ |=y|oS} w Q}=U w pw] x@ Q]k C@Uv 'pw] Q_v R=
Q=Qk xO=iDU= OQwt u=t}U Q}tN =@ ?}mQD QO OYQO 8 OwOL =D u=wD|t 'OvQ=O Q=Qk
QDW}@ =Q TwDB}r=m = =} T=o =@ Ovv=t |a}@] h=}r= R= Qo}O |NQ@ xm |r=L QO 'O=O
O=wt u}= R= xJv=vJ "OQ@ Q=m x@ u=t}U =@ ?}mQD QO u=wD|tv OYQO Q=yJ OwOL R=
u=t}U Q}tN R= h=}r= |oORuwQ}@ x@ 'OwW xOwRi= u=t}U x@ �4 R= V}@ u=R}t x@
"O@=}|t Vy=m COWx@ u; |Dtw=kt |=y|oS} w w \wrNt |voty ,qta w xOW QHvt
h=}r= u}@ Ovw}B QO ha[ O=H}= w =yxvwtv pNrND V}=Ri= 'xO}OB u}= p}qO u} QDsyt
u=t}U Q}tN QO O}=@ xm h=}r= |@v=H K]U 'h=}r= uOwRi= =@ &CU= u=t}U Q}tN w
=D QwO |i=m Q=Oktx@ Ov=wD|tv OwHwt u=t}U Q}tN w O@=}|t V}=Ri= OwW QwYLt
R= xO=iDU= 'CU= xO=O u=Wv C=k}kLD R= |NQ@ u}vJty "Ovm QwYLt =Q h=}r= QwO
|m}v=mt |=yVwQ R= pY=L h=}r= R= QDy@ |}=}t}W |=yVwQ R= pY=L h=}r=
|}xO=t xm u}vo}r 'h=}r= |x}yD *|}=}t}W |=yVwQ QO =Q} R [11�8]"Ovvm|t pta
GQ=N h=}r= R= |O=} R OwOL =D 'CU= |v=t}U |=yxkQw |m}v=mt X=wN Q@ Q[t
|a}@] h=}r= |L]U |Qw;pta xm CU= xOW xO=O u=Wv C=k}kLD u}= QO "OwW|t
x@ xO}OB u}= xm =QJ 'OW=@ QF-wt |v=t}U |=yxkQw |WtN Q=DiQ Ow@y@ QO Ov=wD|t R}v
Q}tN C=QP |Q=Oxov Qw_vtx@ Ov@sy |xm@W l} O=H}= |=Q@ h=}r= C}r@=k <=kDQ=
Q@ ?}DQDu}O@ w OwW|t QHvt |WmxR Ov}=Qi MQv QO pO=aD V}=Ri= R}v w u=t}U

"O}=Ri=|t |WtN Ctw=kt
Q_vx]kv R= 'u=t}U Q}tN QO |a}@] h=}r= R= ẁv xU Q}F-=D 'Q[=L j}kLD QO
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CU= |y}O@ "Ci=} Oy=wN Vy=m =yxvwtv |WtN Ctw=kt 'xH}DvQO w Q}tN x@ h=}r=
?Hwt u=t}U Q}tN QO xOwD l} x@ =yu; uOWp}O@D w Qo}Om} x@ h=}r= u}= uO}@UJ
|voty ,qta w xOW u=t}U Q}tN =@ T=tD QO =yu; QF-wt |@v=H K]U QDW}@ Vy=m

"OvyO|t Vy=m =Q u=t}U \wrNt
u} QDW}@ xm OyO|t u=Wv 6 pmW QOCi=Qm |w=L |=yC} RwBt=m|WtN Q=DiQ
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|=yjQw R= ẁv u}= "Ci=} CUO |=y|Q@ Q=m `=wv= |=Q@ |a}@] h=}r= =@ |v=t}U
Q=tW x@ |O}OyD u=Uv= |DtqU |=Q@ w xOw@ |]}LtCU} R C=Q]=Nt Ok=i '|v=t}U
`=wv= OQ@ Q=m |=Q@?U=vt |}xw}W u=wvax@ Ov}=Qi u}= R= u=wD|t 'u}= Q@ uwRi= "Ov};|tv
|=yPe=m `=wv= R= |NQ@ =} QmW}v x=}o |xk=U Ovv=t '|RQw=Wm CqwYLt C=a}=[

"CUH xQy@ |Di=} R=@ `}=vY QO 'xr]=@

"|a}@] h=}r= |w=L |v=t}U C} RwBt=m |=yxkQw |v=UWm ?} Q[ "11 pmW

'h=}r= |r=oJ uDiQo Q_v QO =@ ,qFt 'OwW|t xvwtv sHL V}=Ri= `@Dr=@ w Ct=N[
sHL x@ OYQO VW ,=OwOL O}=@ �u=t}U x@ C@Uv� h=}r= |vRw OYQO 2 uOwRi=
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um\wrNt x=oDUO QO =yxvwtv CN=U u}L QO xm |Qw]x@ CU=yxvwtv QO pNrND
OwHw OvJQy 'Qo}O CQ=@ax@ "OW Qy=_ u=t}U ?=ewO |wQ Q@ |O=} R |=y?=@L R}v
?} Q[V}=Ri= QO 'CU= u=t}U x@C@Uv QDq=@|v=UWm?} Q[ |=Q=O OwN xm h=}r=
x@ pNrND V}=Ri= Ovv=t u; |@v=H C=Q}F-=D 'OQ=O |tyt Vkv C} RwBt=m |v=UWm
Vy=m Ea=@ h=}r= |vRw OYQO V}=Ri= 'x}rw= QwYD hqN Q@ xm CU= O=} R |OL

"OwW|t |v=UWm ?} Q[
|x}rw= \@=wQ xm OyO|t u=Wv R}v xv}tR u}= QO xOW s=Hv= C=k}kLD |UQQ@
� |v=t}U |=yC} RwBt=m |v=UWm ?} Q[ OQwtQO u}kkLt Q}=U \UwD xOW x�=Q=

[15]%CU= xOw@ u}vJ |i=}r=
Ec = Em(1� Vf ) + EfVf (10)

Vf w h=}r= w u=t}U T} QD=t 'C} RwBt=m pwOt ?}DQDx@ Ef w Em 'Ec u; QO xm
OQ=wt R= |Q=}U@ QO x]@=Q u}= xm =Hv; R= "CU= C} RwBt=m QO h=}r= |tHL OYQO
u}= [11w2]QDO}OH C=k}kLD G}=Dv T=U=Q@ 'CW=O |}=yCw=iD |y=oW}=tR; G}=Dv =@
u=Wv C=k}kLD u}= G}=Dv "OW p}tmD 11 |x]@=Q CQwYx@ w xOW KqY= \@=wQ
xOW QDW}@ u=t}U T} QD=t |=yxQiL Q=Okt u=t}U Q}tN x@ h=}r= uOwRi= =@ xm O=O
u}= QO u=t}U Q}tN ?}DQDu}O@ "O@=}|t V}=Ri= u=t}U Q}tN X}=kv xH}DvQO w
QO "CW=O Oy=wN �pQDvm � Oy=W |xvwtv x@ C@Uv |QDsm |v=UWm ?} Q[ Cr=L

%O};|t CUO x@ 11 |x]@=Q R= |v=UWm ?} Q[ Q=Okt Cr=L u}=
Em = Emo(1� p) (11)

=yxQiL OYQO p w 'h=}r= uwO@ |v=t}U T} QD=t |v=UWm ?} Q[ Emo u; QO xm
CUO x@ 12 |x]@=Q R= w xOw@ h=}r= OYQO R= |a@=D OwN xm CU= C} RwBt=m QO

%O};|t
p = 0 0522 + 3 7407Vf (12)

QO O=} R ?=@L w hm OwHw OW xOy=Wt C=W}=tR; s=Hv= u}L QO xm |tyt |xDmv
Q_v x@ "Ow@ Qo}O h=}r= ẁv wO x@ C@Uv Ci=Qm h=}r= |w=L |=yxvwtv CN=U u}L
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1. serpentines
2. amphobiles
3. chrysotile
4. Hatschek
5. Canadian standard freeness (CSF)
6. scanning electron macroscopy
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