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UVlrl"111Ji!n~1J{i\l~m~tlJ:;f)1,,)1m;'lltl\l:U L1JUvi' L w~vi' lJtl';;1 LL~:::rltlUf)~91 f)1~\l~~th:; 

:rtJ'!Ju\l~ L1JU; L w~vi"'l:: L vi1tiU'lJtl\lrltlU~~V11·Vl!.Jth:::1J1ru LL~::f)1~\l~VltJ'l:::~!.J'lltl\l1Ju';;1"'1:::~\lf)-;1 36 
" ".J q .,,. I _ ~ r .. ." .. 

\ Uu "l L '11tJ V1L Vl rJ L \l ~ rJ r-J ~ f)1 "SVl ~ ~tl\l LL OlVl \l L YI L YlU"11 f)1 ,,)"1~'lltl\l'u L1JU91 L w~v1l1tJ LL Ylf)911 "fI'U'lltl"Utl "S-

;'1IL,,:; '!Ju\l1'1 utJfl ~V1 LL ~::: '1 v7,j\l{l \l1'1"111J~1 ?i'fY'lJtl\l-ra~ r-J~1JYJ'iivimn 'l-i1fli'lltl\ll'1tlUf) ~YI 

1) \JV1tJ1 

fl1"i'l~~~~N~1J~"LtJ'ltJ~L1JU;LWa;Vl1~;1;l'1tlun~YI"i11'11~f)~tJ LW"iI:::~Ol~r-JOl1J"'I:::~O 
, .. .!f~ ~ ~. ....." .J !=L. 

n11~tJ:U WtJYl1Jlfl tJtln"'l1f)U"1a~N~1J'IJ"1J1'1"111JLLn,,)\l (stif.f) Uln0"1111hutJ91 LWaVl"'l::Vl1Y1U1Vl L uu 

~1"rlnl ,,)~u (creep) LL ~:;01,,)YlVl\l'h Lt1u\l"'l10n1"i~fY L amj1 (drying shrinkage) ~\"!tJ~,, 

WU1U11J'l ~-raIilNa1J'h11J1n Uvi;1 'l~~a~r-Ja1J1J1n Lf,uL tJ-V:;Vl1 '1 ;l'1tltJn~Ylm:::;1" (harsh) rnnvitl 

n1 "lVll \l1ti 'l tJYl1'HJ~ffi1",):;'l ~-ra~Na1J1:h:;l,l1ru 60-80 L th); L'lJtJ;1: VlmJ11J1m -if\l~Ol~N~1J-V:;")JU 
~\l1~~N~1JYlrJ1ULL" :;-r~1lN~1J~::: L UrJVl 

'lltJ1rl1'10l ::'!J!N-r~~e.J~1JYlt;IU ,LL Ol:::-ra~WN1JOl::: L U EJVl-v:;iir-JOl vitlYH'l~n. "i"SU'lltl" rltlUf)~Vl ~.tJ 
~.fi'l'1JYJ'n~~vWN1J~::: L UrJVl1J~n L flU L tJ'l:;Vl1 '1 ;01 ~~1"IU-';1 rJ~ULLvi-v:;Vl1 '1; L nVlOI ,,)LLVlf);I'l 1;~1 tJ~tJ 

j '. .. .". j ... .., .., . a" 0 S) .. 0 K _ 
9)')U N1tJe.Ja1JVlU.aVlNa1JYlU1tJlJlnLL Ol :::1~~e.J~1J0l::: L tl tJVlUtl rJ~:;Vl1 L YlVl1"ltJ ~1 O'lltJ LL 0l:::'OJ:: L nVlthyYil 

'lUflT'i L Vl L W11::tl1'OJ'l::: L flVlOI 'lLLtJn~h (seqreg':ltio~} Y11 '1; L flVl L tiu I: W")" ~YI'l'l~.U,,):;YI-;I" 

1N~~N1J~::L£rJVlvitl-r~~N~1J~"Yl1JVl'OJ:;u~"i~YI-;1\l 30-40 Lt.Ju';L'IJtJ;I:VltJU1Y1~n 

Wtl~m "l1J'lltl\lrltltJf) ~~-V:;~tJtl ~fI'UWtl ~fl "S ,,)U'lltl\l~"1UN~U ~tl ll'l LUtJ; L ViOlvi' LL 0l:::~0l~-
' .d • • . l:. Id!' A' I 

e.I~1J VlOltlVl-VUf)1 "ltJrlYltJ"1 \l (bond) "i :::Yl11 ,,~a~Vl"i'ttl\l 01") tJVlYltJ. \l'OJ v'lltJu ~fI'u~f1'\!lru:; ~1'lltl,,-r~~ 

d,d ~ y g ., ....., 9 
L VitlVl-V:': r10~1 ~f)mu:;n 1 "S.;tJviLL Ol::: f'r1~" 1U U "i \hlVl'lltl"·u L UtJ91 L ViaVl Utl"SVlllLOl::: rltltJO"lYi 

1;i.u~'ltJNa1J~\lLL ~Vl\lL -;''l tJYlI ':l1\lYJ' 1 -aYl';I~1tJU1vimju~ Luur-i"iiOltl" ~'l fi~ 0.4 LL~::: 0.5 
~'. I ..,. ..,a,... .. .... ., .-

LLVlOl:; 1'1 'l'lltl\leJYI "S 1a1U1.h Yltlll'll1JtJ YI"'I:;ua.tJN~lJVf\l:"11U'IJ\lVl iiitl li1 LUtJ YI. L Wa-Vl Uti "iYlI U ~:;rltltJn 1Y1 
- .,..... ,J ... "., _1Oil_ I 

'IJ LlJUVl LW~Vl'OJ:; L WOl.UN~1J'1JtI"rltltJfl~YlVlLLrJf) L tI'l-r~~NOluYi''3Y11Jfltltlf) LLOl::Utl~YlI"'1:: L uuOl.UNOlU-

... J. "' 'l t:. .!fa 'I ~ • t:. • '/Jij\lfltltJO "SYlVl LLtJO L tl1LL YI-r~~N~1J'" tJ'ltltltlf) ~\lUU unl ':lVll1 Oltl\3 1'1 "i\lU"'I " L'lJa.tJNOlUVl"YlUVlYlnOl'1tJt.lOllJ 

* 1l1rl-1'IJ111'f'10 '1 "i1J 1 Util rlru:;';I'f'1f) "l "S1Jl'flaVl'; UYI'l'iVlEJI~EJ'lltl\..ILL n'u. 



• 

26. 

\JtJ~ l11Uvi' 1 Gu\JtJ~ wUvi't1!:),;91LL iltJ; ti ""'11911 VI.11 £.I 1 ,]tJV1 "I 1 £.1'0)1 nLlJuiiifl'lllJt1'l\l'O)i­

lYlI~ 2. 62 LLil~111~~'i'l''Vtl\lfl''ll11il~ ~iitlVl 2 .52 1'1'l'~e.J~lJ'I1tJIU djtJfl1"lVl"VlnLLJuiii'VtJlV1't'l1~ 

~V1 20 lJlJ.fl"lllJ~"l\l'O)ilYlI~ 2.63 LLil~1lJ~~'i'l''Vtl'''fl''lllJil~LfltJVI 7.17 
• cI ., .,.., • I 

UVl"'VlVl'i'l'tlUVlL'lJ'ii'VtJlV1l'i'l'Ue.Jll'jtJtJnill\l 100 lJlJ. ~'" 200 lJlJ. LLVlil::'i'l'''ltJ~l'l'lJ'O):: 

VI~tl LLV:\lVlVlI'l'!:lU 12 9l"ltlVI\l LLV:\lVl\l)'i'l'tlll~\l'l1lJVI'O)~\lntilJ.'ttJui'O)tJfi\l1'tJ'V1V1-.:stlU ~tl 7,28,58 
. .J" ::; If.J.J '1"'1"'·... • Uil~ 88 1tJVI~\1'O)ln1tJVl'r'iltlLLV1\lVlVll'l'tlU Vl\ltJ l'WtlVl'O)~ VI ~fll LtI"'lEJtJ l~EJU1::'I'nl\lni~\l"'ulL"'l\l 

.. .. .. ., " ~ d • 
li'Vl'1Jtl\l~ LlJtJVl L'WI'l'Vl lJtl"'lV11 Llil~fltltJn~~V1tlltJVlI\l "l trtJ 

VlI"'lI\lvf 1 DVl"'lI~"ltJ~I'l'111V1t1ui'l1un 
I . 

• ui 
' .. 

l'l''1tJt.Jl'l'lJ \ltJ:nLlJtJV1 . Vl''nEJ "'I'l'~ ~l'l'lJ VlEJ1U . 
pI 0.4 1 - -
['n 0.4 1 1.03 -
C1 0.4 1 1.03 2.78 

p2 0.5 1 . - -
M2 0.5 1 1. 70 -
C2 0.5 1 1. 70 3.30 

tlltJ pI Ml 
(1'tJ) 

Cl P2 M2 C2 

7 415 515 370 245 385 285 • 

28 460 630 470 395 . 490 365 

58 485 720 490 400 515 400 

88 535 755 520 435 540 430 

* .J • lUiltJ"Vln 3 9l'ltltll\l 

VlI11"'V'f 3 DVl"'lI~"ltJ'1Jtl"'ni~\l8Vltl"'l~~u~tlni~\lli'V1t1"'l::~EJ'1Jtl\l~llJtJ;L'W~ ~~Vl"I~'ltJui~n 
\JtJ~ l11tJ vi' 1 ~ U'l ntJ . . . 

mlJ P1/pl M1/p1 C1/p1 . p2/P~ M2/p2 C2/p2 
( 1U ) . 

7 1.00 1.24 0.89 1.00 1.57 1.16 
, 

28 1.00 1.37 1.02 1.00 1.24 0.92 

58 1.00 1.48 1.01 1.00 1.29 1.00 

88 1.00 1.41 ' 0.97 1.00 1.24 0.99 

-



27. 

". "d '''0 t " ....... .J ;; 
~~~~~~L~U~L~~~~~~11~~UU'~~~U~L~u~L~~.nu 1~u~~~1"U~111~~ 3 ~.nnl~~~~flU 

• 0 ~ .. I X d ~d • lid d '.J I. ~U'ln'~~~~u1~~U~~~~flUn1~~~~1~1~~'I~ 7 ~~ 88 ~u ~~~~ILU~~u1~~lruL~lnunl~~ 

~~U1~~tJ~~\1~ L~UI'i' L ~~v1 LL ~~n~~"f1~U1~~tJ'lJfl)W~';;I~~i"n";''lJ~''~~Un~~LL~~~ L~UI'i' L ~~;~U 
u~~~lru 36 LUfl';L~UI'i' 

luvf 1,2 LL~~ 3 LW~\1'l'" L V;ui1~a1l1~~~~Lt~~W;1~~U1l1~~'~"nl~~~~-DU ~~~" L nVJ 

LV;U shear cone vru~ L'MJ~'~~"~fl~';''''lJfl\1LLr:~~~~flU~ wul'i' L~~~ 1J~';;' LL~~~flun~V1 ~\1 

shear cone O<iJ::: Ln~~lnnl"ivftJ~I~~~~tl~';I"'IJ~~LL~~~~~~u1J~I~I~~'IJ~"'w~"'ml~;lu;,,, 
• - • . .J .. 1"' (1)"' k' tl~l\1tl0l'1~ L~11~\\mL(:.Juu~~nu'IJtl~ L~1~~~~~tlUtJl'l • ?("itu~tl~m~n~~ Li'iI'l'IJUU~ L.W.U 

n~I~'lJtl~ LL vi\l~I'lOl'tlu '( UVifl~I\'J'lJfl"LL ~\'Jtrl'l 

nt~-1mi~~,,~ UJU; L ~0l'v1'O;):: dJultJflJ'~1uLL1" vftJ"i~tnru 70 L Utl'; L'1ful'i''lJtl~n~~'' 

tr~tJ'::~!J'O;)::.r" L nVJ L V;U"itl mL~ntif\l"itHJLL~nd~::~~'('" L nl'll ~~\l?i'" "itl mLV1n~::~~'luVifl~I"'lJtl"Ll ~~ 
tr~L~ ii::'-UUI\'J~.f,,~U~'U'lJ~\'J~ L1JUI'i' L W~v1U~ L .flJN.tlT'ilf1~:; L Y.I-:J::fltln~~hLLvi\'J~~~flU LLviLLvi,,~~~~u 
V~I'1\l~I1JI~~ -rtJLL1\l-a~ 1; L ~~:8u "H)'WLVlf1n~:: L ~1J~ULL~~"il::ihtl!JLL~fl-1~t)~ ( critical crack) 

li1""il~~tJltJ (propagate) tl J'\l"i'~ L ~.~~ '( ;LLvi\l~~'irtlU 1J~lm~~ l'uLL '\'Jtr~ 1;vitl1tJ~" L nl'lnT' 
• "... . aJ ' . ' .. 

-1mifl!J.\11tJLL,,, ~ wtJ~ L ~~V11J~n1!tru::fll,1,rv;~~. v-r~~ L tJ,,:: (brittle ma,terial) 
o ".., .. • ' q' ". .. 

~'t1-rU1Jfl'\;j'litU~:: L i1J.r" L flVJ L t1tJ'fltJLLVlf1'IJfl\1LL~'\I~~~~UtJ~::1Jlru 70 LW"i L'11U9I~~\l 

fl~~~-a~tJ"i::~~ L -tlunu "ieHJLLVIfl 'l U1Jt~';;I~:: ~~I1r. (stable) iiI fln";l 'l u'iJ L~UI'i' L ~Ol'; Welch LL'~:: 
. (2) 'l '" • ~ . 0 "':J 0:1 " , 

Ha~nsman t1 L~VJt-I~Tl L1J~~"iltJ"il::~.~tJl~ LWIll'.~tJl'l~~VLL~f1 (crack arrester) LL9I-

"l ~ Qj r: .. ' .. '~1'" t;_ 
LUtl\1"illfl L~I'lVl"iI~1J'lJUII'l L Oln"itltJLL~n"il::~I1JI~~flflW.J1U L1J~~"iIV I'l L~"iI:;\l:;uunl"i'~'IJ£l" 

1Jfl;;I'O;)::~Utl~nutJ1~lru~~"V1"iI~ ;~tJ~~~ruVI"iI!JU~!J~f11!tru::nl"i-1~"il:;'f1;L~!J~nU'IJfl~~L~U; 
.,. ~ ,., tJ- ,1 A' ~ K _ r: 

L ~~V1~~1WL ~~ LLVI~1 ~1JIM'l"iI!J L ~~~ln'IJU'fl tlLL~nn~:: 1"1~1lI"~ln'IJtJLL~::f11 ~T(),9ifl~:: ~~~'1~1\l 

U 1 \'J~\l flI' L W1JtJ11J1M'1"i1 U~ ::V1~' ~"ifl tJ LL VI fll"1·\1~.~}n~ULL ~::"il:: L ;]',mOl 'l ;f1~~"t!'l'ltJ';:~tli"~U 
.. "/I. • "1' "'.' 'l"" '1,l\l'lunl''VlI'l~flUI"1-r"utr~~I~.tJ'lJfl\lVl"iltJ~fl\J:J~L~UVI I'ltlUI~t!f11Jrn 1.03 LL~:; 1. 70 -..:; ~nl-

.t'~' '-:,;J ;...., • 

~\le)V1 'l.h~~U~fl~1Jtl ~m~~f1dl'lJfl\'J~tJ~ L1J.U~ 1 ~tJ L \l~~ 36 L W "'i L'1fU~ LLVlfl,tli~,nm"i1 tJ1J,n diu 
".., rI' ., "l' '.. ~ 

1tJn~~"f1l'ltJ"i::~tJ'lJfl\l1Jtl1V11"il~~I'l~~L~"iI::tJ~1Jlru'lJfl"~L1JUV1L~~"il~L~~aL~tJ~~flf11"itJI'lL1J~V1~1U 
• tIt' .. ., ~ J:f t 

n~~~trV1U"i~~U'lJa\l~fltJfl~~"il::L~I~tJ'lJfl~~L1JtJ~L~~V1L~~tJ"i~1Jlru ~\lU~~IUA'I1J"-, ' 

f11~ L v11J1~~t-I~1J"'tJ...,u~\'J' UlJfl';;1 'O;)~V1~ '( "'f1;~'\Itr~U"i~~tI~~~" LLvif11 ~,)ffii'1Jfl\lAfltJf1~V1"il~ L iJu 1 tJ 

• I ..: I '1, ~ • _ ... .;;.1 1 ' "i_. X ... N-
fl tJl~ i'lfltl LiJu~tltJ 1 tJ (u.qlJLL "'i\l) n. ~ L ~~ '~VJ(:.JOl'~'I1tV1tJ L uun11 L ~~~.1~ ~ L UtJ L Uti L V1tl~lI1J 

(heterogenei ty) ~~\li'laun:j~ -if\'Jml1J 1J L tit.! L Oa L~tJ.n1Ja"il::V1~ 'l; L nmatllL~mL~:;.Jfl\l";I'\1 
I • .. (3) oJ.. • - I 

'l tJf\flUfl ~Vl "ltJ"i ::tJ::flfl~h (set') 'lJfl\'J\Ju~ L.~U~ L~fl L fl~LL ,,,trl'l 'I1fl'\l'lI'\1 ' "'ifl!JLL~fl LLOl::"'Ol'~ 
"i. oJ. .., "' .. .. . (4) 

~~1J~tJltJ"il:;Luwlll''lVlVl''''''''Ln~I"1.'1JL~1J'1JtJ'1Jfl~i'l'I1JLi'l~ (con?~ntrat~on of stress) , 
, ... • K '" x .: 

fll"i L Yi1JLL "N'iJVl "il::V1~' ""a tJ LL~n L Yl1J1JIf1'IJULL ~:;"il::'lJtJl tJ~h "ifl tllLVlf1V1'1Jtll tJW1~U JOl'YJ (:.JOl'~~tl'Ufl"il:: 

~!.JVl'1JU'U~' "ifltJLL~n~Un"il::'lJtJltJ~T<)un~,~~m~untJ~~~~tJ~U Lwnu nl"i L W~LL"'i\l~V1~;V1~L; 



28. 



29 • 

.J - ..",. ' 1"' (2) J J 
-H)tJLL VlnVll'4tJntJ-rc;r~ r.Jc;r1J11tJ1U~::c;r'1J'-Hl 'lJU, tI~'lVl ::~11·H)tlEl1Je.I''W1'~~lH_ntJ FI L1JtlLL "i"l!V1 L l'41J 

1J'n~'W "itl tIILVlnfi'~:: L ~tl1J{j"~'WLL rl::~::~~"l ;LLvi\lVl91c;rtlU-u'tI'WLLml\1~'W 1,j~~lJ~' fI~U LL ''\1iVlvf L ~1J~'W 1;{i n 

n"L~1J-r~~~~lJ''W~L1J'W;Ll'4c;r~V1~'l;LfiVlFl'l'1Jl,jLDuLdElL~u'ln'W (heterogeneity) 

L vf1J~'W ;1 L iJu-rc;r~e.I~1Jrl:: L {i !JVl11~ tlVl'1 !JFI'l~lJ 1,j d~hH dEl L ~ U'ln'W~~tl ~'l 'W.rr'Wvi1 LL vi;1 L Du1'~1le.l~1J 
11u1urn'1Jl,j L iJu Ld'tl L~!J'ln'W~:: LyflJlJ1h~'W L i5ut.ll'l'l; LfiVl'tlULLVlnLLa::,Jtl"'1'''1J1n~'W'l'W'~U:;fl~' 
ritl~'l (set) 'Wtlfl~~nd1'~~r.J~1JD\'Vl~11,jlff dj'W~'l11!.Jmtl~LL'~lfl (crack arrester) . 

fl~tJ"l;LL ,"l!Vl~ L1J'W; L l'4~;-;'):;~~tl V1"1WL'" ' L~I'I:;~::ii~n~tlI::n"~~F1;~ u1'~?J L th~:; 
(bri ttle material) nl'1m;'lJtl""lJtI,;;.,~::aFl!'l'l'lJ1WL '\la\l~'Wtl ~nutl~1J1M1'~ uvf L ~1J 1 tI't 'W 

~ L1J'Wc;l ~l'4~~ yftl~lJ~tlM'~ tlWtl L 11lJl1::'tl tilL VlflLL 1'1 :;.Jtl\11~ "ff L fi91:ru '::1111 "n1 ,ritl~'l ~::tl ~'t'W.fl1Jvi1 
~"t1'WV1'1tJ~:::V1~'l11,j1vf11~n L Du~'l11t,J91 ;tl~L~91n L tJw.Ja '1 ;n~ '~~0l91!'l.11J11JLL :\lOl\lLLOl::n 1~"~91tl,::-

.r... II J.r ' ....~ "'. .. "' . ... ... 
~tJ-;')::~\l'lJ'W L'Wn,ruoLl'41J'lJ'W 36 LtItJ"iL~1J9lL91tJLUOlU n1'LW1J1'~~e.I~1J11tJ1ua"L1J1Jtl'Vl1-;'):::Vl1L11 

L nl1l "itl tJ LL9lnLL a:::,Jtl "~1"1Jln~'W'l 'W'::: u:::ritl~.· LL ri::"..r~~t.lc;r1J·11tJiu~::,J') tJ L ~iJ~'111 tJ91,tI tlLLVln fl~ tJ't; 

LL "j"~91"jtltJLL9ln~::'lJtJ~u (propagate) ~'Wl'4Uf'i'u-r~~t.I~1J~L iil::~::11 t,J91'Vtn !.J~. 'tltlLLYln~1J~::~!.J~!.J~. 
LLVl1J Li1fl L YiWL ,,,-091 "jtltJLLVlnvfwuf'i'u-r~~t.I~1J~I~~~'lJ!.J1 !.JVl:::~11imjtl1Jr..;"'W1'~~e.I~1J Vl1 L; d'iFl'~tJuVln 

lJ1n~'WLL 1'1:: L ~tllJ{j "fl'W n~ '1trvi~:: L i5u 1 thJ J~'<l ~BtJ L ti'W~tltJ 1 tlLLrl::n1~" ~91tl, ::~tJ-;')::l.h :::'lJ1tl1 n.j, rrU'VtI"~-

• 
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