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M[OSJ!WJHJK<J<!PML<OSJWK`HJ!PKW`ML!SOM[OSJ#!!(QO<!PKW`ML!SOM[OSJ!WJHJK<JN!PM_`OLJS!

YO=Q!=QJ!PKW`ML!SOM[OSJ!WJHJK<JS!`I!=QJ!JLJW;I!XWMS:P=OML!]MW!XMW=HKLS!PJ_JL=!

_KL:]KP=:WOL;!WJ<:H=<!OL!=QJ!=M=KH!WJHJK<J!M]!:X!=M!K!a;!M]!PKW`ML!SOM[OSJ!]MW!J\JWI!a;!

M]!PJ_JL=!XWMS:PJS#!o@JL=:WN!+,,+p!!3J_JL=!XWMS:P=OML!YMWHSYOSJ!O<!J<=O_K=JS!=M!

KPPM:L=!]MW!KXXWM[O_K=JHI!8-T!XJWPJL=!M]!=QJ!=M=KH!PKW`ML!SOM[OSJ!J_O<<OML<#!o)O[MLN!

+,,+p!!!

!

(QJ!OLPWJK<JS!PML<POM:<LJ<<!YO=QOL!=QJ!PML<=W:P=OML!OLS:<=WI!M]!=QJ!O_XMW=KLPJ!M]!

OLPMWXMWK=OL;!k;WJJLk!`:OHSOL;!_K=JWOKH<!KLS!XWKP=OPJ<!OL=M!<=W:P=:WJ<!QK<!WJ<:H=JS!

OL!KL!OLPWJK<JS!:<J!M]!<:XXHJ_JL=KWI!PJ_JL=O=OM:<!_K=JWOKH<!K<!K!WJXHKPJ_JL=!]MW!

XMW=HKLS!PJ_JL=!OL!PMLPWJ=J#!!&WOLPOXKH!K_ML;!=QJ<J!_K=JWOKH<!KWJ!]HIK<Q!KLS!;WM:LS!

;WKL:HK=JS!`HK<=!]:WLKPJ!<HK;!F//@B4G#!!BHIK<Q!O<!K!`IXWMS:P=!M]!PMKH-`:WLOL;!XMYJW!

XHKL=<N!KLS!//@B4!O<!K!`IXWMS:P=!M]!OWML!WJ]OLOL;#!!//@B4!O<!<M_JYQK=!PJ_JL=O=OM:<!

ML!O=<!MYLN!KLS!WJd:OWJ<!`M=Q!YK=JW!KLS!JO=QJW!<MSO:_!QISWM[OSJ!MW!PKHPO:_!

QISWM[OSJ!=M!QISWK=J#!!4OLPJ!XMW=HKLS!PJ_JL=!XWMS:PJ<!J[PJ<<!PKHPO:_!QISWM[OSJN!K!

`HJLS!M]!XMW=HKLS!PJ_JL=!KLS!//@B4!PKL!`J!KL!J]]JP=O\J!PJ_JL=O=OM:<!_K=JWOKH!J\JL!

K=!PJ_JL=!WJXHKPJ_JL=<!M]!>,i!KLS!QO;QJW#!

!



+!

?L]MW=:LK=JHIN!_KLI!KXXHOPK=OML<!]MW!XMW=HKLS!PJ_JL=!PMLPWJ=J!WJd:OWJ!WKXOS!

WJKP=OML!WK=J<!S:WOL;!=QJ!]OW<=!]JY!SKI<!K]=JW!=QJ!PMLPWJ=J!O<!XHKPJS#!!(QO<!O<!XWO_KWOHI!

O_XMW=KL=!OL!MWSJW!=M!K\MOS!SJHKIOL;!=QJ!PML<=W:P=OML!XWMPJ<<#!!3ML=WKP=MW<!M]=JL!

YKL=!=M!WJ_M\J!]MW_YMWa!YO=QOL!=YM!MW!=QWJJ!SKI<!K]=JW!PMLPWJ=J!QK<!`JJL!XHKPJS!

OL!MWSJW!=M!XWMPJJS!YO=Q!KLM=QJW!XKW=!M]!=QJ!<=W:P=:WJ#!!(QJ!PMLPWJ=J!_:<=!QK\J!

KSJd:K=J!<=WJL;=Q!=M!<:XXMW=!O=<!MYL!YJO;Q=!S:WOL;!=QJ!]MW_-WJ_M\KH!XWMPJ<<#!!

'=QJW!PML<=W:P=OML!XWMPJ<<J<N!<:PQ!K<!<=WJ<<OL;!XM<=-=JL<OMLOL;!PK`HJ<N!KH<M!WJd:OWJ!

<=WJL;=Q<!K=!JKWHI!K;J<#!!&MW=HKLS!PJ_JL=!PMLPWJ=J!XK\J_JL=<!KH<M!_:<=!;KOL!

<=WJL;=Q!K=!K!WJK<MLK`HJ!WK=J!<M!=QK=!=QJI!PKL!`J!SWO\JL!ML!`I!PML<=W:P=OML!\JQOPHJ<!

YO=Q!_OLO_KH!SJHKI#!!1M<=!XMW=HKLS!PJ_JL=!PMLPWJ=J!_O[=:WJ<!QK\OL;!QO;Q!PJ_JL=!

WJXHKPJ_JL=!HJ\JH<!=JLS!=M!WJKP=!<O;LO]OPKL=HI!_MWJ!<HMYHI!=QKL!_O[=:WJ<!PML=KOLOL;!

XMW=HKLS!PJ_JL=!KHMLJ#!!(QJWJ]MWJN!<M_J!PM<=-J]]JP=O\J!_J=QMS!_:<=!`J!]M:LS!=M!

KPPJHJWK=J!=QJ!WK=J!M]!JKWHI!<=WJL;=Q!;KOL!=M!_KaJ!QO;Q!HJ\JH<!M]!XMW=HKLS!PJ_JL=!

WJXHKPJ_JL=!KPPJX=K`HJ!]MW!_M<=!OL]WK<=W:P=:WJ!PML<=W:P=OML#!

$

!"!$./,01()+&*$

(QJ!:<J!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!QK<!=QJ!XM=JL=OKH!=M!M]]<J=!=QJ!:LSJ<OWK`HJ!J]]JP=!M]!

=QJ!K`M\J-_JL=OMLJS!SJHKIJS!<=WJL;=Q!;KOL!S:J!=M!O=<!KPPJHJWK=OL;!J]]JP=!ML!XMW=HKLS!

PJ_JL=!PMLPWJ=J#!!5=!QK<!HML;!`JJL!aLMYL!=QK=!]OLJHI-;WM:LS!XKW=OPHJ<!M]!QISWK=JS!

XMW=HKLS!PJ_JL=!PKL!QK\J!K!<O;LO]OPKL=!KPPJHJWK=OL;!K]]JP=!ML!=QJ!QISWK=OML!WK=J!M]!

XMW=HKLS!PJ_JL=!PMLPWJ=J#!o1OLSJ<<N!J=!KH#N!+,,+p!!(QO<!J]]JP=!O<!`JHOJ\JS!=M!`J!

XWO_KWOHI!S:J!=M!=QJ!QISWK=JS!PJ_JL=!XKW=OPHJ<!KP=OL;!K<!L:PHJK=OML!<O=J<N!_KaOL;!O=!

JK<OJW!]MW!=QJ!QISWK=OML!WJKP=OML!=M!=KaJ!XHKPJ#!!1OLMW!KPPJHJWK=OL;!K]]JP=<!_KI!KH<M!

`J!S:J!=M!PKHPO:_!QISWM[OSJ!KLSnMW!KHaKHO<!OL!=QJ!QISWK=JS!XMW=HKLS!PJ_JL=#!!

EISWK=JS!XMW=HKLS!PJ_JL=!O<!XWJ<JL=!OL!K!L:_`JW!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!<M:WPJ<N!

KLS!=QJ!OLPMWXMWK=OML!M]!=QJ<J!_K=JWOKH<!OL=M!XMW=HKLS!PJ_JL=!PMLPWJ=J!_O[=:WJ<!

LJJS<!]:W=QJW!OL\J<=O;K=OML#!

!"!"!$2/3456+'$7-&83$

'LJ!<M:WPJ!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!O<!=QJ!_K=JWOKH!=QK=!O<!M`=KOLJS!YQJL!PMLPWJ=J!

=W:Pa<!FKLS!M=QJW!PMLPWJ=J!QKLSHOL;!Jd:OX_JL=!<:PQ!K<!_O[JW<G!KWJ!YK<QJS!M:=#!!



.!

(QJ!K;;WJ;K=J<!PKL!`J!<PWJJLJS!M:=!M]!=QJ!YK<Q-M:=!_K=JWOKH!]MW!WJ-:<JN!`:=!=QJ!

YK<Q-M:=!]OLJ<!F*'BG!=QK=!KWJ!PMHHJP=JS!OL!<J==HOL;!XMLS<!MW!M=QJW!J[=WKP=OML!

_J=QMS<!KWJ!;JLJWKHHI!YK<=J!_K=JWOKH<#!!(QJ<J!*'B!PML=KOL!QISWK=JS!PJ_JL=!

XKW=OPHJ<N!KLS!=QJ!KP=:KH!K_M:L=!M]!QISWK=JS!PJ_JL=!XKW=OPHJ<!SJXJLS<!:XML!=QJ!

PMLPWJ=J!`JOL;!:<JS#!!(QJ<J!*'B!PKL!KH<M!PML=KOL!:LQISWK=JS!PJ_JL=!XKW=OPHJ<!K<!

YJHH!K<!SO<<MH\JS!OML<!<:PQ!K<!PKHPO:_!KLS!QISWM[IH!OML<#!o4QM;WJLN!J=!KHN!+,,Vp!!

?L]MW=:LK=JHIN!=QJ!XWJ<JLPJ!M]!=QJ<J!<:<XJLSJS!K<!YJHH!K<!SO<<MH\JS!_K=JWOKH<!

PK:<J<!=QJ!*'B!=M!`J!PHK<<O]OJS!K<!K!YK<=J!_K=JWOKH#!!(QJ!3HJKL!*K=JW!2P=N!

K:=QMWOfJS!OL!"VD+N!<=K=J<!=QK=!bj=QJ!)K=OMLKH!&MHH:=KL=!9O<PQKW;J!%HO_OLK=OML!

4I<=J_!F)&9%4G!XJW_O=!XWM;WK_!PML=WMH<!YK=JW!XMHH:=OML!`I!WJ;:HK=OL;!XMOL=!

<M:WPJ<!=QK=!SO<PQKW;J!XMHH:=KL=<!OL=M!YK=JW<!M]!=QJ!?LO=JS!4=K=J<c#!o%&2N!+,,Tp!!(QO<!

_JKL<!=QK=!PMLPWJ=J!XHKL=<!C*&+!SM!<M_J=QOL;!YO=Q!=QJOW!YK<QM:=!YK=JW!M=QJW!=QKL!

SO<PQKW;OL;!O=!OL=M!HMPKH!<=WJK_<nWO\JW<#!

!"!"9$:(-&*-&1$7-&83$

9OK_MLS!;WOLSOL;!M]!PMLPWJ=J!XK\J_JL=<N!M]=JL!SMLJ!=M!WJ<=MWJ!WOSJ!d:KHO=I!MW!=M!

O_XWM\J!<:W]KPJ!]WOP=OMLN!KH<M!XWMS:PJ<!K!YK<=J!_K=JWOKH!PML=KOLOL;!QISWK=JS!

PJ_JL=!XKW=OPHJ<#!!(QO<!_K=JWOKH!O<!KH<M!PML<OSJWJS!K!YK<=J!_K=JWOKH!YQOPQ!_:<=!`J!

XWMXJWHI!SO<XM<JS!M]#!!(QJ<J!;WOLSOL;!]OLJ<!F/BG!XWM`K`HI!PML=KOL!K!<_KHHJW!

XWMXMW=OML!M]!QISWK=JS!PJ_JL=!XKW=OPHJ<!=QKL!M:W!*'BN!KLS!=QJ!KP=:KH!K_M:L=!

YM:HS!KH<M!SJXJLS!ML!=QJ!PMLPWJ=J!OL!=QJ!MWO;OLKH!XK\J_JL=#!

!"!";$<8,=,>8*$?)&,(8'8$@+3'$

2!=QOWS!_K=JWOKH!<M:WPJ!M]!QISWK=JS!PJ_JL=!XK<=J!O<!=QJ!S:<=!XWMS:PJS!S:WOL;!

WJPIPHOL;!M]!XMW=HKLS!PJ_JL=!PMLPWJ=J!`I!PW:<QOL;#!!3W:<QOL;!XMW=HKLS!PJ_JL=!

PMLPWJ=J!XWMS:PJ<!K!PML<OSJWK`HJ!K_M:L=!M]!]OLJ!_K=JWOKH!FWJ]JWWJS!=M!K<!WJPIPHJS!

PMLPWJ=J!S:<=N!MW!$39GN!OLPH:SOL;!XKW=OPHJ<!M]!QISWK=JS!PJ_JL=!XK<=J#!!(QJ!KP=:KH!

K_M:L=!M]!QISWK=JS!PJ_JL=!XK<=J!OL!=QJ!$39!SJXJLS<!:XML!`M=Q!=QJ!MWO;OLKH!

PMLPWJ=J!KLS!=QJ!PW:<QOL;!XWMPJ<<#!!$39!O<!;JLJWKHHI!PML<OSJWJS!=M!`J!HJ<<!M]!K!YK<=J!

SO<XM<KH!XWM`HJ_!=QKL!JO=QJW!*'B!MW!/BN!<OLPJ!<M_J!]OLJ!_K=JWOKH!O<!XJW_O==JS!`I!

;WKSK=OML!<XJPO]OPK=OML<!]MW!`K<J!PM:W<J!_K=JWOKH<!FYQOPQ!O<!=QJ!_M<=!PM__ML!:<J!

]MW!WJPIPHJS!PMLPWJ=JG#!



>!

!"9$A()B>8C$D'/'8C8&'$

&WJHO_OLKWI!WJ<:H=<!oRKL<<JLN!J=!KHN!+,,Ap!PHJKWHI!OLSOPK=J!=QK=!K=!HJK<=!<M_J!M]!=QJ<J!

YK<=J!_K=JWOKH<!PKL!O_XWM\J!=QJ!XJW]MW_KLPJ!M]!PMLPWJ=J!_O[=:WJ<!PML=KOLOL;!

<O;LO]OPKL=!K_M:L=<!M]!<:XXHJ_JL=KWI!PJ_JL=O=OM:<!_K=JWOKH<#!!(QJ!YOSJ<XWJKS!

KSMX=OML!M]!=QJ!:<J!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!YO=QOL!=QJ!PMLPWJ=J!OLS:<=WI!WJd:OWJ<!

=QK=!=QJWJ!]OW<=!`J!K!YKI!=M!PK=J;MWOfJ!SO]]JWJL=!=IXJ<!M]!J[O<=OL;!WJPIPHJS!]OLJ<!K<!

YJHH!K<!QMY!=M!MX=O_OfJ!=QJOW!:<J!OL!PMLPWJ=J#!!(M!OSJL=O]I!K!YKI!=M!d:KL=O=K=O\JHI!

_JK<:WJ!WJPIPHJS!PMLPWJ=J!]OLJ<!=M!=QJL!XWJSOP=!<=WJL;=Q!;KOL!]MW!K!PMLPWJ=J!

_O[=:WJ#!

!

!";$<838/(,4$6BE8,'-F83$

(QO<!WJ<JKWPQ!HMMa<!=M!OSJL=O]I!YQOPQ!=IXJ<!M]!]OLJ<!YMWa!`J<=!K<!K!<:XXHJ_JL=KWI!

PJ_JL=O=OM:<!_K=JWOKH!K<!YJHH!K<!K!YKI!=M!J\KH:K=J!JKPQ!WJPIPHJS!PMLPWJ=J!]OLJ6<!

J]]JP=O\JLJ<<#!!4JPMLSHIN!=QJ<J!<=:SOJ<!YMWa!=M!SJ\JHMX!K!XWMPJS:WJ!=M!MX=O_OfJ!=QJ!

K_M:L=!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!=M!:<J!OL!K!PMLPWJ=J!_O[=:WJN!KLS!QMY!=M!<O_XHO]I!

=QO<!XWMPJS:WJ!=M!_KaJ!O=!JK<OHI!KSMX=K`HJ!`I!WJKSI-_O[!PMLPWJ=J!XHKL=<#!!?XML!=QJ!

<:PPJ<<]:H!PM_XHJ=OML!M]!=QJ<J!M`eJP=O\J<N!O=!O<!J[XJP=JS!=QK=!K!_K=JWOKH!=QK=!O<!LMY!K!

YK<=J!XWMS:P=!YOHH!`JPM_J!K!YOSJHI!:<JS!WJPIPHJS!_K=JWOKH#!!B:W=QJW_MWJN!O=!YOHH!

_KaJ!XMW=HKLS!PJ_JL=!PMLPWJ=J!YO=Q!<:XXHJ_JL=KWI!PJ_JL=O=OM:<!_K=JWOKH<!K!_MWJ!

K==WKP=O\J!XWMS:P=!]MW!:<J!`I!=QJ!PML<=W:P=OML!OLS:<=WI!`JPK:<J!M]!=QJ!WJS:PJS!

LJ;K=O\J!<OSJ!J]]JP=<#!

!

9"#$G8'4)*$)H$I&/>=3-3$

(QJ!HK`MWK=MWI!=J<=OL;!]MW!=QO<!WJ<JKWPQ!YK<!SO\OSJS!OL=M!=QWJJ!_KeMW!=K<a<g!$JPIPHJS!

BOLJ<!2Pd:O<O=OMLN!(J<=OL;!M]!BOLJ<!KLS!BOLJ<!3QKWKP=JWOfK=OML#!!

$

9"!$<8,=,>8*$7-&83$I,J+-3-'-)&$

Recycled concrete fines were acquired with the aid of Dr. Robert Shogren of LaFarge 

North America.  The fines that have been collected are: 

Fine Type A – Concrete Plant A, washout fines 



8!

Fine Type B – Diamond Grinding Project A 

Fine Type C – Concrete Plant B, washout fines 

Fine Type D – Concrete Plant C, washout fines 

Fine Type E  - Diamond Grinding Project B 

Fine Type F – Diamond Grinding Project B (taken a week after Fine Type E) 

Fine Type G – Concrete Plant B washout water (sampled approximately four 

months after Fine Type C, and obtained directly from the recirculation 

system without settling) 

Fine Type H – Concrete Plant B washout fines (same as Fine Type G, but dried 

before using, as were all fines types except for Fine Type G, see below) 

All of these except for the Fine Type G were dried at 40°C to permit easier handling in 

the lab.  The Fine Type G was tested at “full strength” (approximately 15% solids by total 

weight of solution) as well as diluted to match the fines concentrations used for the 

majority of the mixtures described below. 

9"9$G/'8(-/>3$

5L!KSSO=OML!=M!=QJ!WJPIPHJS!]OLJ<!SJ<PWO`JS!K`M\JN!KHH!PMLPWJ=J!_O[=:WJ<!]MW!=QJ!

HK`MWK=MWI!=J<=OL;!:<JS!=QJ!]MHHMYOL;!_K=JWOKH<g!

• (IXJ!5-55!XMW=HKLS!PJ_JL=!]WM_!7KBKW;J!)MW=Q!2_JWOPK!

• 9JOMLOfJS!YK=JW!K=!WMM_!=J_XJWK=:WJ!

• BOLJ!K;;WJ;K=Jg!4OHOPK!4KLSN!!

o 1K[O_:_!<OfJg!):_`JW!T,!4OJ\J!

o 1OLO_:_!<OfJg!):_`JW!.,!4OJ\J!

o %]]JP=O\J!<OfJg!#.8!__!

• /WM:LS!;WKL:HK=JS!`HK<=!]:WLKPJ!<HK;!

$

9";$<8,=,>8*$7-&83$K83'-&1$

&WOMW!=M!=QJ!OL=WMS:P=OML!M]!=QJ!WJPIPHJS!]OLJ<!OL=M!=QJ!PMLPWJ=J!_O[=:WJ<N!`K<JHOLJ!

_ortar mixtures were made.  The mortar mixtures were mixed following ASTM C305-06 

Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of 

Plastic Consistency.  The initial control mixture began with a water-cementitious ratio of 



A!

0.42 and material proportions of 930 grams of Type I-II portland cement, 1,947 grams of 

fine aggregate, and 393 grams of water.  The initial control mixture was modified through 

the addition of water and cement until a flow value of 20 was reached.  The final control 

mixture proportions that were used throughout the laboratory testing were 1,225 grams o 

cement, 1,947 grams of fine aggregate and 518.2 grams of water.  The water-

cementitious ratio remained at 0.42. 

 

The final control mixture was used with slag replacement levels of 25, 37.5 and 50 

percent, while maintaining the water-cementitious ratio of 0.42.  Flow values for 

mixtures having cement replacement were slightly higher, but not significantly different 

than the established baseline flow.  Compressive strengths were measured at 3 and 28 

days to quantify early and long-term strength performance. 

!

9";"!$7-&83$?4/(/,'8(-L/'-)&$

(QJ!XWMPJ<<!]MW!=J<=OL;!=QJ!WJPIPHJS!PMLPWJ=J!]OLJ<!`J;KL!YO=Q!=QJ!]OLJ<!

PQKWKP=JWOfK=OML!=J<=OL;#!!(QJ!X:WXM<J!M]!=QO<!<J;_JL=!M]!=J<=OL;!YK<!=M!SJ=JW_OLJ!K!

d:OPa!KLS!JK<I!_J=QMS!=M!PQKWKP=JWOfJ!=QJ!]OLJ<#!!(QJ!PQKWKP=JWOfK=OML!M]!=QJ!]OLJ<!

YM:HS!KHHMY!]MW!J\JL=:KH!XWJSOPK=OML<!K<!=M!=QJ!`JLJ]O=<!M]!JKPQ!<M:WPJ!M]!WJPIPHJS!

]OLJ<#!!Measurements of index of refraction (IR), conductivity and pH were chosen for 

testing.  Conductivity is measured in units of millisiemens (mS).  IR is sensitive to both 

suspended solids and dissolved ions.  Conductivity is sensitive to dissolved ions (but not 

most dissolved molecules such as many organics), and pH is sensitive to hydroxyl ions.  

All three of these factors (suspended solids, dissolved ions and pH) can affect reactivity, 

so correlations between these measurements and the strength-effects of the various 

recycled fines should be possible. 

 

The procedure for the fines characterization testing began with the mixing of the recycled 

fines and water for the desired mortar mixture.  Each sample of recycled fines and water 

was mixed using a milkshake-type mixer such as is typically used in a soils lab.  Mixing 

was conducted for a total of four minutes with breaks in the mixing at 3 minutes and 3.5 

minutes to test the conductivity.  (QO<!_O[OL;!XWMPJ<<!YK<!:<JS!=M!SJ=JW_OLJ!=QJ!



D!

S:WK=OML!M]!=QJ!_O[OL;!M]!=QJ!WJPIPHJS!]OLJ<!KLS!YK=JW!=QK=!;:KWKL=JJS!<=K`HJ!

_JK<:WJ_JL=<!]MW!PMLS:P=O\O=IN!OLSJ[!M]!WJ]WKP=OML!KLS!XE#!!(QJ!PMLS:P=O\O=I!YK<!

PQM<JL!K<!=QJ!_JK<:WJ_JL=!=M!=KaJ!K=!_:H=OXHJ!OL=JW\KH<!S:J!=M!O=<!JK<J!KLS!<XJJS!M]!

WJ<:H=<#!!'LPJ!=QJ!S:WK=OML!M]!_O[OL;!YK<!SJ=JW_OLJSN!O=!YK<!SJPOSJS!=QK=!=QO<!_O[OL;!

XWMPJS:WJ!<QM:HS!PML=OL:J!OL!MWSJW!=M!_KOL=KOL!PML<O<=JLPI!=QWM:;QM:=!KHH!

HK`MWK=MWI!=J<=<#!!At the end of the 4 minutes, measurements of the conductivity, IR and 

pH were taken.  Once the fines characterization testing was complete, the concrete 

mixing process began.!

$ $ $

9";"9$G-M-&1$

(QJ!WJPIPHJS!]OLJ<!_O[=:WJ<!YJWJ!_MSJHJS!K]=JW!=QJ!`K<JHOLJ!_O[=:WJ<!SO<P:<<JS!

XWJ\OM:<HI#!!Mixtures were prepared at slag levels of 25, 37.5 and 50 percent by mass of 

cement plus slag.  Recycled fines were used as cementitious replacement at levels of 2.5, 

5.0 and 7.5 percent of total cementitious material.  Using the fines as cementitious 

replacement was the chosen approach as it has minimal effect on water demand (flow).  

A control mixture of 0 percent fines was made along with the 2.5, 5 and 7.5 percent fines 

replacement levels for each type of recycled fines. 

 

Each concrete mixture was made using the recycled fines/water mixture from the fines 

characterization testing described above following the procedure detailed in ASTM 

C305-06.  The flow of each mixture was tested once the mortar mixture was complete 

according to ASTM C1437.  The final step of mixing was to cast six 2" x 2" cubes of 

each sample for compression testing. 

!

9";";$K83'-&1$

4XJPO_JL<!YJWJ!SJ_MHSJS!KLS!HK`JHJS!K]=JW!MLJ!SKI!KLS!=QJL!P:WJS!OL!K!_MO<=:WJ!

WMM_!K=!+.q3!KLS!",,i!Q:_OSO=I!:L=OH!=QJ!=O_J!M]!PM_XWJ<<OML!=J<=OL;#!!(QWJJ!P:`J<!

]WM_!JKPQ!<K_XHJ!YJWJ!=J<=JS!K=!`M=Q!.-SKI!KLS!+T-SKI!P:WOL;!XJWOMS<!=M!SJ=JW_OLJ!

=QJ!J]]JP=<!M]!=QJ!WJPIPHJS!]OLJ<!XJWPJL=K;J<!]MW!`M=Q!JKWHI!KLS!HML;-=JW_!<=WJL;=Q!

;KOL#!!(QJ!PM_XWJ<<O\J!<=WJL;=Q!=J<=OL;!YK<!XJW]MW_JS!]MHHMYOL;!24(1!3",V!

3M_XWJ<<O\J!4=WJL;=Q!M]!EISWK:HOP!3J_JL=<!1MW=KW<#!



T!

;"#$<83+>'3$

;"!$7-&83$?4/(/,'8(-L/'-)&$

(QJ!SK=K!PMHHJP=JS!]WM_!=QJ!]OLJ<!PQKWKP=JWOfK=OML!=J<=OL;!YK<!:<JS!=M!`J;OL!

KLKHIfOL;!=QJ!]OLJ<!PML=JL=!\JW<:<!PMLS:P=O\O=IN!5$!KLS!XE!WJ<XJP=O\JHI#!!(QJ!

PMLS:P=O\O=I!_JK<:WJ_JL=<!XWM\JS!=M!QK\J!=QJ!_M<=!WJHOK`OHO=IN!XWM\OSOL;!

PML<O<=JL=!_JK<:WJ_JL=<!KLS!PHJKW!=WJLS<!OL!=QJ!KLKHI<O<#!!BMW!KHH!]OLJ!=IXJ<N!=QJ!

PMLS:P=O\O=I!OLPWJK<JS!KXXWM[O_K=JHI!HOLJKWHI!YO=Q!KL!OLPWJK<J!OL!]OLJ<!PML=JL=#!!

BOLJ<!PML=JL=!YOHH!`J!SJ]OLJS!K<!;WK_<!M]!]OLJ<!XJW!HO=JW!M]!_O[OL;!YK=JW#!!BO;:WJ!"!

`JHMY!<QMY<!KL!J[K_XHJ!M]!=QO<!KXXWM[O_K=JHI!HOLJKW!=WJLS#!!(QJ!PMLS:P=O\O=I!

\KH:J<!]MW!KHH!=QJ!]OLJ!=IXJ<!WKL;JS!]WM_!,#.+!_4!=M!A#"!_4N!IJ=!_M<=!\KH:J<!YJWJ!

]MP:<JS!`J=YJJL!,#.+!_4!KLS!+!_4#!

!

!

1AJKLI!"#!,DMNKOCAPACQ!PB#!1AMIB!R,R!,DMCIMC!



V!

1JK<:WJ_JL=<!]MW!=QJ!5LSJ[!M]!$J]WKP=OML!YJWJ!=KaJL!K<!@WO[!F@G!WJKSOL;<N!YQOPQ!

PKL!=QJL!`J!PML\JW=JS!=M!5$!`I!=QJ!Jd:K=OMLg!!

5$!r!"#...,+!m!,#,,">+D"V.s@!m!,#,,,,,8DV""8Ds@s@!

(QJ!WKL;J!M]!5$!\KH:J<!=QWM:;QM:=!=QJ!]OLJ!=IXJ<!YJWJ!`J=YJJL!"#..."A!KLS!

"#..8VD#!!BMW!_M<=!M]!=QJ!]OLJ!=IXJ<N!=QJ!OLSJ[!M]!WJ]WKP=OML!\KH:J<!OLPWJK<JS!K<!=QJ!

]OLJ<!PML=JL=!OLPWJK<JS!`:=!=QJWJ!YJWJ!K!]JY!]OLJ<!=QK=!SO<XHKIJS!K!<HO;Q=!SJPWJK<J!OL!

5$!K<!=QJ!]OLJ<!PML=JL=!OLPWJK<JS#!!BO;:WJ!+!SO<XHKI<!=QJ!=IXOPKH!OLPWJK<OL;!=WJLS!M]!

BOLJ!(IXJ!k3k#!

!

(QJ!HK<=!_JK<:WJ_JL=!]MW!]OLJ<!PQKWKP=JWOfK=OML!=J<=OL;!YK<!XE#!!(QJ!XE!KLKHI<O<!SOS!

LM=!SO<XHKI!K!PML<O<=JL=!=WJLS!OLO=OKHHIN!YQOPQ!YK<!SJ=JW_OLJS!=M!`J!S:J!=M!K!

_O<PKHO`WK=JS!XE!_J=JW#!!(MYKWS<!=QJ!JLS!M]!=QJ!]OLJ<!PQKWKP=JWOfK=OML!=J<=OL;N!K!

LJY!XE!_J=JW!YK<!XWMP:WJS!=M!XWM\OSJ!_MWJ!KPP:WK=J!XE!WJKSOL;<#!!%KPQ!]OLJ<!=IXJ!

YK<!=J<=JS!YO=Q!=QJ!LJY!XE!_J=JWN!YQOPQ!XWM\OSJS!_:PQ!<=WML;JW!=WJLS<!]MW!=QJ!XE!

KLKHI<O<#!!'\JWKHHN!=QJ!XE!\KH:J<!WKL;JS!`J=YJJL!V#.!KLS!"+#T!]MW!KHH!=QJ!]OLJ!=IXJ<#!

(QJWJ!LMW_KHHI!YK<!LM=!_:PQ!PQKL;J!OL!XE!M\JW!=QJ!WKL;J!M]!]OLJ<!PML=JL=!=J<=JSN!

1AJKLI!-#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R,R!,DMCIMC!



",!

KLS!=QJ!XE!]WJd:JL=HI!KXXJKWJS!=M!`J!KXXWM[O_K=JHI!PML<=KL=!]MW!K=!HJK<=!XKW=!M]!=QJ!

WKL;J#!!(QO<!=WJLS!PKL!`J!<JJL!OL!BO;:WJ!.!`JHMY#!9O]]JWJL=!]OLJ<!=IXJ<N!QMYJ\JWN!

=JLSJS!=M!QK\J!SO]]JWJL=!=IXOPKH!XE!\KH:J<N!WKL;OL;!]WM_!\KH:JS!LJKW!V#8!]MW!]OLJ<!

=IXJ!B!=M!"+#D!]MW!]OLJ<!=IXJ!E#!

!

;"9$D'(8&1'4$I&/>=3-3$

'LPJ!=QJ!PM_XWJ<<O\J!<=WJL;=Q!=J<=OL;!]MW!.-SKI!KLS!+T-SKI!<XJPO_JL<!YK<!

PM_XHJ=JSN!=QJ!K\JWK;J!<=WJL;=Q!\KH:J<!]MW!JKPQ!=IXJ!M]!WJPIPHJS!]OLJ<!YJWJ!XHM==JS!

ML!OLSO\OS:KH!;WKXQ<!M]!PM_XWJ<<O\J!<=WJL;=Q!\JW<:<!XJWPJL=!]OLJ<!PML=JL=#!!2HH!M]!

=QJ!]OLJ<!=IXJ<!XWMS:PJS!.-SKI!<=WJL;=Q!\KH:J<!=QK=!YJWJ!QO;QJW!=QKL!=QJ!PML=WMH!

_O[=:WJ<!YO=Q!LM!WJPIPHJS!PMLPWJ=J!]OLJ<#!!(QJWJ!YJWJ!MLHI!K!]JY!+T-SKI!<=WJL;=Q<!

=QK=!YJWJ!`JHMY!=QJ!PML=WMH!_O[=:WJ!<=WJL;=Q<!KLS!=QJ!HKW;J<=!SJPWJK<J!OL!<=WJL;=Q!

YK<!MLHI!T!XJWPJL=#!!(QJ<J!;WKXQ<!YJWJ!:<JS!=M!SJ=JW_OLJ!=QJ!]OLJ<!XJWPJL=K;J!=QK=!

XWMS:PJS!=QJ!QO;QJ<=!.-SKI!<=WJL;=Q!YQOHJ!KH<M!_KOL=KOLOL;!K!<=WML;!+T-SKI!

1AJKLI!7#!T0!PB#!1AMIB!R,R!,DMCIMC!



""!

<=WJL;=Q#!!(QO<!]OLJ<!XJWPJL=K;J!YK<!SJ<O;LK=JS!K<!=QJ!MX=O_KH!]OLJ<!XJWPJL=K;J#!!(QJ!

MX=O_KH!]OLJ<!XJWPJL=K;J!YK<!SJ=JW_OLJS!]MW!JKPQ!]OLJ<!=IXJ<!KLS!<HK;!HJ\JH!=QK=!YK<!

=J<=JS#!!BO;:WJ!>!<QMY<!PM_XWJ<<O\J!<=WJL;=Q!\JW<:<!WJPIPHJS!]OLJ<!PML=JL=!]MW!BOLJ!

(IXJ!2#!!(QO<!]O;:WJ!<QMY<!=QK=!K!]OLJ<!PML=JL=!M]!K`M:=!8!XJWPJL=!O<!=QJ!MX=O_KH!]OLJ<!

XJWPJL=K;J!`K<JS!ML!=QJ!XJKa<!OL!=QJ!P:W\J<!]MW!`M=Q!.-SKI!KLS!+T-SKI!<=WJL;=Q#!

4J\JWKH!M]!=QJ!WJPIPHJS!]OLJ<!QKS!MX=O_KH!]OLJ<!XJWPJL=K;J<!ML!=QJ!:XXJW!MW!HMYJW!

`M:LS<!M]!=QJ!XJWPJL=K;J<!=J<=JS#!!*QJL!=QO<!YK<!=QJ!PK<JN!]:W=QJW!HK`MWK=MWI!

=J<=OL;!YK<!XJW]MW_JS!OL!MWSJW!=M!JL<:WJ!=QJ!KXXWMXWOK=J!MX=O_KH!]OLJ<!XJWPJL=K;J!

YK<!SJ=JW_OLJS#!!(QJ!WJPIPHJS!]OLJ<!XJWPJL=K;J!`M:LSKWOJ<!YJWJ!J[=JLSJS!=M!"#+8!

XJWPJL=!K<!=QJ!HMYJW!`M:LS!KLS!",!XJWPJL=!K<!=QJ!:XXJW!`M:LS#!!9:WOL;!OLO=OKH!

=J<=OL;N!BOLJ!(IXJ!3!SO<XHKIJS!KL!MX=O_:_!]OLJ<!XJWPJL=K;J!M]!+#8!XJWPJL=t!=QJWJ]MWJ!

KSSO=OMLKH!=J<=OL;!K=!K!HJ\JH!M]!"#+8!XJWPJL=!YK<!XJW]MW_JS#!!(QJ!PM_XWJ<<O\J!

<=WJL;=Q!\KH:J<!]MW!JKPQ!]OLJ!XJWPJL=K;J!]MW!BOLJ!(IXJ!3!KWJ!SO<XHKIJS!OL!BO;:WJ!8!

`JHMY#!!5=!PKL!`J!<JJL!]WM_!=QO<!]O;:WJ!=QK=!]WM_!=QJ!KSSO=OMLKH!HK`MWK=MWI!=J<=OL;!K=!

1AJKLI!6#!,DUTLIBAPI!5CLIMJCV!PB#!@ILOIMC!R2R!1AMIB!W!;$X!5HFJ!



"+!

"#+8!XJWPJL=!<QMYJS!K!SJPWJK<J!OL!<=WJL;=Q!K=!=QO<!XJWPJL=K;J!KLS!=QJWJ]MWJ!

PML]OW_JS!=QJ!MX=O_:_!]OLJ<!XJWPJL=K;J!K<!+#8!XJWPJL=#!!!

!

(QJ!MX=O_KH!]OLJ<!PML=JL=<!]MW!KHH!]OLJ!=IXJ<!KLS!<HK;!HJ\JH<!KWJ!<:__KWOfJS!OL!=K`HJ<!

"N!+!KLS!.#!!BOLJ!=IXJ!/N!YQOPQ!O<!=QJ!]OLJ<!<M:WPJ!OL!HOd:OS!F:L-SWOJSG!]MW_N!YK<!MLHI!

=J<=JS!K=!=QJ!8,i!<HK;!HJ\JH!`JPK:<J!M]!=QJ!SO]]OP:H=I!OL!QKLSHOL;!M]!=QJ!]OLJ<#!!(QJWJ!

PM:HS!KH<M!`J!<M_J!\KWOK`OHO=I!OL!=QJ!MX=O_KH!]OLJ<!PML=JL=!]MW!]OLJ!=IXJ!/!S:J!=M!

XM<<O`HJ!<J==HJ_JL=!M]!HKW;JW!<MHOS!XKW=OPHJ<!S:WOL;!HK`MWK=MWI!=J<=OL;#!!(QJWJ]MWJN!

]OLJ!=IXJ!/!O<!LM=!OLPH:SJS!OL!=QJ!WJ;WJ<<OML!KLKHI<O<!SJ<PWO`JS!OL!4JP=OML!.#!

!
!

!

1AJKLI!;#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R,R!1AMIB!W!;$X!5HFJ!
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'FGHI!"#!)TCAUFH!(IOQOHIN!1AMIB!,DMCIMCBY!;$X!5HFJ!

Fines 
Type 

50% 
Slag 

Optimum 
Fines % 

Percent Increase 
in Strength 

versus Control 
(3-day) 

Percent Increase 
in Strength 

versus Control 
(28-day) 

A 5.0% 19% 1% 
B 7.5% 19% 11% 
C 2.5% 8% 6% 
D 2.5% 10% 3% 
E 2.5% 6% 8% 
F 2.5% 8% 0% 
G 7.5% 11% -2% 
H 5.0% 8% -2% 

!

'FGHI!-#!)TCAUFH!(IOQOHIN!1AMIB!,DMCIMCBY!7:#;X!5HFJ!

Fines 
Type 

37.5% 
Slag 

Optimum 
Fines % 

Percent Increase 
in Strength 

versus Control 
(3-day) 

Percent Increase 
in Strength 

versus Control 
(28-day) 

A 5.0% 5% 9% 
B 7.5% 2% 4% 
C 2.5% 12% -6% 
D 2.5% 4% 6% 
E 5.0% 24% 28% 
F 2.5% 19% 21% 
G       
H 5.0% 14% 21% 

$

'FGHI!7#!)TCAUFH!(IOQOHIN!1AMIB!,DMCIMCBY!-;X!5HFJ!

Fines 
Type 

25% 
Slag 

Optimum 
Fines % 

Percent Increase 
in Strength 

versus Control 
(3-day) 

Percent Increase 
in Strength 

versus Control 
(28-day) 

A 5.0% 0% 4% 
B 2.5% 18% 16% 
C 1.3% 57% 18% 
D 5.0% 12% 21% 
E 5.0% 6% -8% 
F 5.0% 8% 9% 
G       
H 7.5% 4% 16% 

!
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(QJ!K`OHO=I!=M!PMWWJP=HI!XWJSOP=!QMY!K!PJW=KOL!=IXJ!M]!]OLJ<!YK<!K]]JP=OL;!<=WJL;=Q!

;KOL!YK<!KL!OL=J;WKH!XKW=!M]!=QJ!WJ<JKWPQ#!!5LO=OKHHIN!_JK<:WJ_JL=<!M]!=QJ!5$!KLS!

PMLS:P=O\O=I!YJWJ!=KaJL!=M!d:KL=O]I!=QJ!K_M:L=!M]!WJKP=O\J!_K=JWOKH!F`M=Q!SO<<MH\JS!

KLS!:LSO<<MH\JS!OML<G#!!(QJ<J!\KH:J<!YM:HS!=QJL!`J!:<JS!=M!XJW]MW_!<OL;HJ!KLS!

_:H=O-\KWOK`HJ!WJ;WJ<<OML<!=M!SJ=JW_OLJ!O]!=QJ<J!_JK<:WJ_JL=<!YJWJ!PMWWJP=HI!

XWJSOP=OL;!<=WJL;=Q!;KOL#!!2]=JW!<J\JWKH!HK`MWK=MWI!=J<=<N!O=!YK<!SJPOSJS!=QK=!XE!

<QM:HS!KH<M!`J!:<JS!K<!K!:LO=!M]!_JK<:WJ#!!(QJ!5$!\KH:J<!YJWJ!LM=!IOJHSOL;!K!YOSJ!

WKL;J!M]!\KH:J<!]MW!=QJ!SO]]JWJL=!]OLJ<#!!1JK<:WOL;!XE!YK<!KLM=QJW!YKI!=M!]:W=QJW!

_JK<:WJ!=QJ!OML<!XWJ<JL=N!J<XJPOKHHI!OML<N!YQOPQ!PM:HS!QK\J!KL!KPPJHJWK=OL;!J]]JP=!ML!

=QJ!PJ_JL=!QISWK=OML!WJKP=OML#!

!

(QJ!WJ;WJ<<OML!KLKHI<O<!J[K_OLJS!JKPQ!M]!=QJ!=QWJJ!_JK<:WJ_JL=<!K<!K!<OL;HJ!

XKWK_J=JW!M]!<=WJL;=Q!;KOLN!=QJL!K!=YM-\KWOK`HJ!XKWK_J=JW!M]!_JK<:WJ_JL=<N!KLS!

]OLKHHI!K<!K!PM_`OLK=OML!M]!KHH!=QWJJ!_JK<:WJ_JL=<#!

;";"!$D-&1>8$A/(/C8'8($I&/>=3-3N$;O"PQ$D>/1$G-M'+(83$

(QJ!<OL;HJ!XKWK_J=JW!WJ;WJ<<OML!KLKHI<O<!XWO_KWOHI!OSJL=O]OJS!YQK=!=IXJ!M]!

WJ;WJ<<OML!Jd:K=OML!`J<=!]O=!=QJ!SK=K#!!(QJ!SK=K!:<JS!=M!;JLJWK=J!=QJ!WJ;WJ<<OML!

Jd:K=OML<!YJWJ!=QJ!MX=O_KH!]OLJ<!XJWPJL=K;J<!]MW!JKPQ!M]!=QJ!=QWJJ!SO]]JWJL=!<HK;!

XJWPJL=K;J<!K=!.-SKI!<=WJL;=QN!K<!SJ<PWO`JS!K`M\J!OL!4JP=OML!.#+#!!(QO<!WJ<:H=JS!OL!

<J\JL!SK=K!XMOL=<g!MLJ!JKPQ!]MW!]OLJ<!2-B!KLS!MLJ!]MW!]OLJ!E#!!)M=!JLM:;Q!SK=K!YK<!

K\KOHK`HJ!]MW!]OLJ!/!=M!OLPH:SJ!OL!=QJ!WJ;WJ<<OML!KLKHI<O<#!!BO;:WJ!A!`JHMY!<QMY<!=QJ!

WJ;WJ<<OML!M]!<=WJL;=Q!\JW<:<!XE!]MW!=QJ!.D#8i!<HK;!XJWPJL=K;J#!!(QJ!MX=O_KH!]OLJ<!

<=WJL;=Q<!YJWJ!LMW_KHOfJS!K;KOL<=!=QJ!PML=WMH!P:`J!<=WJL;=Q<N!KLS!=QJL!XHM==JS!

K;KOL<=!=QJ!XE!_JK<:WJ_JL=<#!!(QJ!KPP:WKPI!M]!=QJ!WJ;WJ<<OML!Jd:K=OML!]MW!=QJ!

WJ<:H=OL;!XHM=!YK<!HMY#!!2LKHIfOL;!=QJ!;WKXQN!]OLJ<!=IXJ!%!KLS!B!YJWJ!OSJL=O]OJS!K<!

M:=HOJW<!=QK=!SO_OLO<QJS!=QJ!XWJSOP=O\J!KPP:WKPI#!!BO;:WJ!D!<QMY<!=QJ!<K_J!XHM=!K<!

BO;:WJ!A!YO=Q!]OLJ<!=IXJ<!%!KLS!B!OSJL=O]OJS!K<!M:=HOJW<#!!2<!=QJ!WJ;WJ<<OML!Jd:K=OML!

<QMY<N!=QJ!XWJSOP=O\J!KPP:WKPI!O_XWM\JS!SWK_K=OPKHHI!YQJL!]OLJ<!%!KLS!B!YJWJ!LM=!

:<JS!OL!=QJ!KLKHI<O<!e:_XOL;!]WM_!KL!$+!\KH:J!M]!#,>TT!=M!#TT,"#!
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1AJKLI!=!Z!T0!(IJLIBBADM!(IBKHCB!7:#;X!5HFJ#!

!
1AJKLI!:#!T0!(IJLIBBADM!(IBKHCB!7:#;X!5HFJ![ACV!)KCHAILB!%NIMCAEAIN#!

2!<O_OHKW!KXXWMKPQ!YK<!=KaJL!]MW!J[K_OLOL;!=QJ!PMLS:P=O\O=I!WJ<:H=<#!!5LO=OKHHI!O=!YK<!

=QM:;Q=!=QK=!K!HOLJKW!=WJLS!HOLJN!<O_OHKW!=M!=QJ!XE!XHM=N!YM:HS!`J<=!KXXWM[O_K=J!=QJ!

O_XKP=!M]!PMLS:P=O\O=I!ML!<=WJL;=Q!;KOLt!QMYJ\JW!K<!BO;:WJ!T!<QMY<N!K!P:`OP!=WJLS!

HOLJ!`J<=!]O=!=QJ!SK=K#!!)M=J!=QK=!]MW!PMLS:P=O\O=I!_JK<:WJ_JL=<N!]OLJ<!=IXJ<!%!KLS!B!

SM!LM=!KXXJKW!K<!M:=HOJW<#!!(QO<!<:;;J<=<!=QK=!BOLJ<!%!KLS!BN!YQOHJ!QK\OL;!QO;QJW!

K_M:L=<!M]!SO<<MH\JS!OML<!FQJLPJ!=QJ!QO;QJW!PMLS:P=O\O=I!\KH:J<GN!SM!LM=!LJPJ<<KWOHI!

OLPH:SJ!_KLI!QISWM[IH!OML<!K_ML;!=QJ!SO<<MH\JS!OML<#!!2<!PMLS:P=O\O=I!OLPWJK<JSN!.-
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"A!

SKI!<=WJL;=Q!OLPWJK<JS!K;KOL<=!=QJ!PML=WMH!\KH:J<#!!&K<=!+#,,!_OHHO<OJ_JL<N!=QJ!

<=WJL;=Q!`J;KL!=M!SJPWJK<JN!IJ=!<=OHH!YK<!K`M\J!=QJ!PML=WMH!\KH:J#!!

!

(QJ!]OLKH!_JK<:WJ_JL=!=KaJL!YK<!5$#!!7OLJKWN!XKWK`MHOPN!KLS!P:`OP!=WJLS!HOLJ<!YJWJ!

KHH!:<JS!ML!=QJ!SK=K!YO=Q!K!P:`OP!Jd:K=OML!WJ<:H=OL;!OL!=QJ!`J<=!]O=#!!BO;:WJ!V!XHM=<!=QJ!

5$!\KH:J<!\<#!&JWPJL=!3ML=WMH!4=WJL;=Q!PKX=:WOL;!=QJ!OLPWJK<J!OL!<=WJL;=Q!K<!5$!

OLPWJK<JS!KLS!=QJL!=QJ!SJPWJK<J!OL!<=WJL;=Q!XK<=!"#..>>#!

!
1AJKLI!<#!%(!(IJLIBBADM!(IBKHCB!EDL!7:#;X!5HFJ#!

1AJKLI!8#!,DMNKOCAPACQ!(IJLIBBADM!(IBKHCB!EDL!7:#;X!5HFJ!



"D!

']!KHH!=QWJJ!_JK<:WJ_JL=<N!=QJ!HMYJ<=!$+!\KH:J!YK<!]MW!=QJ!5$!SK=K#!!(K`HJ!>!

<:__KWOfJ<!=QJ!<=K=O<=OPKH!SK=K!XWM\OSJS!]WM_!=QJ!KLKHI<O<!]MW!=QJ!=QWJJ!

_JK<:WJ_JL=<#!!(QO<!=K`HJ!KH<M!OLPH:SJ<!=QJ!\KH:J<!]MW!<JFIGN!YQOPQ!O<!=QJ!<=KLSKWS!

JWWMW!M]!=QJ!XWJSOP=OML!M]!=QJ!XJWPJL=!M]!PML=WMH!<=WJL;=Q#!!!
'FGHI!6!Z!5CFBCABCAOFH!5KUUFLQ!DE!5AMJHI!@FLFUICIL!2MFHQBAB#!

MEASUREMENT EQUATION R2 SE(Y) 

PH (WITH E,F) Y = -1.68(PH) + 130.06 0.049 8.91 

PH (NO E,F) Y = 5.00(PH) + 50.28 0.880 2.06 

CONDUCTIVITY 
Y = -10.17(COND.)3 + 36.36(COND.)2 

- 19.37(COND.) + 105.86 
0.934 2.98 

IR 

Y = -3X1010(IR)3 + 1X1011(IR)2 - 

2X1011(IR) 

 + 8X1010 

0.623 5.61 

"
'LPJ!=QJ!`J<=!Jd:K=OML!]MW_<!]MW!PMWWJHK=OL;!XJWPJL=!<=WJL;=Q!;KOL!=M!=QJ!OLSO\OS:KH!

XKWK_J=JW<!YK<!SJ=JW_OLJSN!K!`J==JW!_MSJH!PM:HS!`J!`:OH=!:<OL;!PM_`OLK=OML<!M]!=QJ!

XKWK_J=JW<!=M!M`=KOL!_MWJ!KPP:WK=J!WJ<:H=<#!

;";"9$KT)5A/(/C8'8($I&/>=3-3N$;O"PQ$D>/1$G-M'+(83$

(QJ!WJ<:H=<!]WM_!=QJ!<OL;HJ!XKWK_J=JW!KLKHI<O<!OLSOPK=JS!=QK=!_JWJHI!:<OL;!MLJ!M]!

=QJ!_JK<:WJ_JL=<!=M!XWJSOP=!<=WJL;=Q!;KOL!SOS!LM=!]:HHI!PKX=:WJ!=QJ!O_XKP=!M]!=QJ!

]OLJ<#!!3M_`OLOL;!=QJ!_JK<:WJ_JL=<!=QJWJ]MWJ!PM:HS!;O\J!K!_MWJ!KPP:WK=J!

XWJSOP=OML!M]!<=WJL;=Q#!

!

(QWJJ!SO]]JWJL=!PM_`OLK=OML<!M]!_JK<:WJ_JL=<!YJWJ!:<JS!=M!SJ=JW_OLJ!YQOPQ!`J<=!

XWJSOP=JS!=QJ!OLPWJK<J!OL!<=WJL;=Q!M\JW!=QJ!PML=WMH!P:`J<#!!(QJ!=QWJJ!SO]]JWJL=!

PM_`OLK=OML<g!XE!KLS!5$t!XE!KLS!PMLS:P=O\O=It!KLS!5$!KLS!PMLS:P=O\O=I!XWM\OSJS!

_MWJ!KPP:WK=J!WJ;WJ<<OML!Jd:K=OML<!=QKL!=QJ!<OL;HJ!XKWK_J=JW!_MSJH<#!!/O\JL!=QJ!

KPP:WKPI!M]!=QJ!&E!KLS!PMLS:P=O\O=I!<OL;HJ!XKWK_J=JW!_MSJH<!O=!YK<!=QM:;Q=!=QK=!

PM_`OLOL;!=QJ!=YM!YM:HS!WJ<:H=!OL!K!_MWJ!KPP:WK=J!XWJSOP=OML!M]!<=WJL;=Q#!!BO;:WJ!",!

<QMY<!=QJ!XHM=!M]!&JWPJL=!&WJSOP=JS!4=WJL;=Q!\<#!&JWPJL=!2P=:KH!4=WJL;=Q!]MW!=QJ!=YM!

_JK<:WJ_JL=<#!!(QJ!SK=K!:<JS!YK<!=QJ!<K_J!<J\JL!MX=O_KH!]OLJ<!XJWPJL=K;J<!]MW!



"T!

.D#8i!<HK;!WJXHKPJ_JL=#!!(QJ!;WKXQ!<QMY<!KL!KPP:WK=J!XWJSOP=OML!M]!XJWPJL=!M]!

PML=WMH!\<#!KP=:KH!<=WJL;=Q!WJPMWSJS#!

!
1AJKLI!"$!Z!T0!\!,DMNKOCAPACQ!(IJLIBBADM!(IBKHCB!EDL!7:#;X!5HFJ#!

!

(QJ!LJ[=!PM_`OLK=OML!M]!XKWK_J=JW<!YK<!XE!KLS!5$#!!(QJ!WJ<:H=<!XWJ<JL=JS!OL!BO;:WJ!

""!KWJ!LM=!LJKWHI!K<!;MMS!K<!=QJ!XWJ\OM:<!PM_`OLK=OML!M]!XE!KLS!PMLS:P=O\O=I#!!

&JWPJL=!<=WJL;=Q!;KOL<!]MW!]OLJ<!=IXJ!@N!9N!KLS!B!KWJ!LM=!XWJSOP=JS!K<!KPP:WK=JHI!K<!

=QJ!XWJ\OM:<!PM_`OLK=OML!M]!XE!KLS!PMLS:P=O\O=I#!

!

(QJ!]OLKH!=YM-XKWK_J=JW!WJ;WJ<<OML!KLKHI<O<!:=OHOfJS!`M=Q!PMLS:P=O\O=I!KLS!5$!

_JK<:WJ_JL=<!]MW!=QJ!.D#8i!<HK;!MX=O_KH!]OLJ<#!!(QJ<J!WJ<:H=<!XWJ<JL=JS!OL!BO;:WJ!

"+!<QMY!KL!KPP:WK=J!XWJSOP=OML!_MSJH!=QK=!O<!`J==JW!=QKL!=QJ!PM_`OLK=OML!M]!XE!KLS!

5$!KLS!KH<M!3456784!"9:88:;"87<="87:">?"<=@"AB=@CA85D58!"EB@:4&"



"V!

!
1AJKLI!""!Z!T0!\!%(!(IJLIBBADM!(IBKHCB!EDL!7:#;X!5HFJ#!

(K`HJ!8!`JHMY!<:__KWOfJ<!=QJ!<=K=O<=OPKH!WJ<:H=<!]MW!=QJ!PM_`OLK=OML!M]!=YM-

XKWK_J=JW<#!!2<!=QJ!=K`HJ!<QMY<N!=QJ!XE!m!5$!PM_`OLK=OML!YK<!LM=!LJKWHI!K<!KPP:WK=J!

K<!=QJ!XE!m!3MLS:P=O\O=I!KLS!3MLS:P=O\O=I!m!5$!PM_`OLK=OML<#!

!
1AJKLI!"-!Z!%(!\!,DMNKOCAPACQ!(IJLIBBADM!(IBKHCB!EDL!7:#;X!5HFJ#!

!



+,!

'FGHI!;!Z!5CFCABCAOFH!5KUUFLQ!DE!'[DZ@FLFUICIL!2MFHQBAB!

MEASUREMENT EQUATION R2 SE(Y) 

PH + 

CONDUCTIVITY 

Y = -2.15(PH) - 5.42(COND.)3 + 

16.15(COND.)2 + 4.01(COND.) + 121.89 
0.969 2.54 

PH + IR Y = -.61(PH) + 2210.73(IR)3 - 5126.65 0.629 6.22 

CONDUCTIVITY + 

IR 

Y = -2193.31(IR)3 - 28.83(COND.)3 + 

115.24(COND.)2 - 100.45(COND.) + 5327.95 
0.987 1.62 

!

(K`HJ!8!KH<M!OLPH:SJ<!=QJ!<=KLSKWS!JWWMW!M]!=QJ!XWJSOP=OML!]MW!JKPQ!PM_`OLK=OML#!!

3MLS:P=O\O=I!m!5$!QKS!=QJ!HMYJ<=!<=KLSKWS!JWWMW!K=!"#A+!KHML;!YO=Q!O=<!$+!M]!#VTD#!

(QJ!]OLKH!<=JX!=M!=QJ!WJ;WJ<<OML!KLKHI<O<!O<!PM_`OLOL;!KHH!=QWJJ!_JK<:WJ_JL=<!=M!

SJ=JW_OLJ!O]!KL!J\JL!`J==JW!_MSJH!=QKL!=QJ!=YM-XKWK_J=JW!PM_`OLK=OML<!O<!XM<<O`HJ#!

! !

;";";$K4(885A/(/C8'8($I&/>=3-3N$;O"PQ$D>/1$G-M'+(83$

(QJ!]OLKH!_MSJH!=M!PML<OSJW!YK<!MLJ!=QK=!=MMa!KHH!=QWJJ!_JK<:WJ_JL=<!KLS!

PM_`OLJS!=QJ_!OL=M!MLJ!Jd:K=OML!=QK=!KPP:WK=JHI!XWJSOP=<!=QJ!<=WJL;=Q!;KOL!M]!

PMLPWJ=J!PML=KOLOL;!WJPIPHJS!PMLPWJ=J!]OLJ<#!!?<OL;!_JK<:WJ_JL=<!M]!XEN!

PMLS:P=O\O=IN!KLS!5$!]MW!K!PJW=KOL!<HK;!XJWPJL=K;J!YM:HS!OSJKHHI!`J!K`HJ!=M!\JWI!

KPP:WK=JHI!XWJSOP=!=QJ!XJW]MW_KLPJ!M]!=QJ!PMLPWJ=J#!!BO;:WJ!".!XHM=<!=QJ!XWJSOP=JS!\<#!

KP=:KH!<=WJL;=Q!:<OL;!KHH!=QWJJ!XKWK_J=JW<#!



+"!

!
1AJKLI!"7!Z!'VLIIZ@FLFUICIL!(IJLIBBADM!2MFHQBAB!DE!7:#;X!5HFJ#!

)M=!<:WXWO<OL;HIN!:<OL;!KHH!=QWJJ!XKWK_J=JW<!;JLJWK=J<!KL!Jd:K=OML!YO=Q!KHH!<J\JL!

MX=O_KH!]OLJ<!XJWPJL=K;J<!]KHHOL;!PHM<J!=M!=QJ!HOLJ!M]!Jd:O=I#!!(K`HJ!A!`JHMY!

<:__KWOfJ<!=QJ!WJ;WJ<<OML!Jd:K=OML!KLS!<=K=O<=OPKH!SK=K!]MW!=QJ!=QWJJ-XKWK_J=JW!

KLKHI<O<#!!(QJ!$+!\KH:J!]MW!=QO<!PM_`OLK=OML!YK<!#VVT!KLS!YK<!=QJ!QO;QJ<=!M]!KLI!

PM_`OLK=OML!M]!XKWK_J=JW<#!!2<!BO;:WJ!".!<QMY<N!KHH!<J\JL!MX=O_KH!]OLJ<!XMOL=<!HOJ!

LJKWHI!ML!=MX!M]!=QJ!HOLJ!M]!Jd:O=I!OLSOPK=OL;!K!QO;Q!XWJSOP=O\J!XMYJW!]MW!=QJ!.D#8i!

<HK;!WJXHKPJ_JL=#!
'FGHI!=!Z!7Z@FLFUICIL!(IJLIBBADM!2MFHQBAB!EDL!7:#;X!5HFJ#!

MEASUREMENT EQUATION R2 SE(Y) 

PH + 

CONDUCTIVITY + 

IR 

Y = -1.33(PH) - 1782.3(COND.)3  - 22.40(IR)3 

+ 87.96(IR)2 - 70.78(IR) + 4359.2 
0.998 0.87 

"

BMW!=QJ!OLSO\OS:KH!XKWK_J=JW<!OL]H:JLPJ!ML!=QJ!.-9KI!<=WJL;=Q!;KOL!M]!=QJ!PMLPWJ=JN!

=QJ!XE!;WKXQ!QKS!=QJ!_M<=!LM=OPJK`HJ!M:=HOJW<!]WM_!=QJ!SK=K!PMHHJP=JS#!!(QM<J!

M:=HOJW<N!<QMYL!OL!BO;:WJ!DN!YJWJ!PHJKWHI!LM=!K!XKW=!M]!=QJ!HOLJKW!=WJLS!=QJ!WJ<=!M]!=QJ!

SK=K!OLSOPK=JS#!!(QJ!PMLS:P=O\O=I!KLS!5$!_JK<:WJ_JL=<!SOS!LM=!QK\J!KLI!PHJKW!

M:=HOJW<#!!(QO<!OLSOPK=JS!=QK=!=QJ!XWJSOP=O\J!XMYJW!M]!=QJ<J!OLSO\OS:KH!XKWK_J=JW<!

YJWJ!\JWI!;MMS#!!(Q:<N!O=!_KSJ!<JL<J!=QK=!BO;:WJ!"+!<QMYJS!K!\JWI!KPP:WK=J!;WKXQ!M]!



++!

XWJSOP=JS!\<#!KP=:KH!<=WJL;=Q!]MW!=QJ!=YM!XKWK_J=JW<!=QK=!OLSO\OS:KHHI!QKS!LM!PHJKW!

M:=HOJW<#!

;";"U$$I&/>=3-3$)H$9P$Q$/&*$P#Q$D>/1$G-M'+(83$

BMW!=QJ!M=QJW!<HK;!XJWPJL=K;J<N!=QJ!KPP:WKPI!M]!=QJ!_MSJHOL;!SOS!LM=!OLO=OKHHI!KXXJKW!

K<!;MMS!K<!=QJ!.D#8i!<HK;!XJWPJL=K;J<#!!(QJ!<OL;HJ-XKWK_J=JW!_MSJH<!;JLJWKHHI!

HMMaJS!\JWI!XMMW#!!$J_M\OL;!M:=HOJW<!O_XWM\JS!=QJ!KPP:WKPIN!`:=!<=OHH!SOS!LM=!WJ<MH\J!

KHH!M]!=QJ!XWM`HJ_<#!!(QJWJ!YK<!<=OHH!PML<OSJWK`HJ!<PK==JW!KLS!]:W=QJW!=J<=OL;!YM:HS!

LJJS!=M!`J!PMLS:P=JS!=M!SJ=JW_OLJ!=QJ!<M:WPJ!M]!SO_OLO<QJS!KPP:WKPI#!!BOLJ<!=IXJ!2!

]MW!+8#,i!<HK;!YK<!K!PML<O<=JL=!M:=HOJW!=QK=N!YQJL!WJ_M\JSN!OLPWJK<JS!=QJ!$+!\KH:J!

]MW!=QJ!WJ;WJ<<OML!KLKHI<J<!`I!KL!MWSJW!M]!_K;LO=:SJ!FKLS!WJS:PJS!=QJ!<JFIG!OL!QKH]G!

]MW!=QJ!<OL;HJ!XKWK_J=JW!XE!KLKHI<O<#!!?<OL;!=YM-XKWK_J=JW!_MSJH<!F<XJPO]OPKHHI!=QJ!

5$!XH:<!PMLS:P=O\O=IGN!QMYJ\JWN!OLPWJK<JS!=QJ!KPP:WKPI!=M!KXXWM[O_K=JHI!=QJ!<K_J!K<!

=QK=!]MW!=QJ!.D#8i!<HK;#!!(K`HJ!T!`JHMY!<:__KWOfJ<!=QJ!<=K=O<=OPKH!WJ<:H=<!]MW!=QJ!

+8#,i!<HK;!WJ;WJ<<OML!KLKHI<J<#!!(QJ<J!KLKHI<J<!YJWJ!PMLS:P=JS!OL!=QJ!<K_J!

_KLLJW!K<!=QJ!.D#8i!KLKHI<J<!SO<P:<<JS!OL!4JP=OML<!.#.#"N+N.#!



+.!

'FGHI!:!Z!5CFCABCAOFH!5KUUFLQ!EDL!-;X!5HFJ!(IJLIBBADM!2MFHQBAB!

MEASUREMENT EQUATION R2 SE(Y) 

SINGLE PARAMETER 

PH  Y = -1.351(PH) + 122.91 0.067 6.30 

PH (NO A) Y = -1.2576(PH) + 121.39 0.295 3.15 

CONDUCTIVITY 
Y = -7.9149(COND.)3 + 43.221(COND.)2 - 

65.055(COND.) + 131.98 
0.412 6.45 

IR 
Y = -3X1010(IR)3 + 1X1011(IR)2 - 

2X1011(IR) + 7X1010 
0.259 6.27 

TWO-PARAMETER 

PH + 

CONDUCTIVITY 

Y= -.67(PH) - 7.12(COND.)3 + 

39.56(COND.)2 - 60.91(COND.) + 138.17 
0.416 7.88 

PH + IR 
Y = -1.24(PH) + -4137816.7(IR)3 + 

8279906.95(IR)2 - 4911554.8 
0.310 7.00 

CONDUCTIVITY + 

IR 

Y= -419.84(IR)3 – 7.04(COND.)3 + 

39.13(COND.)2 – 60.80(COND.) – 

864.58 

0.453 7.62 

CONDUCTIVITY + 

IR (NO A) 

Y = 58.44(IR)3 - 6.72(COND.)3 + 

37.80(COND.)2 - 60.93(COND.) - 4.17 
0.995 0.81 

THREE- PARAMETER 

PH + 

CONDUCTIVITY + 

IR 

Y = -.50(PH) + 413.266(IR)3 - 

6.46(COND.)3 + 36.477(COND.)2 - 

57.79(COND.) - 844.39 

0.455 10.76 

"

BO;:WJ<!">!KLS!"8!`JHMY!XWJ<JL=!=QJ!`J<=!=YM!KLS!=QWJJ-XKWK_J=JW!_MSJH!K<!

WJXWJ<JL=JS!OL!=QJ!WJ;WJ<<OML!Jd:K=OML<!]WM_!(K`HJ!D#!!(QJ!`J<=!=YM!XKWK_J=JW!

_MSJH!YK<!=QJ!PMLS:P=O\O=I!m!5$!YO=QM:=!]OLJ<!=IXJ!2#!!

!

5=!YK<!<:WXWO<OL;!=QK=!KH=QM:;Q!=QJ!<OL;HJ!XKWK_J=JW!WJ;WJ<<OML!Jd:K=OML<!QKS!HMY!

$+!\KH:J<!=QK=!YQJL!PMLS:P=O\O=I!KLS!5$!YJWJ!XKOWJS!=M;J=QJW!]MW!K!=YM-XKWK_J=JW!

KLKHI<O<!=QJ!$+!\KH:J!OLPWJK<JS!SWK_K=OPKHHI!=M!,#VV8#!!BMW!=QJ!.D#8i!WJ;WJ<<OML!

KLKHI<J<N!=QJ!<OL;HJ!XKWK_J=JW!$+!\KH:J<!YJWJ!YJHH!K`M\J!#8,N!<M!O=!<JJ_JS!

PML<O<=JL=!=QK=!=QJ!=YM-XKWK_J=JW!PM_`OLK=OML<!WJ<:H=JS!OL!$+!\KH:J<!M]!M\JW!#V,#!!



+>!

(QJ!+8i!KLKHI<J<!QKS!MLHI!MLJ!XKWK_J=JW!YO=Q!K!$+!\KH:J!K`M\J!#8,N!`:=!QKS!

Jd:KHHI!KPP:WK=J!=YM-XKWK_J=JW!Jd:K=OML<!K<!=QJ!.D#8i!<HK;!XJWPJL=K;J#!

!

!

!

1AJKLI!"6!Z!,DMNKOCAPACQ!\!%(!(IJLIBBADM!(IBKHCB!?ACVDKC!'QTI!2!-;X!5HFJ!

1AJKLI!";!Z!'VLIIZ@FLFUICIL!(IJLIBBADM!(IBKHCB!-;X!5HFJ!



+8!

(QJ!]OLKH!<HK;!XJWPJL=K;J!=M!J[K_OLJ!YK<!]MW!8,i#!!4O_OHKWHI!=M!=QJ!+8i!<HK;!

XJWPJL=K;JN!8,i!QKS!HMYJW!XWJSOP=O\J!KPP:WKPI!]MW!=QJ!<OL;HJ!XKWK_J=JW<N!`:=!

<O;LO]OPKL=HI!OLPWJK<JS!KPP:WKPI!]MW!=QJ!=YM!KLS!=QWJJ-XKWK_J=JW!PM_`OLK=OML<#!!

?LHOaJ!=QJ!=YM!M=QJW!<HK;!XJWPJL=K;J<N!8,i!<KY!K!XE!YQJWJ!<=WJL;=Q!SOS!LM=!

OLPWJK<J!HOLJKWHI!YO=Q!OLPWJK<J!OL!XEN!`:=!YK<!WK=QJW!XKWK`MHOP!OL!<QKXJ#!!(K`HJ!T!

`JHMY!<:__KWOfJ<!=QJ!<=K=O<=OPKH!OL]MW_K=OML!]MW!=QJ!8,i!<HK;!WJ;WJ<<OML!KLKHI<J<#!
!

'FGHI!8!Z!5CFCABCAOFH!5KUUFLQ!EDL!;$#$X!5HFJ!(IJLIBBADM#!

MEASUREMENT EQUATION R2 SE(Y) 

SINGLE PARAMETER 

PH Y = -4.78(PH)2 + 107.21(PH) - 484.64 0.638 4.06 

CONDUCTIVITY 

(PARABOLIC) 
Y = 4.47(COND.)2 - 17.39(COND.) + 121.94 0.334 5.51 

CONDUCTIVITY 

(CUBIC) 

Y = -7.91(COND.)3 + 43.22(COND.)2 - 

65.10(COND.) + 131.98 
0.334 6.37 

IR 
Y = -1X1011(IR)3 + 5X1011(IR)2 - 7X1011(IR) 

+ 3X1011 
0.187 5.75 

TWO-PARAMETER 

PH + 

CONDUCTIVITY 

Y = -17.62(PH)2 + 386.66(PH) - 3.85(COND.)3 

+ 10.72(COND.)2 + 19.56(COND.) - 2014.29 
0.985 1.68 

PH + IR 
Y = -4.92(PH)2 + 110.17(PH) + 241.61(IR)3 - 

1073.13 
0.640 4.68 

CONDUCTIVITY 

+ IR 

Y = 1340.03(IR)3 + 6.45(COND.)3 - 

22.37(COND.)2 - 8.70(COND.) - 3061.53 
0.370 7.59 

CONDUCTIVITY 

+ IR (NO A) 

Y = 4864.03(IR)3 - 32.16(COND.)3 - 

134.44(COND.)2 + 133.09(COND.) - 11455.96 
0.694 5.87 

THREE-PARAMETER 

PH + 

CONDUCTIVITY 

+ IR 

Y = -17.84(PH)2 + 391.71(PH) – 573.66(IR)3  

– 6.85(COND.)2 + 41.68(COND.) + 690.43 
0.988 1.50 

"

BOLJ<!=IXJ!2!KH<M!YK<!K!PHJKW!M:=HOJW!YQJL!XJW]MW_OL;!K!=YM-XKWK_J=JW!KLKHI<O<!ML!

PMLS:P=O\O=I!m!5$#!!*QJL!WJ_M\JS!]WM_!=QJ!KLKHI<O<N!=QJ!$+!\KH:J!OLPWJK<JS!]WM_!#.D!



+A!

=M!#A>!KLS!=QJ!<=KLSKWS!JWWMW!YJL=!]WM_!D#8V!SMYL!=M!>#AT#!!^J=!YQJL!XJW]MW_OL;!

=QJ!=QWJJ-XKWK_J=JW!KLKHI<O<N!=IXJ!2!SOS!LM=!O_XKP=!=QJ!WJ<:H=<!KLS!K!QO;Q!$+!\KH:J!

YK<!]M:LS#!!BO;:WJ<!"A!KLS!"D!`JHMY!XWJ<JL=!=QJ!`J<=!=YM-XKWK_J=JW!;WKXQ!KLS!=QJ!

=QWJJ-XKWK_J=JW!;WKXQ!M]!=QJ!8,i!<HK;!XJWPJL=K;J#!

!

1AJKLI!"=#!T0!\!,DMNKOCAPACQ!(IJLIBBADM!2MFHQBAB!(IBKHCB!EDL!;$X!5HFJ!

1AJKLI!":!Z!'VLIIZ@FLFUICIL!(IJLIBBADM!(IBKHCB!2MFHQBAB!EDL!;$X!5HFJ!



+D!

U"#$?)&,>+3-)&3$/&*$<8,)CC8&*/'-)&3$

U"!$?)CR/(-3)&$)H$2/34)+'$/&*$:(-&*-&1$7-&83$

(QJ!=YM!_KeMW!<M:WPJ<!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!:=OHOfJS!OL!=QJ!=J<=OL;!YJWJ!

PMLPWJ=J!;WOLSOL;!]OLJ<!KLS!PMLPWJ=J!YK<Q-M:=!]OLJ<#!!(QJ!PMLPWJ=J!YK<Q-M:=!]OLJ<!

PML=KOL!QISWK=JS!KLS!:LQISWK=JS!PJ_JL=!XKW=OPHJ<N!K<!YJHH!K<N!SO<<MH\JS!OML<N!

YQJWJK<!;WOLSOL;!]OLJ<!_KI!PML=KOL!K!<_KHHJW!XWMXMW=OML!M]!QISWK=JS!PJ_JL=!

XKW=OPHJ<!SJXJLSOL;!ML!=QJ!PMLPWJ=J!_O[=:WJ#!!3M_XKWOL;!=QJ!.-SKI!KLS!+T-SKI!

<=WJL;=Q!XWM\JS!=QK=!=QJWJ!YK<!LM!PHJKW!KS\KL=K;J!`J=YJJL!*'B!KLS!;WOLSOL;!]OLJ<!

]MW!8,i!KLS!+8i!<HK;!WJXHKPJ_JL=!HJ\JH<#!!*O=QOL!=QJ!.D#8i!<HK;!WJXHKPJ_JL=!HJ\JHN!

;WOLSOL;!]OLJ<!SO<XHKIJS!K!QO;QJW!XJWPJL=K;J!M]!.-SKI!<=WJL;=Q!PM_XKWJS!=M!=QJ!

*'B#!!BO;:WJ!"T!XMW=WKI<!=QJ!.-SKI!PM_XWJ<<O\J!<=WJL;=Q!FK=!MX=O_KH!]OLJ<!

XJWPJL=K;JG!\JW<:<!]OLJ<!=IXJ<!]MW!.D#8i!<HK;!WJXHKPJ_JL=!HJ\JH<#!!(QJ!*'B!KWJ!

SO<XHKIJS!OL!YQO=J!YQOHJ!=QJ!;WOLSOL;!]OLJ<!KWJ!<O;LO]OJS!OL!;WJI#!!(QJ!;WOLSOL;!]OLJ<!

PML=WMH!=QWJJ!M:=!M]!=QJ!]M:W!QO;QJ<=!.-SKI!<=WJL;=Q<N!YQOHJ!=QJ!WJ_KOLOL;!*'B!

SO<XHKI!_:PQ!HMYJW!JKWHI!<=WJL;=Q<#!!2HH!]OLJ<!=IXJ<!WJ<:H=JS!OL!QO;QJW!.-SKI!<=WJL;=Q!

PM_XKWJS!=M!=QJ!`K<JHOLJ!F,i!]OLJ<G!<=WJL;=Q!FSO<XHKIJS!OL!`HKPaG#!!

1AJKLI!"8#!,DUTLIBBAPI!5CLIMJCV!]7ZNFQ^!PB#!1AMIB!'QTI!Z!7:#;X!5HFJ!



+T!

U"9$<81(833-)&!

(QJ!=QWJJ-XKWK_J=JW!WJ;WJ<<OML!Jd:K=OML<!IOJHSJS!KPP:WK=J!XWJSOP=OML<!YO=Q!$+!

\KH:J<!]MW!<HK;!XJWPJL=K;J<!M]!.D#8!KLS!8,i!PHM<J!=M!"#,!KLS!<=KLSKWS!JWWMW<!PHM<J!=M!

"#,#!!+8i!<HK;!WJXHKPJ_JL=!<KY!<O;LO]OPKL=HI!HMYJW!XWJSOP=O\J!KPP:WKPI#!!(QO<!

<=J__JS!]WM_!]OLJ!=IXJ!2!`JOL;!KL!M:=HOJW!OL!=QJ!SK=K!<J=#!!(QJ!`O;;J<=!SO]]JWJLPJ!

`J=YJJL!=QJ!<HK;!XJWPJL=K;J<!YK<!=QJ!KPP:WKPI!M]!=QJ!MLJ-XKWK_J=JW!WJ;WJ<<OML!

Jd:K=OML<#!!(QJ!.D#8i!<HK;!XJWPJL=K;J<!<KY!K!XE!KLS!PMLS:P=O\O=I!KLKHI<J<N!

KSe:<=JS!]MW!M:=HOJW<N!YQOPQ!YJWJ!LJKWHI!K<!KPP:WK=J!K<!=QJ!=QWJJ-XKWK_J=JW!KLKHI<O<#!!

(QO<!SOS!LM=!QMHS!=W:J!]MW!JO=QJW!=QJ!+8#,i!MW!8,#,i!<HK;!XJWPJL=K;J<!YO=Q!HMY!

XWJSOP=O\J!KPP:WKPI!]MW!KHH!=QWJJ!_JK<:WJ_JL=<#!!3ML<Jd:JL=HIN!_:H=OXHJ!=J<=<!YM:HS!

LJJS!=M!`J!XJW]MW_JS!ML!=QJ!]OLJ<!<MH:=OML!=M!QK\J!KL!KPP:WK=J!XWJSOP=OML!M]!=QJ!

J[XJP=JS!XJWPJL=!<=WJL;=Q!;KOL!\JW<:<!=QJ!PML=WMH#!

!

1MWJ!WJ<JKWPQ!O<!LJJSJS!=M!OSJL=O]I!YQI!]OLJ<!=IXJ!2!YK<!KL!M:=HOJW!]MW!`M=Q!+8#,!

KLS!8,#,i!<HK;!XJWPJL=K;J<!KLS!]OLJ<!=IXJ!%!KLS!B!]MW!.D#8i#!!2SSO=OMLKH!KLKHI<O<!

_O;Q=!KH<M!IOJHS!:<J]:H!OL]MW_K=OML!ML!YQI!=QJ!]OLJ<!=IXJ!%!KLS!B!YJWJ!LM=!KL!M:=HOJW!

]MW!M=QJW!<HK;!XJWPJL=K;J<#!!

!

U";$D+CC/(=$

0KWOM:<!=IXJ<!KLS!<M:WPJ<!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!YJWJ!<QMYL!=M!QK\J!`JLJ]OPOKH!

J]]JP=<!ML!=QJ!JKWHI-<=WJL;=Q<!M]!&MW=HKLS!PJ_JL=-<HK;!_O[=:WJ<!FYO=Q!\KWOM:<!<HK;!

PML=JL=<G!YQJL!:<JS!K=!=QJ!MX=O_KH!]OLJ<!XJWPJL=K;J#!!1JK<:WJ_JL=<!_J=QMS<!=QK=!

PKL!`J!_KSJ!:<OL;!ML-HOLJ!XWM`J<!F5$N!XE!KLS!PMLS:P=O\O=IG!YJWJ!<QMYL!=M!

KPP:WK=JHI!d:KL=O]I!=QJ!]OLJ<!<M!=QK=!<=WJL;=Q!O_XWM\J_JL=!XWJSOP=OML<!PKL!`J!_KSJ#!

!

B:W=QJW!YMWa!O<!LJJSJS!=M!J[XKLS!=QJ<J!WJ<:H=<!]MW!:<J!YO=Q!M=QJW!XJWPJL=K;J<!M]!

<HK;N!K<!YJHH!K<!M=QJW!PJ_JL=-XMffMHKL!PM_`OLK=OML<#!



+V!

P"#$<8H8(8&,83$

@JL=:WN!2#!F+,,+G!k3J_JL=O=OM:<!1K=JWOKH<!-!)OLJ!1OHHJLLOK!KLS!K!LJY!3JL=:WIg!&K<=N!

&WJ<JL=N!KLS!B:=:WJkN!RM:WLKH!M]!1K=JWOKH<!OL!3O\OH!%L;OLJJWOL;N!RKLnBJ`!+,,+N!

XX!+!-!+"#!!

%&2N!F+,,TGN!Q==XgnnP]X:`#JXK#;M\nLXSJ<n!

RKL<<JLN!9#R#N!R#1#!0KLSJL`M<<PQJN!)#1!*QO=OL;!KLS!2#!UM:`KKN!F+,,AG!'X=O_OfOL;!=QJ!

:<J!M]!WJPIPHJS!PMLPWJ=J!]OLJ<!OL!OL=JW;WM:LS!<HK;-PJ_JL=N!DE%*&-9#F#

!>"#D.+/2.%+-;.%9/#G%*&+;HH+%4*.4N!&KXJW!)M#!"#,8N!XX#!"88-"A>#!

1OLSJ<<N!4#N!R#B#!^M:L;N!KLS!9#!9KWYOL!F+,,+G!:;.72/+/N!4JPMLS!%SO=OMLN!&WJL=OPJ!EKHHN!

X#!"TA#!

4QM;WJLN!$#N!9#!RKL<<JL!KLS!/#!1PUOLLMLN!F+,,VG!%\KH:K=OL;!PMLPWJ=J!YK<Q!YK=JW!]MW!

XWJSOP=OL;!<J=!KPPJHJWK=OML!OL!_O[=:WJ<!:<OL;!WJPIPHJS!YK<Q!YK=JWN!DE%*&-9#F#

!A"#D.+/2.%+-;.%9/#G%*&+;HH+%4*.4N!&KXJW!)M#!.#.TN!54@)!VDT-.-,,-,+D+A8-.N!

*JO_KWN!/JW_KLI#!XX#!",AV-",D>#!

$

V"#$I,0&)T>8*18C8&'3$

(QJ!WJ<JKWPQJW<!YM:HS!HOaJ!=M!=QKLa!9W#!$M`JW=!4QM;WJL!M]!7KBKW;J!)MW=QYJ<=!]MW!

XWM\OSOL;!=QJ!WJPIPHJS!PMLPWJ=J!]OLJ<!KLS!=QJ!Jd:OX_JL=!:<JS!]MW!=QJ!]OLJ<!

PQKWKP=JWOfK=OML#!

$



.,!

O"#$IRR8&*-,83$

O"!$IRR8&*-M$IW$7-&83$?4/(/,'8(-L/'-)&$:(/R43$

!

1AJKLI!"<#!,DMNKOCAPACQ!PB#!1AMIB!R2R!,DMCIMC!

1AJKLI!-$#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R2R!,DMCIMC!



."!

!

!

1AJKLI!-"#!T0!PB#!1AMIB!R2R!,DMCIMC!

1AJKLI!--#!,DMNKOCAPACQ!PB#!1AMIB!R_R!,DMCIMC!



.+!

!

!

1AJKLI!-7#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R_R!,DMCIMC!

1AJKLI!-6#!T0!PB#!1AMIB!R_R!,DMCIMC!



..!

!

!

1AJKLI!-;#!,DMNKOCAPACQ!PB#!1AMIB!R*R!,DMCIMC!

1AJKLI!-=#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R*R!,DMCIMC!



.>!

!

!

!

1AJKLI!-:#!T0!PB#!1AMIB!R*R!,DMCIMC!

1AJKLI!-8#!,DMNKOCAPACQ!PB#!1AMIB!R/R!,DMCIMC!



.8!

!

!

!

1AJKLI!-<#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R/R!,DMCIMC!

1AJKLI!7$#!T0!PB#!1AMIB!R/R!,DMCIMC!



.A!

!

!

1AJKLI!7"#!,DMNKOCAPACQ!PB#!1AMIB!R1R!,DMCIMC!

1AJKLI!7-#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R1R!,DMCIMC!



.D!

!

!

!

!

1AJKLI!77#!T0!PB#!1AMIB!R1R!,DMCIMC!

1AJKLI!76#!,DMNKOCAPACQ!PB#!1AMIB!R9R!,DMCIMC!



.T!

!

!

!

!

1AJKLI!7;#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R9R!,DMCIMC!

1AJKLI!7=#!,DMNKOCAPACQ!PB#!1AMIB!R0R!,DMCIMC!



.V!

!

!

!

!

1AJKLI!7:#!%MNIS!DE!(IELFOCADM!PB#!1AMIB!R0R!,DMCIMC!

1AJKLI!78#!T0!PB#!1AMIB!R0R!,DMCIMC!



>,!

O"9$IRR8&*-M$.W$D'(8&1'4$F3"$A8(,8&'$7-&83$:(/R43$

!

!

!

1AJKLI!7<#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R2R!1AMIB!Z!7=#;X!5HFJ!



>"!

!

!

!

!

1AJKLI!6$#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R2R!1AMIB!Z!-;X!5HFJ!

1AJKLI!6"#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R_R!1AMIB!Z!;$X!5HFJ!



>+!

!

!

!

!

!

!

!

1AJKLI!6-#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R_R!1AMIB!Z!7:#;X!5HFJ!



>.!

!

!

1AJKLI!67#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R_R!1AMIB!Z!-;X!5HFJ!

1AJKLI!66#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R,R!1AMIB!Z!7:#;X!5HFJ!



>>!

!

!

!

!

!

!

!

1AJKLI!6;#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R,R!1AMIB!Z!-;X!5HFJ!



>8!

!

!

1AJKLI!6=#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R*R!1AMIB!Z!;$X!5HFJ!

1AJKLI!6:#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R*R!1AMIB!Z!7:#;X!5HFJ!



>A!

!

1AJKLI!68#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R*R!1AMIB!Z!-;X!5HFJ!



>D!

!

!

1AJKLI!6<#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R/R!1AMIB!Z!;$X!5HFJ!

1AJKLI!;$#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R/R!1AMIB!Z!7:#;X!5HFJ!



>T!

!

!

1AJKLI!;"#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R/R!1AMIB!Z!-;X!5HFJ!

1AJKLI!;-#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R1R!1AMIB!Z!;$X!5HFJ!



>V!

!

!

1AJKLI!;7#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R1R!1AMIB!Z!7:#;X!5HFJ!

1AJKLI!;6#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R1R!1AMIB!Z!-;X!5HFJ!



8,!

!

!

1AJKLI!;;#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R9R!1AMIB!Z!;$X!5HFJ!

1AJKLI!;=#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R0R!1AMIB!Z!;$X!5HFJ!



8"!

!

!

1AJKLI!;:#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R0R!1AMIB!Z!7:#;X!5HFJ!

1AJKLI!;8#!,DUTLIBBAPI!5CLIMJCV!PB#!@ILOIMC!R0R!1AMIB!Z!-;X!5HFJ!



! "#!

!"#$%&&'()*+$,-$%))*.*/(01$2'34'55*/($%(0165*5$740&85$

!
!

!
!

!

!"#$%&'()'*'+,'-&#%&.."/0'10234.".'5/%'678)9':32#8'

!"#$%&'7;'*'+,'-&#%&.."/0'10234.".'<"=>/$='1'5/%'678)9':32#8'



! "$!

!

!

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

!"#$%&'(?'*'@/0A$B="C"=4'-&#%&.."/0'10234.".'5/%'678)9':32#8'

!"#$%&'(6'*'@/0A$B="C"=4'-&#%&.."/0'10234.".'<"=>/$='1'5/%'678)9':32#8'



! "%!

!
!
!
!

!
!
!
!
!
!
!
!

!"#$%&'(D'*'E-'-&#%&.."/0'10234.".'5/%'678)9':32#8'

!"#$%&'(F'*'+,'G'@/0A$B="C"=4'-&#%&.."/0'10234.".'5/%'678)9':32#8'



! "&!

!

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

!
!
!
!
!
!
!
!

!"#$%&'(7'*'+,'G'E-'-&#%&.."/0'10234.".'5/%'678)9':32#8'

!"#$%&'(('*'@/0A$B="C"=4'G'E-'-&#%&.."/0'10234.".'5/%'678)9':32#8'



! "'!

!

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

!
!
!
!
!
!
!

!"#$%&'(H'*'I>%&&'J2%2K&=&%'-&#%&.."/0'10234.".'5/%'678)9':32#8'

!"#$%&'(L'*'+,'-&#%&.."/0'10234.".'5/%'7)8)9':32#8'



! ""!

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

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

!
!
!
!
!
!
!

!"#$%&'(;'*'J2%2M/3"B'@/0A$B="C"=4'-&#%&.."/0'10234.".'5/%'7)8)9':32#'

!"#$%&'H)'*'@$M"B'@/0A$B="C"=4'-&#%&.."/0'10234.".'5/%'7)8)9':32#8'



! "(!

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

!
!
!
!
!
!
!
!

!"#$%&'H?'*'E-'-&#%&.."/0'10234.".'5/%'7)8)9':32#8'

!"#$%&'H6'*'+,'G'E-'-&#%&.."/0'10234.".'5/%'7)8)9':32#8'



! ")!

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

!
!
!
!
!
!
!

!"#$%&'HD'*'@/0A$B="C"=4'G'E-'-&#%&.."/0'10234.".'5/%'7)8)9':32#8'

!"#$%&'HF'*'@/0A$B="C"=4'G'E-'-&#%&.."/0'10234.".'<"=>/$='1'5/%'7)8)9':32#8'


