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\ Interfacial transition zone (ITZ)

v Scrivener et al.

v Wall effect

¥ Scanning Electron Microscopy (SEM)
o X-ray Diffraction (XRD)

# Mercury intrusion porosimetry (MIP)
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v Ca(OH);

v Gradet and Ollivier

£ X-ray energy diffraction spectroscopy (EDX)
o Kumar Mehta
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2 Rapid Chloride Permeability Test (RCPT)
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\ X-ray Diffraction (XRD)



XRD bg, & Julow olfiws 3l oles & JS8 50 28,5 ploxil 035, 3+ 5 YA (o (sladigas » Sledol ixio olKails

esloas il o sl sk glasl cuns sl sl

-~
S:th\plo .’\lnr‘u\whrnnmmr
Shutter Light —

XRD (sog) 41 o jlS by ) gloyel (2b 36 -7 S
Sl soilholbras alold mias by o ool S5 (5,6l slo;lé X'Pert high score plus 13816 5 ;0 XRDguls Judow b
e 58 9 HlarwsGomllos 5l 56 CSH g CH Jolds gadons ol 50 ouls ol (555 sl .asals olulis dadigas
.ozl o CaCO3 5 SI02 LaailaSin 5,5k pe slo3l 5 CA0 lowws (s5h
oSl anl 5 1 ol (a3 (Shag) (P9I S5 pglal Judo —Y-A-Y-
aiges gehaw U o gy opg ] S Caalies a4 Mo 5l slaY lawgs XRD Julows (ide ;0 sadsinles] (sladiges
ankad grlans 51 s 55 Bl sy (G392 S5 5 o lagyg 2SI ol o8 o jglatens 5 canslbio (L, pos oo o
059y Nt 9 YA G 5l Gudodd Gl o ol angs gylislugn; nglas TESCAN Vega Il ggi 5l ciug, (Fo 2SI 15, L
SEM g, & (6,0 pmSe oyme G0 9 418,518 M cox g S osjlwoslel o lulin] slul a4y aiges ¥ plaS o
sl b o) 4 (risb Jolos SEMGglas ad p ogdle JUl 4ol SudeS (o) 2 Sl iz lass 513
Cewloads &3l EDS w5 (siog, (59,8l 050 sliws ¥ JSs jo .28 5 plol O 4 S <Al «Fe <Ca Si s paic

oSl 4l 65 5 ol (b -V S0
53 5,8 oslatwl AFm ¢ CH «CSH 3l & slaclus saveis slp V0 Jgoo 5o oo ools (gamails 51 [YAD oo 815

el 0090 ) oolainl (6,9l slald olulis g axlllas gly cpliedsonail 1 e oyl

o SOl juas i g (b 3B 10 Jguar
[¥Alos 515 (guinaiiab (b3 4

SiCa  (Al+Fe)/Ca  Calsi ; l;ii“
B <Y Yo b -/ CsH

<.I-¥ <./¥ >y CH

>0 >. /¥ >¢ AFm

y Trégérdh



TS Juloxd g 4 5205 -F
O SIPP) gl pewdd g 41,1 -1-F
03U Jgnzo oy quodas! —1-)-F
Sl ol oaoslizul [ASTM-C143] o,laibil o oasdill e, 5 036 o ceodl Cpmend (el ity ol 5o
coSeye p e SokS VA Jlade 5 (Srae pllas g dlse polie 5 (s Slaseie bl p b ladiges )3 Gl
el Cewdds yio duo Voo liieds saiiS g 398
03U (Jgomo o J&s -Y-1-F
Wl Cawoas YIYVg/em™ Jolas 056 o0 Logaste (59 ASTM C138 o lailiw! (slie p a0
b (B (P At (339 9 (§yLid Ceoglilo —Y-F
8 ol 0l plonil BSIBBIPArt116 sl bl 53 055, VA= 5 3+ YA Y ies 5o (6,lid Conglite (powni Liglo;]
O Prate 38 5 Gylid Cglan zull il oo (oS e gl VO # O8N D oS Aigel Vo dawgie Silo sue
Gl b s e Lt 035,0 A BV s o (Lid Cunglin s 45 aigKilan el o 03,51 15 gz o oo
059, YA 40 s 039, VA w0 (50 (6 )Lid Cuoglin a5 (glaigs ay sl asils yiol3dl (g ,lid Cunglin o o diged yu
o 52alS Y7 059, YA 45 Camd 035, VA ipw 50 0dldtw (yin (pgate (339 0 g0 Lis o, VW dga 5 4
ol 805 SN Jlogadlys cddhcSun i peadtte ()9 9§58 Cuglin oS 5 gl LCwl 00 )S

0393 WA+ BV (w50 Fgoxo e (pguao (33 9 5 ylid Saoglio —VF Jgur

Aged &)Lid Caglin PPaS ()33
(5) (MPa) (G/Em®) o o
Y YV \fAns
YA 7S \Ans
q. YAIS YIYA
VA ¥a/o YIYS

BEMPa))s,Lis cuoglio *(g/cm3) sl S ol (pgeatie (39

g o I Losl > =
;40 279 > - w2302
3 0 2240
s 7 28 90 180 a
= (395) P Sbiges oo E

Waigod (o comd 32 (P Pa%0 (359 9 (5 LS Cnglio =Y 1o g0

CJ“"“ ° ‘>|}—‘ <>**-‘-l-‘-'-“.. - LJ“’-‘-’" nd g_';’L"""“'"’ " g)‘“j ‘5 )5‘.'.‘> J"’L‘: 9 asls [l )""i" <5)L¢"é C"“’ﬁl‘a‘o C"L"’ e Lﬁj QS“L"‘“(S'U
Oy yo a5 all alae pendS GGl J5 ade b Jlsl 4l sy 5 eeedSanS g 000l (Sras gladhiSin
sleailaSs udow 0o ) 0 XRE g, a5 gloands 455505 ol Gillas a5 Conl (S8 a0 o3V el ooy ety o Lis b,
5099 Suid &9 5l oy Jl Al jo Swgm bbacs 51 (S Gaiss cpl o Jl yodle .ol 059 07 (VL S0
‘sé)aa.ae 6&544‘.)&.“» sl 00 = 6‘)’>‘ ij—” G § 009 asloSiw d)lodud; 9 JS»: ‘MSL: Sr9 J?t.l?u £ wlj
O lerd Ngn (g)lade dadilaSin K& og Hl0adsS 5 mhaw gp) RIS edle 5 0dg 5w, 5

ool aLils 3529 (B pan railaSin mhauw b lew oS g 00



(Sl (6 )| g 5 Y- F
oy e 3 S yp slejen AST 0 el lofrg comal lls i laoile (b g Judod o i ol )l cu o
aslon @elos )| s el olae (>hb s el sl e 4 Atean 4 Coul age sla el ales 5l clo)|
Sl g5 515 5 (Salis (ol g Bl (Salins b (Sl 531 Wlgicas 035 Ll 55 4 55 b Cuoglio
S 536 lalally ooy 1V it Malloer 5 (L3 glaasbipnn] o ganail sl % Gl T riete 3 0%
Wil o hlo 1) cots NG p iy IS 5 ol )| o ot slaojle b e [¥A] cul coeal Bl LuSs o o
e 9 adgl glo il bl o lgs (o g i 3B (slans ol8 g 0 wlasl (gl aloz 51 S50 slooss  =ST 30 0594
3l 53 iz i 50 (S MUSE 5 6B 5 b g Dpmme (b 5o bl gl plye 4 aiiss oS
Jdo s 0 L8 008 o eoleinl el | o po 5l oles Sl sy o La.:u L g sylomope bl yo el o sl
g oduzn L8, g Cunl (6305 s Jalse il Kad Slge K00 ds G )] Keal g Dglie slo g b Alas 5l solaiul
wloaSin g9 0,1 bl eailafin ol S s 4 slojlail b oy 5o Jols IS8 s [84] 510 1, glas sl Las,
3 oS i Sl el e 8y (6 lid Cuglie gl V] cadl 38 56 el )| cupo 55, g2 (B ras sla
s 00 cé)jj V'Y Js.\>
0393 Vg YA (duw 50 (Joors @ ()L Cuoglio 9 (Sl eloni )l o -1V 9o
diges o (MPR) s las caglae  (GPa) Sl el )l oy o

o3, YA YO YHE  XYE YYY O YYP Y\

ST CRENR 7V I S WO 25 SR N1 Yy Y¥
a5 slasgS 4y sl ool ools Lad ¥ jlogas j0 Jseme (s ,lad Cunglie b Sbinl el oo das  Siwan
Silee gloj B3gama ol 0 g atils SralEl VRN, 039, Uesli WA la) alols [0 Jgane oyt (Seilisl ol g 5
ol 65,5 o al381 VYT (6 ,Lad Canglie

H
w

3
i‘ ol I PR o N 4 [ )
e ———
5 30 y = 1.2324x + 7.3466
E 25 R2 = 0.9782
g 20
20 22 5% e 28

(GPa) Sl oo lowi )l sy

S lowl (el )l g pd o 1 (5 (5L Canglilo Ol pud Y l0g05

gl y3 0,55 )13 sl dee o 3l Cod iy i (o)l cupd g 6 LE Caglie a5 coal S EgLL
a8 Al Bl Cuoglie b dnyliie o (6l Saesm b (B8] cupd 09, AL VA i )3 scilite glaCuglie L 2k
oSl atwnl sl STy Sl Dl 4ol S8z 2l cote Dl ) 86 Conl (Sen 0aaf ol 5 2
olad Cuagliin b aslin 13 ¢ ool )l iy g 25,5~ (S (53 » St B g wil aliSin 5 Gl e
(S s3ldes Ll pd (o )A55L £33 ((nSi0) bglove (>l 4 Glsion 55 (Sl oz 3o Jalse 00 510l ()
2,5 oyl gleand g Game J09380 0lge

Sr9bat Of iz —F-F



bl 4l (ol (Sarez 5 ploal I ) oo (aisllas €5l 5 o515 @ JUST 4l o (o P L &S] @0 Ll
85 oz 1S oo (S S sl Bl a5 i Cuaglie Hlake 4 03,1y (65L58 Hb Blie 45 Sloy b i Sl 5 S
O L8 Lk e e 19555 5 (6 3VL Ceeglite ) JUET am b Connd Vgene (Sras slaailaSen Cueglie
St cpl o bdigal Cosglia 00iiS pemns ol 5 o o,y JUiil amb 5 iy bslis cloailaSin 4 oo
ol eabaiBls slabolse og walss (JUl axl £oly )l e g 0ol ide o]l allaSiw a5 jole S Cuoglie
sshisar TRl 4 IS 2l L sl 18 asllae Cuxdy po )lad Caglie Sl essliamsay @l (b3 0 ik
5155Ma8 Caaglin (s (olod G (Sisads gl oz ol i Glie g ()8 Coaglie oy ool glabyl,y (23,
Clpie mlsGeyas 0 )3 )3 (co)p 9550 (Koot alyd 5 pem i (Jyone o glabslin )b Ol Qi
Wges (594508 Hloy (I8l aS i sgi (I b oojle bl )l leailaSiw ans O [l 550 o Il 4 Sowasds
3 byl slaildSinin Of e, 5 baiged Goe 4 Of 3585 cuo b Sasatly Ol Qi el shaie 4 Lo
5 Wil @ e @lo e, oifizmad 5 Blio 1alS oy e 4 Gl |y oz O Qi el e 008 e LS
LaalaSis b 351 el 55l e 5 4 s 55 55 i, 55 ol Gl s (Sl 5 Vb
slad 815 s 405 s eSS J5 S5 sy o e 215 JUiml sl 5, Spege 5o
2 oz Dl odn e a5 nddsi (oS czse Giyb (il 5l g ead JEl 4l culs el 5 L sl ol
oy Sl 13U cov Giolesl pl i dSie S blol iz ol oo Slaalice (ol 5 iz oo conl ool
s3> Jdo 4 JUil 4l a8 cl S84 p3¥ Sl 485 18 o cpl LSl jo pleerd Sliss 5 (J9) sdiie
3 a2l onl &S o po sl (oo 9 JB PR G 4l (nl )0 oS S 5,000 Sy (o 8 sla sl
olid )y ples b o 5 009 Y7o 51 1S BS 1881 o jlasbi] @illas ool aiclups Ol G gl o)l 8925 lawws yuo>
CEB-FIP S gunaiws b g aiils Y/ 5l seSiol i ao o a8 aes oo olid awaly Of i mls g ools
5 ¥ loylogei jo Jsame i o lid Caglio b Siasn 5 ol Qiz ol Canody gl 0,5 0 518 g5 S 00 50
SSoojey YA B YA e o i Doy ol QAs Ty (g,lid Caaglie oS ol lis bl Lol ool ooy ylad O
VAIYY. Jolas 65l Conglin l5me scmamaily T i YAF 2alSi5 8 s 5925 +IVA Kot ooy b as ala,

il sl

= (L)aselwes ol wis o (1)ousal ST wis

3.5

D 24
———
1.6 1.5 1.4

-

(L) of Lis
S =W

28 920 180
(39) wiges 58 Jos (raw

0393 YA+ B YA w30 oy Soeaids 9 asiclupas ©f i Ol pads —F 1540

h
=]

N

S

8
4
o
%

y =-5.5989x + 53.315
R* = 0.7834

(MPa) &)L Cunglio
- N W
e e &

<
~

25 3 3.5 4

(1) ©owasd o Las

ool Of Gas caws 9 o (6 Wikd Ceoglite 5l puuds —0 410 g0

AR



SLid e of dg85 -O-F
Jobes gy i LIS 25k (sl 039, YA (i sladined 59, 2 osdplal Ol 3585 (lien (talel &) bgyye s
by g oo)bmds il o i oLl oleiing Al b 3685 e (lie Cisllas b g ool cavoay yio o VY
Goe STz 4y ol aSol of e el a8 518l e Il pd (gus s 50 o i LW 25k les
ol Wl o0 5 355 0 L2 bl Ll g smeeds o 3 5 ol JSie o Slac iaslon Vo ol i
CehBaiiBneoldlgsd ae Lulyd 5o (Jyere o Gheeh (nl 50 5 Cel R CukS eaiiS eni o5 Glaloj]
cilin (6551 Jod (oM Slbcmns 3435yt 3 pllins comslio il wiile gousie (slo, o], Ygono 5,0 1 ooliul
(s yaely slagidz by SLII Sl ool daygile)] 5l cblis glabs, elsil «sylop b o (s doj,o glyl Srals
Sl S5 ol 58 el o Slgiiy O 395 Ges LAl gy oSttt )l oolitul ¢ xio glo iy 5l olizul
S35 5 90 Aelys liH sl oS ol 58 (siosAl e ol 3 SIS B8 sl o ol e
il s 008 a5 089 liinl LB e (6 e <l Sl 4 dns, (slyr 0SS g, o3 by 4 e
S s SRy (nl )3 o0 JET 5 00l ladigel 10 78 5 B ll carge 40 45 00 S e 5 R 0 2lilee
cSesl 0098 (591985 Sgnte Sl 0SBl (393 )bl B pan I (SBU 3585 Bes ljH
WS (g1 00l @ puud 3985 -F-F
3 LIS e 3985 liee a5 s o Hlis ASTM C1202 o laibisl bl o s sbddiged 31 (5y0e Lo (line gl
oS S 6l 0 S (o0 )18 05 (KB Sed il 0 g 00 aalgS YT g VY Jolas i 5 059, A0 5 VA i
Sbon, oMol 5 Glorw S @ SYgis Slse EoiRlr L Ol on st R Ssi5 jlas o5l jo (28,5 518 5
by g ooBads Lo jo i oLl (e asbpel slisl 4 pol> >0 0,8 Tay (owyiws Boo ol 4 Jlal axb
2 Sl po ples 6byo g s e Ll 8 o (&S 7S ey, S (Se plsieas RCPT (g ples
Naier doys g sl Oy bdigas (g3lwoskel I8 aShyl 4 azgi b alfiyles] sloasky o ol zylas ,9iS
I sysee ol JES! 0 IS e s ogdle OH 0 EIES liltbatoslitul il olime 4 Wbdiges oo 45 ond o35l
159 OH (g als el 5l (Gl JoSlo Slge (>0 955 &5 o5 (nl 15 35290 55l (nlpby ol QLuSy cisod
5 i IS 3 95 il 5> VL Conglin S Ll SonlS Wl S e sy ol S 4 rie s
Sy dlso Jgoms o LS )b )3 (Vo500 olge )] eolinalipas ok (taghy cnl )0 0gbioe il (390>
S gy b oS ot alal, 7 Jlogel Gillas yle Gl Glalejl Bllas 805 (e IS (5 2 odle a8y
alold [0 a5 (glaiss 4 sl Cawody Jgame 40 (g Lid Culie koo g oyl 57 gy 0dld my el 3985 (5 Sibeo oy +/AF
sl 08,5 gy Gial33 Y+ P Jpamo (52 (6 bt Cnglin IS y5 8585 DY, zelS L o35, 3+ B YA ks

45

§\40 ... ®
35

y =-0.0906x + 104.75

30 R?=0.9442

5
& 25
2 700 720 740 760 780 800
(Ol (592 00 &2 yundd S9
QLS gs 002 ' D9l o 1 (3 (g LS Canglilo Wl puuidd — 7 51090
Syl o g Eroglio <V-F
o ol 38lie 40 oygr S ym5 g cale 51l iz ed o)l b bl o Ol e o5lail g Jsdss o] 2,8 s
)L>L.»).:) > aS il @Lb)y%ﬂﬁ “SJLM.: Lgl.bJ.oS.a 9 6.:09;‘3‘ Q‘yo oolaziw! 9 uLo.Mu £y u_)] Cnd ‘uLQJu\-\J )‘JJLA ‘QLQ.A.AAJ

opgh ol 5l alols gl aS Wi las Sb 18 o (SO Sl Caglae ol pl 15 13531 QT 8ls g oy glowws o ySlo

\Y



@ Jyoro o sl oiey A0 9 VA (S8 Cuglite (r:Sle i alol mls a4 a2 95 b sslod oo 036 1, S50 Jolse (0
byl (50,55 Jlai] ACI 222R-01 o )aibias] 1o (golgiduns ghispommai 50 45 Casl yional OYD 5 ¥9+ Jolas i
o CehsS gotsaibs Ll Cprizan ool ol oty 52l s oS 0325 Conglio Liolesl 4o b slise
Bl Jlo coisS slls srags 58 oalitul 5,90 o FY] lSen 5 1igelle (S8l Canglio siale)] (slive
ol A 5V slajlogai jo wblS (s eadim e 3585 5 (Jyame (2 )8 Cuslie b (S iUl oy Conglie (Sinor
Jyons TS Canglin o Sy Sl o3g Cunglie FAIFL 2l L 035, 00 b YA loj alols 4 a5 (glaisS 4y s

sl 05,5 gy 2lS OV Jgane cyis aal oS cys 00 g pud S35 g o Ligl3dl /Y

B
wn

H
(=]

" U I
y =0.0215x + 27.17
R?=0.9739

(MPa) g )Lis cunglin
] ]
o n

[
W

200 300 400 500 600 700
(Q.mM) S s 05 g Canglio

e S Caoglin o (5 )L Cuoglin il yuui — ¥ Hloges

800

780 o

740 y=_0.2187x#847.89 .

720 R? =0.875 ° - i
-

700
0 200 400 600 800

(Qm)éa).‘&.“ e}g‘s C.mglﬁa

(Ol (g2 0l @t yansd S

S 0529 Cooglite s 2 (i WIS (92 OMAIR pand 39 Ol yundi — A 1905

S Loy ol —A-F

XRD s b il oolanl b jlslu gy Jdoxi —V-A-F

w0ig; Vo 9 YA i 50 eSOl andl o bl inbes] s o,y 9 Xpert High Score Plus l38ls 3 (5,5 ,54, L
Sl i ee g aiiog alats Gal g Sl asgly s Bl Dol (el DlastadiBle 5 a8 )T bl 138le 5 slacsls
3 Jolis ko ol 5o dalllaesse (55h (slojlh el Cusods (1 glaaised sl el lnis Aol j2 4 bss e 55k
Oz g peeedS SLS 5 35l Jals LaalaSins o 555k sl colil Sl & jp0a; bt ilgion Hloss 55k wte
)I oolaiwl Ls el 09y wliu))‘ 9 cb‘).\.& M uli..l.u.u 9 M AM.\SS)M JALMJ QLM QWL‘)M 4o 6Lm)b
o..\A—lwbéb uLC)Uo‘ l) Ml&a 9 u)ls )é 09}9.9 4.15 A MLM 9 ‘5>L7L..s| 6)9L ‘_QLQ)LQ Le Ja}.sfo o..\.wksbl.mla.w 6[.@;9[5
Selcasots syob oyl ol WSl Lolp b slald Gud oS ganad, dabglie oudb il il |
Dol (oo5 (ginad,y b sl digad j0 350 slojl Jlade b ceslite (SOl il (66ST1 jo eald Ll J‘SiL?dijl
i Sabsle )3 ()8 g0 (o 5D S50 58 j5h (e (gred DB b g (B i 4 Ol o0 LadlS
ol b as oy las b 0gd oo canlie A jlogad )0 XRD g, a4y b8 5 0] T zll Loged oy G s
Grae ol cde a5 sl iol38l 55 CSH ald oo blie 40 g ood yiion CH Sy ol Ul G5 o i diged pus

\Y



Sl 00 45|)‘ YA Jsu\} 5o ‘;w U"" ‘b‘j\b 9 ‘;.ul&o uo‘9.‘> Lv u}..ml.v‘)u\.».ﬁ UY}»AJLA le.m:\.b A C.»L..u ol Al
039 YA s XRD  =w Gl

1200
1000
o3
800 =)
Z600 2 4
z =
= 400
500 = =
:CE 0 = A _./\M.j

2200 10 15 20 25 30 35 40 45 50 55 60 65 70
Pos. [°2Th.]

039, - U.HXRDWM

o
2500 S N
g < e
Z 2000 S 3
A L
= 1500 5 £
S g = = & s =
Z 1000 = 3 5O F—a8o %
500 o ‘ 2 & <9 ©
0 A

_500 10 15 20 25 30 35 40 45 50 55 60 65 70
Pos. [°2Th.]

053,%% 9FA (o g0 iy dignd Sl axdl ol - loged

3leslaiwl pae Jdoay .Conloads a1 Vo Jloges 487059, A0 9 YA (o 10 guliljoe OYgame sloald Soly &l s
Sl gl (Saad o) o bceoladl o8l ol Y54 3 YO o s collo 5l o CH gloald ool pudiny ,Soe
Sl L8 (o5lid Caglin g H55 e Lol o cedusalall; a5 Wl asiin o5 Lid Cwglie L CaCO3 4 CSH (slaald
SISy Sl ez g J 4l Ll @ SIFTATRe S Sk (Saten Cools ol cle oS
Cooglio ylie qomandS Ly S 5 YYD, g @l)ud auand AL SBYEY o)l L aS glaisS el pudS ol )5
S st 1035 g Sprte 8 (dmne 05 s ol e ol arlles S g Gl VoIV Jpen o s L5
Sogo ,0 aS Sl S ay pgY el asl nalS OIYT Wl IS e sl ms T Sgas o ]38l FA/FY G aSdl 6hg Cooglie

039,38+ g YA  Jaoxo oy (polgs b s lin 50 (ygumlilyond OY gamo goadd ol g g0 —VA Jgoo

3, 3 = 3:
2 . =t = % 1% ’ :
1 4 4 a4 7 3 3 9 3 g.; E
% 3 j 33 J} ) ] ¥ 3
3 2 2 g 3 ! 1 : :
2 4 3 0F 3 ‘ : 3,
5y % 518 8 o3 S
2 A 3 Q£ 3 N Q 2 ] i
3 : S ¢ & & ¢ & T [z 3
3 S 2 .+ ) o 2] = I e
g a Q 8
Yy - Y. o VVOA \ge YYAA \PeY YYY yvea Vo 0395 YA
A oYo YA» Yoy YaA YFYY VONY 740 TOA VoY) 039, 4>
-0/Y7. +SAI7. EARYAWA +OV. +Yfa7. +Y V0. -0IF7. ATV +V ¥ AINYA Sl

\f



3 Fojg VA sloals wals  Eojy, 90 claalds wud =
3 2500 Qe BN
22000 = g 23 i
3 1500 S T T —
% 1000 Sg ~o 5] gg
£ 500 I "’l 1l : s¢ B
= 0 4 ] 4 —"’:.

(=]

)

LA

B ™ 0 o a0 “gg; 5
'S

e\ﬁ.‘
oad JuSi5 y9k gas ©

059, 9 YA w30 (3 gawlilyuud Y gazmo (2L 51 V0 log0s
SEM ,:5Lais EDS (o2niow cnb b (Jgore (s jLS Ly Jodend -Y-A-F
5 oad 8 lbjsl ild 5l Gy )38 o0 Sl i plas 5 (SlSe ol Jlinl 4ol polie el (slacens
JISEM pgal abalulil s Ko 0 aloll U s & jgod g allaSin 50 0 il cpl ol jolie (Jlasl axl
el o ) A UKt o il ansl

JUl 4 b 51 (hagly (Fo Sl 50 3 5 0 guad —A IS

G yolis ol slacuns a5 i 5ol eieslT AyiST e bonirndS ol JUS! 4ol 1 S92 g0 pie jolic
omail 5 [FF 6T WAL e 5 mo,l 5 00,815 liidos o aigh o plgs 5 Sl olo>  (loaisS s
2k Jgerd s tons S eolanal bajls owas LS5 ol glaceds 5,5k ol olulis 5 adlllas 6l (pelie
e Laly) (owyp @ Gaiow (nl 5o Sl oais il o ples g (Sl b e (pl BLS ) 6l patie
Pl pelie M) jloged ol 4ty (Jgems o0 JlSloin ) g plgd « Sl @l (o (Sl 5 laber wiz (i ()
5 L & IS 558 Comd VY 9 VY (lojloges s oo lid alaSin; ol (6 2t Vo alold jo Jlaisl axb

rais 4 (2l 5 peiosl] jolis ggazme Cond (nl pogdle wims e LiS 03,0 SR it (o (Jsene o Jliil 4l
Oil38l yieg S Yo 5l i alold 10 g 0000 8 el /Y B N O Jolro alaSii 5 (650,560 Yo U e alold jo pudS
Jobes Ca/Si Sig Camnd o yien ailaSw b sl axb Jlas! §ye 50 ol oo yIVY &y Loy Said e alold b g adly
Dy SL3L 4 XRD s s 50 o0udy (ol 5 ol ailaSas b wled ;0 CH (6VL e [k a5 ookl cawoay VV/0Q
9V Joux @llas Jlasl axl jo (AFm)ollguwsin slyls 5 CH « CSH I & slacl,a s asets gl Buass ol o

el 0l gy 039, A0 5 YA iy Jgeme s S/Ca g (Al+Fe)/Ca ¢« Ca/Si coil 5 &9 sloas V-

Ca

17
Fe Fe
e s i st e sl

O i
0.0 1.3 2.6 3.9 5.2 6.5

Lsec: 30.8 O Cnts 0.000 keV Det: Element-C2B Det

AlaSCow j 0 31 (5 09 S0 alold )0 ouls g lwlils yolie 1 los —1) 10405

A



G, Sae Vo alold o Cas ol Jlade ply O/F @laXw b6 50 Ca/Si cad o)y, Ve o B aS ol lis gl
LR IPH RN SO )sl.?uv ) MM3)M 6LQ)5L )...u.....u 6)‘..}5;.)5..») [ E-N) ul.m.‘ e...\;...\.u U”‘ as 0092 FHECEW
50 5 b )T alols L Ca/Si by Comd Aliwd gunad (5 Lid Conglie dnwgs ;o JEnl 4l Lids 8,50 50 [F0] ) Ken
M)‘ OMT Cawddy CUL».’ .\))‘b ‘5......%[5 .A.;j) )...as)i..a B ot b UM 9 asls J.u.v) 6)...95)1..& Ve alold b asloew
S LCa/Si G945 amd o HLis VO loges Bllae sw] Cewsds gl .l ool &SLINVF loges o Ca/Si 3
Db Yo alolo gB0Js aiils on o )lid Caglie b il Kiecad «gyiog,Sae To alols b wloSins 5,0 alold
b adal e (Ye-00)Um Bogaze 10 WIS o oul m i 3943 b Ca/ST Jjg Cod (Stor gl aslie jolay
Sis s 5T ol G Nl e JE RY = /A s BB Steran oo b YSSTEXEVY) it
)95A.o M Ls).uojj.i.uo \N‘ d.l..oLS )‘ )9.»..9 L) 9 0&94).\.&.\46 ’/Y Ls ~/\& sd.:‘diu» )).a )‘ (‘—Y")pm onm ).b (Al+Fe)/Ca

Sl s < /FY L /Y ol UO-m alold b

RcOFs0Sf0 -28day
A0 8Si =ECa ——Ca/Si (Atomic)

KA o
e A Y e 33

£f
S e % E 23

10 20 30
(}lm)suhi...m By-) )‘ A‘LAU

RcOFs0Sf0 -90day
=Al =Ca =0 @Si —Ca/Si (Atomic)

10 20 30 40 50
(}lm)d.ﬂ.\f.}.w 3o 3! alold

03933+ 9 VA (yow 50 oy JUG! a5 s 4 ounnlS” (031 a1V 10 gl

RcO0Fs0Sf0 -90day
3Si =Al 2Ca O —Ca/Si (Weight)

RcOFs0Sf0 -28day

3 O ©3Si =2Ca —Ca/Si (Weight) ‘ a2 17.59 20 -
$100 878 0} 3 4 5 }
380 8 o Y 60 2
iy ELE P2
120 28|23 15 8
z 0 0 =0 R
10 20 30 40 50 0 10 20 30 40 50
(Um)alasius 0 31 alold (m)ailasow o 3l alold

\#



039y A+ (yw 30 oy JUEG! s ondjl olie G -4 Jgu

l;.c . .
O T g0 3l alold
S/Ca S/Ca (Al+Fe)/Ca  (Al+Fe)/Ca Ca/Si Ca/Si (M) &5l
(Atomic)  (Weight) (Atomic) (Weight) (Atomic) (Weight)
</-A o|-F ARy AR VYIYY \V/6_
SAtd <IYY LIATA LAV4 YINA YN \-.
-IfY <YV AYd <N YNY Y/ ¥ Y.
<Y AR <IYY AR YIYA fI7A Y-
slFA </fY ARs <Yy V/EA A7AR f.
-/aY - /7 </f¥ BARY V/-4 VOO O
039 V¢ 9 YA ey oy JUEG! do> U s 43 S’ Coansd Ol i =Y Jguir

ol 41 ponndS”

e CalSi Ca/Si Ca/Si Ca/Si 30 3l abold
o199 (Atomic) (Weight) (Atomic) (Weight) (M) 1A
039y YAade OITRS OITRE 039, YA 039, YA

\YIXY \VV/04
VDY YA AR VIFF Y/ \-.
Vb Y'Y Y- f Y/-Y Y/IAQ Y.
VIV YIYA YIFA YIVA YIN# Y-
<IY¥ V/ISA YN #INS ANYA ¥
“IYY V- VOB f1-7 AR o

0395 A (Jgoro (i AilaSuw & yglmo 30 (Jigm Sy By 5T 9 (g el CH (65108 y -4 Sl

039, YA owCalSi (539 Camd 039,40 CalSi S3g Cannd

Ca/Si )9 s

S N e

10 20 30 40 50
(M) &1aKis § o 51 bl

(SIyane (532 35 A1aKiw 50 5 alold (inl331 & CAST 555 Capm s IF 13905

\Y



40
38
36 e :

[ 1 J
34 y = 1.4245x + 32.344
R?=0.3812

S
=)

W
)

w
=)

w
S

y =-0.5711x + 39.403

32 R*=0.8654

30 30
1.5 25 3.5 4.5 5.5 1 2 3 4 5 6 7 8 9 10

(=Yo) um alols o Ca/Si Sj9 o (Fe—8+) um alols ;o Ca/Si 539 comnd

(MPa) g ,Lis cuoglio
.
w
N~

(MPa) 5,Lis cuwglio
L]
':0

=W -f

4 Al Slalllas lis r Jsomo (2 63l 5 ols> 2 JE 4ol 136 (ogas p0 oo cnl 5l Jol> gl

00,5 oo L)l LS 750

Ceoglie 73l 8 YOMParJolatioyn oles dasive Canglie oF - MPa 3| iy oot jole S Canglie 4y g b -
50 O Sl i g Dguld s (Swsa Cueglie 1 Caeglae 45T odld o g 423 )T 18 Jlanl sl Siwgn
A Gl wlaSw g lewws o Jlal 4t

Bl il a5 VY e s 059, YA ds Cac 039, YA S s 50 5 (6,Lid Coglae -Y

S B0gae 4o i (6 Lad Caglie o (Sl elon )l o po o JN (Sor oo b s ddall) lil 5 Y
Calails aly Ve /Y o lesd Cuaglio o Solinl el )l oo ) 0VEIYT il58l L e, 4 B YA

VAT 6 led Caglie 9 asdly zals YO /F7. Gadail (5 9abge ol wd w059, YA+ B YA 5l diges (pw iol8l b -F
Camdds (5,Lad Cuglie g Sawadds ©f i o VA od oo b qwsSae s ddal) ol las il
ol

@l Jol o 6)led Calie 5 WIS g 0dd mped Sok gt AT (Ser o po b sSae (b3 akal, -0
Sl las mal8l Y IV g Lid Coglin IS e 35 50 OIFT ialS Lioje, A0 B YA i Bogase (0 45 (glassS

B YA s 305 ,0 oy (5 L8 Calie 5 (SO STl 059 Canglangpd ™ /WY Sivod oo b s dlall) wlol 0 -7
ol Al 0 ) VIV (6L Ceaglie (S0 yiSUl 039 Cnglie TA/FY iol3l L ojg, A0

VeIV g,lid Cuoglin g a8l alS OV Wl lS er ool ao il Sgaidioioy VA U YA 5l diged oy iol3dl L -V
Golid Cuoglio g WIS gy 00l mo s 398 o AV (Siien So o bl weSas e abal, ol las golial

alayly a5 0 jastin )y, Vo UYA o Bogdome jo (5,lid Cwglie L oguwed 5 CaCO3 50CSH (sloald o -A
u...:l)sl La as 6‘4)9? Le S 00 u.».) 00‘9? Ogudo 9 JLO.».:‘ 4.».‘>L: )L\.>Lw).:) TQS‘)J g,&la S sl CaCo3 ‘;JMS)J
Cawldzils 0y VoIV i (6,lid Cueglie e CACO3, 518 YV /QY. o GSH 5L YT

092 08D 2l 3985 g a8l FAST iy SO Sl 059 Ceoglie ££aCO3 58 Y0/ o CSHO 5 YT aslisl L -9
Cawlaiils zals OV sl IS

Ol g 00gs dilaSw 3l (6 meg S Vo alold [0 Cannd lade ol OFF alaSiw b e ;0 Ca/Si Cans 659, 3% o j0 -V ¢
30 & e @ peedST ol Jlogel atidny alal oS wlaSiw Gre j0 CH jidey (g I8 g, ;S0LET ony0y

Ll plas |y Jasl 4ol b alalis (65,0 d8lne ;o cullh 5l g CH oz SEM gl .ol ool 5 SGopaslasats
TRV Towgo; lowy I AYY alold -l jo Ca/Sicas (ieg Siw Vo U ilaSiw 0 5l 28,8 alols L= Y
A8 oo oy malS alads cpl 5l jeae b g alils (6 509,80 Yo alold b (g pl o VIV

YA



Cuaglie 5 CafSi (G55 Comd mr AP (Siiod oy b osSre b ally (65009,S0 00 B Y0 alols o 1Y
low 2als AN (5,Led Caglie )50 Ca/ST S59 G (5ol OV Lial53l b aS (glaisS ay el Comdas 0 (5L
o5

Sl 58 et o alal) WIS (g 00l g S 3583 5 Ca/ST (559 Camnd G (5 eg,See B0 LY alols 5 Y
8l ial53 IO WIS sy o0 ay e Sei e CA/ST S5 Camnd 61l OIY (24l331 L a5 (5 sboay

O LY 28550800 ;0 5 00,5 4oss /Y U +/V0 ol edy oS §y0 5l o9, Soe Ve alold b (Al+Fe)/Ca G55 o -V Y

alaidly al8l /XY BV 5l s heg e
&l

[1] J. Farran, Introduction: The transition zone-discovery and development, in Interfacial Transition Zone in
Concrete, (1996).

[2] K.L. Scrivener, ‘A. Bentur, P. Pratt, Quantitative characterization of the transition zone in high strength
concretes, Advances in Cement Research, 1(4) (1988) 230-237.

[3] K.L. Scrivener, A.K. Crumbie, P. Laugesen, The interfacial transition zone (ITZ) between cement paste and
aggregate in concrete, Interface science, 12 (2004) 411-421.

[4] L.E. Dalton, J.M. LaManna, S«Jones, M. Pour-Ghaz, Does ITZ Influence Moisture Transport in Concrete?,
Transport in Porous Media, 144(3),(2022) 623-639.

[5] J. Maso, Interfacial transition zone in congrete, CRC Press, 1996.

[6] J.L. Costafreda, D.A. Martin, L. Presa, J.L. \Parra, Effects of a Natural Mordenite as Pozzolan Material in the
Evolution of Mortar Settings, Materials, 14(18) (2021) 5343.

[7] J.A. Rossignolo, Interfacial interactions in concretes with silica fume and SBR latex, Construction and
Building Materials, 23(2) (2009) 817-821.

[8] B. Pang, Z. Zhou, X. Cheng, P. Du, H. Xu, ITZ properties of concrete with carbonated steel slag aggregate in
salty freeze-thaw environment, Construction and Building Materials, 114 (2016) 162-171.

[9] G. Fang, Q. Wang, M. Zhang, Micromechanical analysis of interfacial transition zone in alkali-activated fly
ash-slag concrete, Cement and Concrete Composites, 119 (2021) 103990.

[10] D.P. Bentz, D.P. Bentz, A three-dimensional cement hydration and microstructure program. I. hydration
rate, heat of hydration, and chemical shrinkage, National Institute of Standards and Technology, 1995.

[11] T. Akgaoglu, M. Tokyay, T. Celik, Assessing the’'ITZ microcracking via scanning electron microscope and
its effect on the failure behavior of concrete, Cement and«Concrete Research, 35(2) (2005) 358-363.

[12] J. Maso, “7th International Congress on the Chemistry of Cement”, Patis, in, Editions septima Paris, 1980.
[13] K. Scrivener, P. Pratt, RILEM TC 108 State of the Art Report, New York, (1994).

[14] K.M. El-Dash, M.O. Ramadan, Effect of aggregate on the performance of confined concrete, Cement and
concrete research, 36(3) (2006) 599-605.

[15] J.-J. Zheng, X.-Z. Zhou, Effective medium method for predicting theschloride diffusivity in concrete with
ITZ percolation effect, Construction and Building Materials, 47 (2013)/1093-1098.

[16] Y. Xie, D.J. Corr, F. Jin, H. Zhou, S.P. Shah, Experimental study of the interfacial transition zone (ITZ) of
model rock-filled concrete (RFC), Cement and Concrete Composites, 55 (2015) 223-231.

[17] W.A. Tasong, C.J. Lynsdale, J.C. Cripps, Aggregate-cement paste interface:Part l<'Influence of aggregate
geochemistry, Cement and concrete research, 29(7) (1999) 1019-1025.

[18] K.L. Scrivener, P.L. Pratt, Characterization of interfacial microstructure,dInterfacial transition zone in
concrete, 2 (1996) 3-18.

[19] K.-Y. Liao, P.-K. Chang, Y.-N. Peng, C.-C. Yang, A study on characteristics of interfacial transition zone in
concrete, Cement and Concrete research, 34(6) (2004) 977-989.

[20] P.K. Mehta, Concrete. Structure, properties and materials, (1986).

[21] F.M. Lea, The chemistry of cement and concrete, (1935).

[22] M. Zhou, X. He, H. Wang, W. Wu, J. He, C. Wu, Experimental study of mechanism properties of interfacial
transition zones in steel fiber reinforced concrete, Case Studies in Construction Materials, 20 (2024) e02954.
[23] C. Committee, Test Method for Soundness of Aggregates by Use of Sodium Sulfate or Magnesium Sulfate,
in, ASTM International, 2013.

[24] C. Astm, 12.(2012). Standard Specification for Mixing Water Used in the Production of Hydraulic Cement
Concrete, ASTM International, i.

[25] A. Standard, Standard practice for selecting proportions for normal, heavyweight, and mass concrete, ACI
Man. Concr. Pract, (1996) 1-38.

[26] A. C143, Standard test method for slump of hydraulic-cement concrete, Book of ASTM Standards, (2015).

14



[27] A. Standard, C138: Standard Test Method for Density (Unit Weight), Yield, and Air-Content (Gravimetric)
of Concrete, Annual Book of ASTM Standards, ASTM International, West Conshohocken, PA, (2013).

[28] M. Walker, Guide to the construction of reinforced concrete in the Arabian Peninsula, (No Title), (2002).
[29] B.S. Institution, BS 1881 122: 2011+ Al: 2020. Testing Concrete: Part 122. Method for Determination of
Water Absorption, British Standards Institution, 2020.

[30] C: Astm, Standard test method for density, absorption, and voids in hardened concrete, C642-13, (2013).
[31] C.E:-1.d. Béton, CEB-FIP model code 1990: Design code, Thomas Telford Publishing, 1993.

[32] B. En, 12390-8," Depth of penetration of water under pressure, British Standards Institution, (2000).

[33] C#ASTM, 1202: Standard test method for electrical indication of concrete’s ability to resist chloride ion
penetration, Annual book of ASTM standards, 4(2) (1997) 639-644.

[34] A.S.f. Testing, M.C.C.-0. Concrete, C. Aggregates, Standard Test Method for Electrical Indication of
Concrete's Ability to,Resist Chloride lon Penetration, ASTM International, 2012.

[35] € Astm; Standard test method for bulk electrical conductivity of hardened concrete, West Conshohocken
(PA): ASTM, (2012).

[36] V.M. Malhotra, N.J. Carino, Handbook on nondestructive testing of concrete, CRC press, 2003.

[37] A.C.I1.C. 222; Protection of Metals in Concrete Against Corrosion (ACI 222R-01), in, ACI Farmington
Hills, MI, 2001.

[38] J. Tragardh, Microstructural features and related properties of self-compacting concrete, in: Self-
Compacting Concrete: Proceedings of the First International RILEM Symposium held in Stockholm, 1999, pp.
175-186.

[39] K. Janamian, J.B. Aguiar, Concrete Materials and Technology: A Practical Guide, CRC Press, 2023.

[40] A. Standard, C128-12,+Standard Test Method for Density, Relative Density (Specific Gravity), and
Absorption of Fine Aggregate, ASTM International, West Conshohocken, PA, (2012).

[41] K. Kishore, R. Tomar, Understanding the role of interfacial transition zone in cement paste and concrete,
Materials Today: Proceedings, 80 (2023) 877-881.

[42] V. Malhotra, N. Carino, CRCyHandbook on Nondestructive Testing of Concrete,(1991), in, CRC Press,
Florida.

[43] H.K.A. Al-Bayati, S.L. Tighe, H. Baaj, H.K.A.#Al-Bayati, Effect of different treatment methods on the
interfacial transition zone microstructure to coarse«fecycled concrete aggregate, in: Green Technol. Geotechical
Mater. Eng. Session, 2016 Conference of the<Transportation Association of Canada Toronto. Retreived from
https://www. tac-atc. ca/sites/default/files/conf_papers/al-bayati . pdf, 2016.

[44] S. Erdem, A.R. Dawson, N.H. Thom, Influence of thesmicro-and nanoscale local mechanical properties of
the interfacial transition zone on impact behavior of.concrete made with different aggregates, Cement and
Concrete Research, 42(2) (2012) 447-458.

[45] P. Vargas, O. Restrepo-Baena, J.I. Tobon, Microstructural analysis of interfacial transition zone (1TZ) and
its impact on the compressive strength of lightweight concretes, Construction and Building Materials, 137 (2017)
381-389.


https://www/

Effect of interfacial transition zone on properties and microstructure of
concrete

Seyed Fathollah Sajedi®, Seyed Qasem MirahmadiP

2 PhD candidate, Department of Civil Engineering, Ahvaz Branch, Islamic Azad University, Ahvaz, Iran
b Professor, Department of Civil Engineering, Ahvaz Branch, Islamic Azad University, Ahvaz, Iran

Abstract

Natural aggregates, with high silica and w/c of 0.45 were used. To investigate the effect of the interfacial
transition zone (ITZ) on the properties of concrete, 30 samples were examined in the form of 10 mixtures in the
age rangesof 7'to 180 days; the selected mixtures was determined by the Taguchi method. Experiments were
conducted:to determine the properties concrete and finally its microstructure. The results showed that with the
increase in the age, the mechanical properties improved; there was a decrease in volumetric water absorption,
pressure water penetration and accelerated chloride ion penetration (RCPT), and a significant increase in the
electrical resistance of the samples. Also, the amount of crystalline phase of calcium oxide and the number of
large pores decreased and.the hydrated calcium silicate phase of the transition region increased, which led to the
improvement of the quality of the’microstructure. With increasing age, hydrated calcium silicate and calcium
carbonate increased by 24% and 21.5%, respectively; the compressive strength and electrical resistances also
increased by 10.3% and 48.6%, and the.accelerated penetration of chloride ions increased by 5.2%. Upto 30
micrometers, due to the disturbancesin the houndary area, no acceptable correlation between the ratio of
constituent elements and concrete{properties was obtained. from 30 to 50 micrometers, linear relationships with
R? as 0.85 were established betweenithe weight ratio of Ca/Si with compressive strength and the RCPT; so by
reducing Ca/Si by 82%, the compressive strength increased by 10.3% and penetration by 5.2% decreased.

Keyword: Interfacial Transition Zone (ITZ)/Microstructure, X-ray spectroscopy, Atomic ratio of elements,
Scanning Electron Micrograph (SEM)
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