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ABSTRACT 

Thcre have becn differences observed in chlo
ride ion behavior in concrete dependlng on the 
type of associated cation. Thia paper, which com
bines an electrochemical study with a pare solu
tion analys:! s study, i9 concemed with determiniog 
the effects of cations on chloride caused corro
sion of steel in concrete. 

Thc effect of CaCl2 snd NaCl (mixed in Type 1 
Portland cement concret) on cOrTos10n of steel 
in concrete was investigated uaing electrochemical 
tcchniques such as anodic potentiodynamic polari~
ation and linear polarization. The results ind i
cated that the cOrTosion of steel in calcium cblo
ride con taminated concrete W3S IIlOre severe t han 
in sodium ch1or1de cantam1nated concrete. This ob
servation was made at equal chloride ion concen
trations which were in the range of O to 2.1 per
cent base<! on weight of concrete. 

In the pore solution analysis study the ef 
fects of CaCl2 and NaCl (mixed in Typc 1 Portland 
cument paste) on composition of the pare solution 
was 1nves t igated. Samples of pare solution, asso
ciared II1.th hardened cement pastea with chloride 
ion concentration ranging frem 0.036 to 1 parcent, 
based on the weight of the cement, were expr ssed 
st times rang1ng from 28 days to 84 daya after 
ca S t ing aod analy~ed to determine cbJ.orlde, so
dium, calcium and hydraxyl ion concentrations . 

The pH of the pare solut10n increased with 
increased amount of NeCl. The sddition of CaC12 
had the opposite effect. The chloride ion concen
trations in the pare aolulions ss.<¡ociated w1th 
pastes containing NaCl were higher than io the 
ones associated with CaCl ~ contaminoted pastes.The 
ch1ori.ie ion to hydroxyl ion ratios lar pastes 
containing tdClz were híghr~ than the pastea con
tainiog NaCl. 

Other investigators have postulated that the 
cbJ.oride to hydroxyl lonie ratio 18 important in 

he corrosion steel in ch10ride contaminated con
crete. The resulta of this combined electrochemical 
and pare solurion work agreea with the resul t s sug
gested by these earlier 1nvestigators, t ha t in
creasing Cl- to Qlr ratios results in increased 
corroalvity. Thus, the pare aolution a08lys1s gives 
insight to the d1tterent corrosion behavior found 
with NaCl and CaC12 containing concretes. 

Key Words : Corrosion of Steel, Concrete, Chloride 
lelns, Corrosion Rate, Pare SolutionCompos,ition . 

RESUMEN 

Se han bservado diferencias en el comporta
miento del ión cloruro en el concreto dependiendo 
del tipo de atión asociado. Este trabajo, el cual 
combina un estudio electroqu!mico con un estado del 
análisis de la solución de poro, trata de la deter
minación de 108 efectos que los cationes asociados 
con el ión cloruro, tienen flobre la corrosión deJ. 
acero en el concreto. 

El efecto, del C12Ca y el CINa (mezclados con 
el concreto de emento tipo Portland 1) sobre l a 
orroslón del acero en concreto, fue in;estigado u

tHuando téenicas electroqu1:micas talea como pola
rización potenciodinamica anódica y polarización 
lineal. Los resultados indican que la corrosión del 
acero en concreto contaminado con cloruro de calcio 
era más severa que en concreto ontaminado co~ 
cloruro de socio . Esta observación fue realizada a 
iguales concentraciones del ión cloruro el coal ea
taba en el rango da.p a 2 o 1 por c iento basada en 
el peso del concreto. 

En el estudio del análisis de la solución de 
pot' o, se invest i gó 108 efectos de C12Ca y CINaClDez
cIados con l a pasta de cemento tipo Portland 1) so
bre la composición de la solución de poro. Mues~ras 
de ésta, asociadas con pastas de cemento endureci
do con concentraciones del ión cloruro en el rango 
de 0 . 036 a 1 por ciento, basada en el peso del ce
mento , fueron extratdas en tiempos qUE oscilaban en 
el rango de 28 a 84 dtas luego del vaciado y fue 
ron ana l izadas para determinar las concentracionea 
de cloruros, Bodio, calcio y del ión hidróxilo. 

E pH de 10 solución incrementaba con el in
cremento en laa cantidades de CINa. El agregado de 
l¡Ca tenIa el efect opuesto . Las concentraciones 

de cloruros en las soluciones de poro asociadas con 
pastas conteniendo CINa eran máa altas que en aque
llas asociadas con pastas contaminadas con C12Ca . 
La relaci,ón ión c l oruro a ión hidróxilo, para las 
pastas conteniendo C12Ca, eran más altas que para 
aquellas conteniendo CINa . 

Otros investigadores han postulado que la re
lación iónica cloruro a hidróxilo es importante en 
la corroaión del acero en concreto contaminado con 
cloruros. Los resultados de este trabajo combinado 
están d acuerd con los resultados sugeridos por 
estos primeros investigadores, quienes indican que 
increment ndo la relación Cl- a OH-, resulta en un 
aumento en corrosividad. As!, el analisis de la so
lución de poro da un conocimiento profundo sobre el 
diferente comportam ento corrosivo encontrado con 
concretos conteniendo ClNa y Cl2ea 
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lNTROOUCTION 

rt is generally accepced thst the reinforcing 
steel is 10 a passive state in concrete due to the 
high alkal lnity of the pore solution (pH in excess 
oi 13) surt"oundfng the sree1. The passive state 
results from 8 chin protect:Lve film of <In iron 
oxide fonned on che surEaee of lhe steel . This 
protective film in most cases prov i des adequate 
corrosion resistance . However, presence of ehlo
ride 10ns in concrete results in deterioratlon of 
che proteetive film formed on the surface of the 
sreel , causing the steel to corrode . The corrosion 
product formed has a larger volume than the metal 
itself. The volume increase gives ri5e to tensile 
stresses In concrete with cracking as the final 
result [1]. 

Chlorl de ions arc usually introduc d into 
concrete atructures in various wavs : 

1) 	 Chloride ions an be in the or iginal eo n sti 
tuents of the llÚX such as in water or in the 
aggrcgate; 

2) 	 Sea water exposure introduces chloride ion5 in 
marine structures; 

3) 	 Calcium chlor1de is used as an admixture Co ac 
celerate hydratjon oE che cement ln some luca
tions; 

4) 	 Deieing salts eNsCl) are heavily usea on hlgh
ways snd bridges . 

le has been known roe many years that trlcal 
eium sluminate of portland cement reaccs with a 
chloride solu t ion and removes a portion of the 
ehloride fr011l che solution by fOTIning Friedel' B 
sale , whtch is an isolub1e compound, as follows : 

and may the:refore provide proeectlon a~ainst steel 
corrosion [21. It has been observad [3 J tha t the 
corrosion rate of stee! in concrete ",hen ch10ride 
is mixed ",ith fresh concrete ts les8 than eorro
sion "t:ate when ehloride dUfuses into hardened 
concrete . In addition, there seems to be a diffe
renee in the behavior Ol chloride ion depend:f.ng on 
the a6soefated cation. The results obta:f.ned by 
Brodersen [4J, as shown in Table 1, indicate s1g
nifieant differences between the chloride ion 
diffusiv i ty coefficients for differene chloride 
compounds in hardened cernent pastes. 

Table l. Clorid" Ion Oiffusivity Coefficients [4J 

Campund 	 Dxl0 8 cm/sec 2 

NaCl 	 6.21 

KCl 	 6.52 

LíCl 	 6 . 42 

CaC12 	 9.43 

Fr om ehese results, ir may be inferred that the 
embedded sree1 would behave differently in the pre
sence of each one of these salts. Renee the extent 
of chloride corrosion of steel in concrete may de 
pend on che type of eation associated with chlo
ride ion ln the solution . 

A knowledge of t he chemLstry of the ~ore 80
lution, as mcntioned in the literature [5) could 
be applied borh to studies of cement hydrat10n and 
to studies oí reaction involved in alkali-aggregate 
attack, steel eorrosion, and similar problems. Most 
of the researchers have been primarily coneerned 
w1th chemical durability prob1ems and little work 
has been Jone in re1ating the changes i n pare solu 
tion composition to studies 6ueh as corros i on of 
steel in concrete. However , the problem of steel 
corrosion in concrete has received more attention 
in recent years becausc of iLs impae t on bridge 
deek deteriora l lon. More and more investigators in 
the corros ion f ie1d are becoming interestcd in ob 
tain:f.ng information 00 change in pare solution 
composieion, and applying such infor matian to r eac 
t ions involved in steel corrosion. 

This paper , which La the combination of two 
separa te studles, investiga tes t he effcets of cal
cium c hloride and sodium chloride on corrosion be
havior of Bteel in concrete and on composition of 
che pore solut i on. The eifects were evaluated by 
eleetrochemical tecnniques sucb a~ anodic poten t io
dynamic polarizatinn and linear polarlzation . l n ad
uicion, the effects were evaluated by analyzing the 
pore solut i on expressed frem hardened cement paste 
spectmens and determinlng chloride, soldium , calcium 
and hydroxyl ions coneentrations. This was done 
so as la find whether or not t here is a correlatian 
between the corrosion behavior and the eomposition 
of the po r e solation. 

Expe,lmenllll 

,) Electrochomlcal Study 

Conc"t:ete cyl inders 7.5 cm dLa. lí 5 cm height 
were prcpared using Type I Portland Cl'lDeIlt lIud a 
water to cement ratio of 0.45. A stee! rebar of 
1. OS cm d fa. x 5 cm height waa embedded in each 
concrete block as o working e!ectrode . The stee1 
rebar was machlned prior ta the pl acement in con
crete . The seee! concrete oir int erface was cos t ed 
with poxy ta prcvent the activa t :Lon of the stee1 
sorface at che air-st ee!-concrete ~erface.Another 
ateel rebar wa6 embedded in concret e as a counter 
electrode. A mal ybdenum/ molybdenum oxide (Mo/MoO,) 
electrode [6 .7J wss a l so emhedded near the working 
alectrode surface to reduce the IR drop . 

NaCl or CaClz WBS added to aome ofthe concrete 
sample with the CI- concentrations ranging from O 
ta 2.1 per cent basad on weight of concrete. Tbese 
samples were soak"d in distilled water a fter five 
days of cor:f.ng in water cabinet (100 pe:rcent hooLi
dity). 
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Thc corrosion rate of stee! in concrete was 
determinad using linear polarization. The linear 
polarization curves were obtained by scanning the 
potential frcm -30 mv of he open circuit potenttal 
up to the +30 mv heyond the open circuit potential. 

In addition, anodic potentiodynamic polariza 
tion curves were also obtained to check the corro
sion behavior of steel in concrete . In this experi
ment, the stee! potential was kept at -1300 mv vs 
Mo/MoO] electTode for ten minutes, then the poten
tial was scanned toward positive directinn up to 
+2000 mv vs Me/MoO]. In the tests mentioned aboye , 
the concrete sample \o/ere removed from the distill 
ed water containers prior to the polarizatíon tests, 
and the)' were placed back into the contaiaers after 
the tests. 

AlI oí the polar ization experiments were accom
plished by a PAR potentiost:at, manufactured by 
Princeton Applied Research, Model 173 with univer
sal programmer Model 175 snd logarithmíc current 
converter Model 376. 

2) Por. Solution Analysi. Swdy 

A cylindrical pressure , easel, of imllar 
construcrlon to the on described by Barneyback and 
Diamond L5,S] ~'8$ designed and constructed to ex
press pore solution from hardened cemen t pastes.The 
design equations and che detalled fabricatlon pro
edure of the pare press con be found io [9J. 

Type 1 (ordinary) Portland cement and deioni
zed water were used for all cement paste specimens. 
A water to cemcnt ratio of 0.45 was cbosen for this 
study also. 

Sodilllll chloride or calcium chloride was added 
to sorne of the samples with chlortde ion concentra
tion ranging froru 0.036 to 1 percent based on 
weig t of the cement. Chloride 10ns were intt:odueed 
by dissolving either sodium chloride or ealcium 
chlorid in the -mfx water to ensure a unifortll dis
tribution of chloride ions throughout the mix.Twel
ve series of paste samples \o/ere preparad, with mix 
proportioIlB as detalled in Table 2. 

The pastes were atuTed with a plastie spatula 
until mixed uo iforml y . Specimens \o/ere cheo cast in 
cylindrical plastic bottlea of 44 mm dia. x 82 mm 
height. Ibe bottles were sealed with their capa and 
stored in a cabinet. 

Samples of pore solution were expressed at 
different stages of curins using a modified pres
siag procedure described in (9} . Theae amples were 
aoalyzed to determine concentrations of ionic cons
tituents (CI-, Ns+ ea++ and 011- ions). Detalls of 
the analytical procedures employed in th s study 
can be found in [9J. Briefly, bowever, the aosly
tical procedurea employed are as follows . 

To determine chloride ioo concentratioo. a mo-. 
d1fied potentiametrie titration emploving the Gran 

end point determination methad [lOJ was used. Ihis 
method simplifies titrations aod improves the ove
rall precision of the procedure. 
To determine hydroxyl ion eoncent ration of the 
pore solutlon, the samples were titrated using 0.05 
N HCl as titrant. Tha end poinlS of titration were 
detected usiog phenolphthalein and bromocrcsol 
green-methy1 red visual indicators. To determine 
90d1um and calcium ion 'oncentrations, atomi ab
sorption spectrometry was used. 

Cllorl.c.fe 
Compound 

Wt . Ch...1orLI1Ie 
ClIIMnt...-cJlI'O'r.1.de 

'rile RatLO No _ oC sa-pl•• M.de 

.1ACl 0.0)6 o.e 
N.el '.18 0.45 

'sC1 0 _' o ... !} 

H~Cl 0.6 O.~5 

N_el l. o o. u 

C:a Cl 1 O. OJ6 .4S 

C.C1
2 0,18 'l. '5 

.':..1;;: o . • tI. 45 

c.c.. 0 . 0 0.45 

CAel J. l.0 0 . 45 

JItAn. 

Sllmp1.e: 111 0 • • 5 

8lan -:: 

amph 121 0.45 LO 

{l) 'nla CI.a['llil,J perIOdo .... la 4ay • . 

(2 ) The cur1nq pUi..::<S • 84 day•• 

R....h' 

1) Electroc:homlcol Study 

Figure 1 i5 a plot of an anodie potentiodyna
mic polarization curves for steel in salt (NaCl 
and CaC1z) contaminated Type 1 Portland cenent con
crete . The results show that stee! remained in a 
passive state for samples with no added salt (curve 
1) and samples with 0. 06 percent Cl- (curves 2 and 
3). Rowever, the cor-rosion potentia·l of ateel in 
concrete containiag 0.06 percent Cl- a9 NaCl was 
more negative than in concrete containing 0.06 per 
cent CI- as CaC1 2 • The region of passivity was re
duced or disappeared for samples with 0.3 perceot 
CI- (curves 4 and 5). Tbe corrosion potentinal of 
steel wa more negative for concrete with 0.3 per
cent CI- as CaCl 2 campa-red to that w1th 0.3 percent 
Cl- as NaCI. In addition, the corrosion potential 
for steel in concTete with no and 10101 chloride con
tent was more positive than those with higher salt 
content o The ~c-rease in chlorid e eontent of con
crete also increased t he polarizat i on cu-r-rents &s 
shown. These results ind1cate that at very -10101 
chl oride concentrations. reinforcing stee! behaves 
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almost tbe same in the preaence oi either CaCl2 or 
NaCl.Bowever , as the chlor ide concentration in 
concrete increases, the difference in corroaion be
havior oi steA!! in presence of CaC12 or NaCl beco
mes more pr01lounced. 

The plots oI conosion rate versus percen t 
ch10ride mixed with concrete as either caC1 2 or 
NaCl are snown in Figure 2. In both cases che co
rrosion rate increased as tbe chlori.de concentra 
tlon mued witb conCrete was increased. ODe tbing 
wortb noticing is that ar very lo... chloride concen
trations (less rban 0.15 percent) I the rorrosion 
rates oí stee.l in borh NaCl aru! CaC12 contllminat
ed concTet'e were fairly close . But at higher chlo
ride concentrations, the corrosion rates of steel 
in concrete containing CaC1 2 were much higher in 
c01QpariBon with the corroaion rates in ooncrete 
containing NaCl. Thia finding ls compatible with 
~he resu~ts of potentiodynamic polartzation curves. 
Therefore, one uy 1n.fer t har the corroaion oi 
stee1 in caIcÍUIII chloride contalllinated concrete ia 
more severe than in sod:twa chloride contaminated 
concrete. 

JNFLUENCE OF SALT ADDlTION ON 
CORROSION BEHAVIOR OF STEEL 

Ilt~+---------------~-----:rl 

1'1100 

.-J
:s; SOO 


Z 
U loa 
1
O 

"

1,.sa,p1e with no 5111t 

2-Saq>le ..n.th 0.06\ Cl- (ClIC121 

J-S¡mple with 0.06\ Cl- (~T 

4~ wit1l 0.3\ Cl- (NaClI 

5-Scple w1th O. 3\ Cl- tCaCl.:!) 


- 1 JC~-I,..._ _ _ _ -r_ _ _ _ --,._ _ _ _ -r_ ---'L...__"-+ 
O.OCI 0.010 0.100 1.000 10000 

CURRENT (MA) 
P'iquxe 1. 	 A comparison of anodlc potentlo-dynam1c 

polar1zation of steel 1n 5al~ contami naced 
Type 1 Portland cement concrete as a tunc
tion of ..aH type INoCl va CaC1 2 ' 

-

2) Pore Solution Analysls Study 

Por the sake oi compar1son between NaCl con
tatnlng pastes snd CaC12 containing pastes with 
the sorne ch10ride concentration, a o attempt \iBS 

made to keep the curing periods as close as possi
bl e. 

Results of tbe hydroxyl ion analysis shown 
as pB oí the pore solutions are presented in TabIe 

J, and a pIot of t hese data ls shown in Figure 3. 
~hese results show that the additlon oi sodium ch1o 
ride to the cernent paste causes the pE of the pore 
solution to increase. whereas the addition of cal
c1um ch10ride to the cemenr paste has che opposite 
efiect. 

Results of the ch10ride ion analysis of the po
re aolutionll "re listed in Table 4. Figure 4 18 a 
pIot of this data which illustrates the cbloride 
ion concentrations of the pore solutiona associated 
with aodium ch10ride contaminated pastes are hlgher 
than the corr esponding values for calcium h1or1de 
contaminated pastes. 

INFLUENCE OF SALT ADDITION 
ON CORROSION RATE 

S. OI+------------------------r---------t 

t...i1.O 
~ 
OC l.S 


Z 

O 
(ñu 
O 
OC 

OC 

0 .5 Type r 

U ' lIaC 1 Mil< 


l. 

O.~:..-....-_T"-....._.......-..,...........,.-..,....._._--.-__:+ 

0.0 o., o .• O.. 1.2 l.' l.' 1.1 2.' l.' '.0 
PERCENT CHLORIOE MIXEO WfTH CONCRETE 

Piqure 2. 	 lnfluence of chloride addltion on corrasion 
ra~e oC steel ¿n salt contarninated Type 1 
Portland cement concrete 
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INFLUENCE OF CHLORIDE ADDmON 
ON PH

Table J lntluence oi Ch10ride Addition on pH 

e urinq Period Std. 
TreatTne-nt (Days) pH Dev. 

Blan!; sample (1 ) 28 13. 73 0. 01 

u .• NaCl 

Blank samp e ( 2) 84 13.69 0 .02 
IS.' 

0.036\ Cl (NaCl) 56 13.71 0.01 

0.0 36\ el (CaC1 2) 51 13.69 0.01 n.7 

0.18\ el (NaC I) 61 13.78 0.01 t IS.' 
0.18\ Cl (CaCl. ) 

0.4\ Cl (NaCl) 

0.4\ el (CaC1
2 

) 

65 

68 

73 

13.6 5 

13.81 

13 .59 

0.01 

0.01 

0.01 

Zº al.S

5 
...J 
011.• 
U') 

0.6\ el (Nael ) 84 D .84 0 . 03 

0.6\ el (CaCI 
2 

) 84 13.46 0.03 IS. 

I~.O+---------------------t 

1. 0\ Cl (lIaC I 28 13.81 0 .01 

1.0\ CI (C aC1 ) 2 8 13. 49 0. 0 1 
2

U.I 

u.O,.".._-.-_-.-_....._-.-_-.._...,._....._....,._--r_~ 
0.0 0.1 o., o., 0._ O.S o.• 0.1 O•• O • • 1.0 

PERCENT CHLORtDE MIXED WITH CEMENT 

figure 3. Influence o f chloride additions i n the 
form of NaCl or Cae l on pH o f the 
pare solu~ion of hydr4~4d c ement pastes.The ch10r ide i on ·concentration values f rom the 

eeco nd colomn of Table 4 were divided by the corres
pond ing hydroxyl i on concentration values l i eted in 
the eame table and th resulte were plotted aga1nst 
percen t chloride i ons added originally, as shown in 
Figure 5. These results s how tha t the ratios of 
ch10ride 10ns to hydroxyl ions are higher f or cal
c ium chlor íde-contamina t ed pastes than sodium ehlo
ríde-con taminated pastes . 

Results of the sod ium 10n ana l ysís showed t hat Table 4. Influence of Ch10ride Addition on the 

the concentratíon of sodium íons in the por e s olu  Ratio oE el - to 011 
tions associated with p.as t es eontaflling NaCl increa 

Treatment Ave;¡ . el, N AVe;¡. OH, ti Cl -10H - Ra tiosed as the amount .of salt 1.n the pastes was inct:~

sed as expected. The ~oncentration oi sodium ions 
Blllnl< Suple (1 ) 0.00233 0.5322 D,004C

in the pare solutions obta1ned from Cac~ cont aminat
I!lank samp1e (2) 0.00263 O. (944 0. 0 0 5Jed pastes was not affected by Cl- addi t ion. 

O.OJ6t el (Nae 1 ) 0.00394 0. 50 82 0.00 78 

Resu lts of the calcium 10n analys1s of the pare 0.036' el ¡CaCl
2 

) 0.00308 0.4850 0.0064 

solu t ions assoeiated with bo t h salt - free aud salt 
cont aminated pas t es indicated that the concentration O.lB\ Cl (Nae l) 0.0219 0.6070 0. 0 361 
of calcium 10ns in the pOTe solutions wss bas1cally 0.18\ el (CllCl. ) 0.01 71 0 .4455 0.0383 
zero. This f lndíng i~ in agreement with the data 
obtained by Diamond I II 1. His T sults showed tha t 

0.4\ Cl (Nael) 0.0741 0 .6484 0. 114the concentration of calclum 10ns i n the por e solu
c. n el (eaCl ) 0.0411 0 . Je5 1 0.107tio n deereases drast1cally within 24 houra and be z 

come nil after 10-15 days of cur ing. 
0.6 Cl ItlaCl ) 0.lB3 0 . 6839 0 .26 1 

0.6' el (Nael ) 0.117 0.2891 0. 404 
z 

1.0\ el WaCI) 0.554 0.652S 0 .850 

1. 01 el (Cael? ) 0.350 0.310' 1.13 
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CONCENTRATION OF CHLORIDE IONS INFLUENCE OF CHLORIDE ADDITlON ON THE
IN PORE SOLUTlON RATIO OF 	CL TO OH 

0.10+---------------------+ I.l!+--------------

0.55 

0.50 

O.liS 
Z 

J 0.'0 

z 
,58 0 •

ZºO.lO 

::5 0.25 

~ 
O O.lO 
....J 
J: 

U 0.15 


0.10 

____---+ 

J: 

O 

....J 
U 
L... 
O 
O 

~ 
~ 

1.1 

1.0 

0.9 

O o •• 

1- 0.7 

0. 1 

O.S 

o •• 

0.3 

0.2 

0.1 

0.0 0. 1 0.1 0.3 O. . 0.5 O.. 0.7 O.. 
D.ao-t:!::;:::~:......_-..,...-..._-.,.....-.,.....-....-...._-1 

0.0 0.1 0.1 O.J O., O.S O., 0.1 O., O., 1.0 o., 1.0 

PERCENT CHLORIDE MIXED WITH CEMENT PERCENT CHLORIDE MIXED WITH CEMENT 

Figure 5. 	 InfLuence oE ~hloride addltions i n <he 
fo~ of NaCl oc CaC1 2 on the ratio cl 
Cl- to OH -o 

DISCUSSION 

The result from elec t rochemical tests j~ Ac c:ording to Taylor [14J , aj'ter ce.ment 1s ix
caeed that t he corrosion of steel in c oncrete/ ed ~ith water, the composition of the liquid phase
Cae 2 system is 1nore severe than in concrete / NaCl teods to move t oward the equilibr um : 
system. Cations sssociated with chloride may play 
a ro l e in che corros ion behavior of steel in con
crete. Tlle differeoces in corrosion behavior of 
ateel in concrete in the presence of NaCl or CaC12 
may be due to the different interaction behavior 
of these salts with the concrete matrix . + Ca(OH)z (S) (2) 

lhe results abulated in Table 3 indicate that 
the pH of the pare solotioos associated with NaCl where M represents che alkaljs (Na and K) . Because 
contaminated pastes increases as the percent of of che common ion effect, the concentration of the 
salt NaC1) in the mix is increased . Rowever, in  caleium hydroxides and ea1c i um sulpbate in solution 
creasing che amount of caleium "hloride in the lI1ix will be depressed. Eventually. che 50;;- 1$ used 
causes the pH oi the pore aolution to deerease (see up in the fonnatioo of s cale ium alumioat e sulphate
Figure 13) . Tbese findings are consistent with the hydrate and only the hydroxides remain. the results 

results of Diamoncl [12] aod Andrade [13] . obtained by Diamond [11] and in this study showed 


that esseotially sIl of the calcium ioos are remov

Tlle reason why the addition of NaCl causes the ed frcm the por e solution. Therefore, the only hy


pR of the pare 50lution to increase, whereas the droxidea that are left in the solutioo are baslcal
addition of caC12 has the oppoaite effect, ia not l y che hydroxides of potassium snd sodium. 
comp1etely understood. However, the following me
chaoism is proposed : I n the case where CaC12 i$ added to the mix 
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water , additional calcium ions are present in the 
liquid pbase at the beginning. Some oi these cal 
cium ioos probably reac:t witb tricalcium alumina te 
of the cement to fom F'rierle1' s salt show n in 
equation (1) aod the rest of them react with the 
cement matrix as described by Taylor taking more 
hydroxyl ions out of the solution. Ihis reac t ion 
perhaps continues unti! the calclum ion concentra 
tion in the solution i s reduced to zero . Due to 
this fact, less hydroxyl ions are present i n 'the 
pore solutions associated with CaC12 cootaminated 
pastes causing the pH t o be lower in comparison 
with sa l t-free aampleS . This explanation ls also 
supported by the solubil1ty product value for 
Ca(OH)?[lS], which shows that the concentratlou oi 
calcium 100s in high1y alkaline pore solution ls 
extremely low (in the order of lx10- s moles / li 
ter) . 

In the case ...here NaCl ls added ~o che mix 
water, a portion of che chIoride ions is removed 
from the solution by C3A causing a decrease in 
ch10ride ion concentratioo of the liQuld phase . 
Rowever, sodtum catmns rE!lllain in the solution. The 
presence of these sodtum cations in the pore solu 
tion requires more hydroxyl 10ns (aniDos) in the 
solution to mai"Otain an equilibriUlll of eleceric 
charges in the pore solution. l n addition, it is 
also obvlous that in reactinn (2) the sodium ions 
c01llpete for hydroxyl ions to form sodium hydroxide. 
Due to these facts, che pH alues of che pore solu
tions associated wlth Nael conta ning pastes are 
higher in comparison with salt-free pastes. 

The results ploned in Figure 4 iod icate th.;t 
che concentrations oI chloride ions 10 pore soluti 
ons associated with NaCl containing pastes are ni
gher chan che corresponding values for CaCl! con
caining pastes. This may be due to the differences 
in ch1or1de-binding capacity of C3A in t he prBsence 
of CaC12 o r Nael. 

Figure 5 shows tbat the equi!ibrium ratios of 
CI- to oa- ions are higher for calclum chloride 
concam1naterl paste.s than sodium chloride-contaminat
ed ones. These ratios are f 1rly close at very 1010' 
concentrotions. However, the deviation be t ween 
CaC1 2 pastes and NaCI pastes becomes more pronounc
ed as the salt concent r ation in the pastes increa 
ses. Data presented in Tables 3 aod 4 indicate che 
pH was influenced more by add ition of these salts 
tban was the CI-. Si nce che differences in hydroxyl 
ion concentrations become larger and larger as the 
salt concentr tion in t he pastes increases, che de
viation in Cl-/OU- ratios between CaCl! pastes and 
NaCl pastes becomes mor e pronounced at higher salt 
concentrations . 

Arup and others [16J hav postulated that the 
ratio of CI- to oa- is signiticant in the corro
sion behavior oI reinforcing steel in concrete . Hi
gher catios of Cl- to OH- may l eed to greater 
breakdown of th pass!ve layer normslly presente on 
the stee1 surface, rendering the reinforcement lUore 
susceptible to corrosion. Since these ratio s in 
CaCl2 containing sa:mples were h1gher than those 
containing NaCl , one can onclude that t he CaCh 
syatem ls more corrosive than the NaCl system. 

The above findings confirm the results of t he 
electroc:hemical study. lndeed, there ls a correla
tion between the eorTosion behavior and the com
pos tion of che pore solution . 

CONCLUSIONS 

The following conclusions may be drawn based 
00 the results found in this study 

1) 	 Corrosion of steel in concrete containing CaClz 
is more severe than stee1 in concrete coota1n1ng 
NaCl. 

2) 	 The pH of the pore solutions aS80c:lated with 
salt-rontamlnated cemcnt pastes 1s dcpendent on 
salt concentration. 

3) 	The pll of th pore solutions assoclated with 
NaCl contaminated pastes increaseS as the NaCl 
content of the mix ls increased. 

4) 	 Th pH of the por solutions associated wit h 
Cac ! contllJllinaterl pastes decreases s t.he 
CaCI! content of the mix is increaeed. 

5) 	 The concentrations of chl oridc ions in the pore 
solucions associated with Nael contaminaled pas
tes are higher than the ones in the pore solu
t 10ns associated with CaC1 2 contaminated pastes . 

6) 	 The Cl- to oa- ratios for eslclum chloride con 
tamianted pastes are hlgher than the ones for 
NaCl-contaminsted pastes. This finding may he1p 
to explain why the corrosion of steel 10 coner~
te/CaCl2 system 18 more severe than in concrete/ 
NaCl systE!lll. 
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