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A B S T R A C T  

Al kali - activated con cretes are be ing con sid ered as an al ter na tive en vi ron men tally friendly con struc tion ma te ri - 
als com pared to the or di nary Port land ce ment. How ever, al though these ma te ri als have re ported me chan i cal 
prop er ties com pa ra ble to those of OPC, the cor ro sion of re in forc ing bars is a ma jor dura bil ity is sue that needs 
to be stud ied. This ar ti cle stud ies the cor ro sion per for mance of an al kali - activated bi nary re in forced con crete 
(AABC) based on nat ural vol canic poz zolan (NP) and ground blast fur nace slag (GBFS) ex posed to chlo rides 
ions. OPC con crete was used as ref er ence ma te r ial. To carry out the study, ac cel er ated chlo ride ingress meth - 
ods (im pressed volt age, wet - dry cy cles, and salt wa ter im mer sion (3.5% NaCl)) were used. Mon i tor ing of the 
cor ro sive process was car ried out us ing the tech niques of half - cell po ten tial, lin ear po lar iza tion re sis tance, po - 
lar iza tion curves and curves of cur rent in ten sity ver sus time. As com ple men tary tech niques, sur face elec tri cal 
re sis tiv ity and re sis tance to chlo ride ion pen e tra tion were eval u ated. AABC showed higher re sis tance to chlo - 
ride ion pen e tra tion com pared to OPC con crete, a re duc tion of the charge passed up to 60% at 360 days of ex - 
po si tion. In gen eral, the var i ous ac cel er ated chlo ride ingress tech niques em ployed in the pre sent re search re - 
vealed that re in forc ing steel em bed ded in AABCs have a higher re sis tance to cor ro sion com pared to steel bars 
em bed ded in Port land ce ment (OPC) - based con crete. It should be noted that the B con stant val ues ob tained for 
AABC dif fer from the val ues com monly used in (OPC) - based con cretes. In ad di tion, the re sults in di cate that 
the ranges of cor ro sion prob a bil ity, such as half - cell po ten tials or cor ro sion cur rents, spec i fied for OPC con - 
cretes should be checked for its ap pli ca tion in al kali - activated con cretes. 

1 . Introduction 

Re in forced con crete based on or di nary Port land ce ment (OPC) is 
one of the most widely used ma te ri als in the civil in dus try due to its 
ver sa til ity, prop er ties and low cost. One of the most im por tant fac tors 
for the con struc tion in dus try is the dura bil ity, which is de ter mined by 
the use ful life of the ma te r ial un der real ser vice con di tions, in clud ing 
its ex po sure to ag gres sive en vi ron ments [ 1 ]. Dura bil ity is not an in - 
trin sic prop erty of a ma te r ial, since it de pends on the con di tions of 
ser vice, so that in con crete it is known to vary ac cord ing to the type 
of en vi ron ment to which it is ex posed. One of the biggest threats that 
re in forced con crete faces is the cor ro sion of re in forc ing steel due to 
crack ing, de lam i na tion, and in se vere cases, the par tial or to tal col - 
lapse of a struc ture. The pri mary cause is the ex po si tion to ag gres sive 
en vi ron ments such as CO 2 and/ or the en try of chlo ride (Cl − ) ions [ 2 – 
5 ]. These agents have been re spon si ble for most struc tural dam age 

and, there fore, a sig nif i cant in crease in in vest ment in struc ture main - 
te nance and re pair. Chlo ride ions can come from a range of sources - 
ma rine en vi ron ments, the use of de - icing salts (≈NaCl), chem i cal sub - 
stances com ing into con tact with the con crete, or they may be pre sent 
in the con crete mix, as hap pens with the in clu sion of some types of 
ad di tives (CaCl 2 ) dur ing pro duc tion. Chlo rides dif fuse through the 
con crete and, on reach ing a crit i cal con cen tra tion near the steel, cause 
de struc tion of the pas sive layer and ini ti ate the cor ro sive process, gen - 
er at ing pit ting cor ro sion in the steel [ 6 , 7 ]. 

In ad di tion to con crete dura bil ity, a ma jor con cern is the en vi ron - 
men tal im pact as so ci ated with pro duc tion, es pe cially re lat ing to the 
use of Port land ce ment (OPC). In deed, the OPC in dus try gen er ates an - 
nu ally 2 bil lion tons of CO 2 , cor re spond ing to 8 – 10% of green house 
gas emis sions into the at mos phere [ 8 – 10 ]. For this rea son, re search 
ap plied to the de vel op ment of al ter na tive low car bon foot print ce - 
men ti tious ma te ri als is a pri or ity for the con struc tion sec tor [ 11 ]. 
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Among these al ter na tives, al kali - activated ma te ri als (AAMs) have 
caught at ten tion. These are ob tained from chem i cal in ter ac tion be - 
tween an alu mina - silicate ma te r ial (pre cur sor) and a strongly al ka line 
so lu tion (ac ti va tor) [ 12 – 14 ]. AAMs are syn the sized at tem per a tures 
be tween 25 and 100  °C, while OPC pro duc tion tem per a tures rise to 
1460  °C to ob tain clinker. AAMs can thus be con sid ered as po ten tial 
low car bon ce ments [ 15 ]. These types of ma te ri als also have struc tural 
me chan i cal strengths and phys i cal char ac ter is tics such as re duced per - 
me abil ity and ther mal sta bil ity [ 16 , 17 ]. 

The pre cur sors com monly used for ob tain ing AAMs are in dus trial 
wastes or by - products such as gran u lated blast fur nace slag and fly 
ash, as well as ther mally ac ti vated clays or metakaolin [ 18 , 19 ]. AMMs 
based on fly ash are the most widely stud ied, how ever pro mot ing this 
type of ce ment in di rectly in flu ences the de mand for burn ing coal, 
which in turn con tributes to the gen er a tion of CO 2 into the at mos - 
phere [ 20 ]. It has there fore been deemed nec es sary to seek al ter na tive 
pre cur sor ma te ri als. It is worth not ing that re cent re search has pro - 
posed nat ural poz zolans (NP) of vol canic ori gin as a sus tain able 
means of ob tain ing AAM. These are read ily avail able in a num ber of 
coun tries around the world, with no use ever hav ing been made of 
them in some cases [ 21 ], cre at ing strong in ter est in their use as a pre - 
cur sor of AAMs. The num ber of stud ies of NP - based AAMs has grown 
grad u ally, em pha siz ing pri mar ily in the study of me chan i cal and 
phys i cal prop er ties [ 21 – 28 ] and re ports on dura bil ity prop er ties are 
still few [ 21 , 28 ]. How ever, no eval u a tion re ports are to be found on 
the cor ro sion per for mance of steel in NP - based al kali - activated con - 
crete (AAC) when ex posed to chlo ride ion - rich en vi ron ments. Stud ies 
of the cor ro sion per for mance of re in forc ing steel for AACs are lim ited 
in gen eral with re search fo cus ing mainly on the per for mance of fly 
ash/ slag - based AAC [ 29 – 37 ]. Gen er ally, re searchers have es tab lished 
that dif fer ent fac tors in flu ence the cor ro sive process of re in forc ing 
steel, in clud ing pre cur sor type, ac ti va tor con cen tra tion, mi crostruc - 
ture, and the types of gels formed as a re sult of the al ka line ac ti va tion 
processes (N - A - S - H; C - A - S - H; C,N - A - S - H) [ 37 , 38 ]. 

Eval u a tion has no tably al ready been car ried out on the per me abil - 
ity and depth of pen e tra tion of chlo rides in NP - based AAMs and these 
prop er ties are linked to sus cep ti bil ity - to - corrosion of re in forc ing steel 
in these sys tems. Bon dar et al. [ 39 ] ob served mod er ate to high chlo - 
ride per me abil i ties for NP - based AAC. The au thors at tribute the re - 
sults to the high amount of ions pre sent in the pore so lu tion, since 
these can pro mote high elec tri cal con duc tiv ity when per form ing the 
ASTM C1202 rapid chlo ride per me abil ity test (RCPT), ap ply ing 60  V 
to the sys tem for 6  h. Ghafoori et al. [ 40 ] mod i fied RCPT, ap ply ing 
10V for 6  h and sim i larly find ing a high per me abil ity to chlo rides. Na - 
jimi et al. [ 24 ] used RCPT and rapid chlo ride mi gra tion test (RMT) to 
as sess chlo ride per me abil ity in NP/ slag - based mor tars and re ported 
that on in creas ing slag con tent from 30 to 50% the depth of chlo ride 
pen e tra tion was sig nif i cantly re duced. In an other study, Na jimi et al. 
[ 27 ] re ported that the av er age depths of chlo ride pen e tra tion are re - 
duced by slightly more than 80% com pared to the ref er ence con crete 
(OPC). It is worth men tion ing that for AMMs the trans port prop er ties 
of chlo ride ions de pend on dif fer ent fac tors, such as pre cur sor type, 
the chem istry of the ac ti va tor so lu tion, the cur ing regime and the 
phys i cal and chem i cal prop er ties of the con crete pro duced [ 41 ]. This 
makes it chal leng ing to gen er al ize the per for mance of these ma te ri als 
un der at tack by chlo rides and the con se quent cor ro sion of AAC - 
embedded re in forc ing steel. 

Re gard ing the dura bil ity of re in forced con crete, the cor ro sive 
processes of steel are slow, some times tak ing years or decades to show 
prob lems in con crete struc tures. Thus, for re search stud ies, dif fer ent 
ac cel er ated ex po sure tech niques have been pro posed. One of them is 
im pressed volt age tech nique, which is based on ac cel er at ing the dif fu - 
sion of chlo ride ions into the con crete ma trix through the ap pli ca tion 
of an elec tric field to the sys tem [ 42 – 44 ]. An ad van tage of the tech - 
nique is that in a short time chlo ride - induced cor ro sion in the steel 

bar can be ob served. Nev er the less, it is a con tro ver sial tech nique, the 
ap pli ca tion of a volt age to the steel bar could in duce an ar ti fi cial po - 
lar iza tion, and the elec tro chem istry be hind the mech a nism dif fers 
from the nat ural ex po si tion [ 45 ]. De spite this, some au thors af firm 
that it is pos si ble to ob serve a com pa ra ble trend us ing this quick tech - 
nique with other ac cel er ated ex po sure tech niques [ 42 , 45 ]. On the 
other hand, Is lam et al. [ 46 ] re ported a mod i fi ca tion to the tech nique 
us ing an other an ode in the sys tem to do more re li a bil ity the re sults. 

Pre vi ous stud ies eval u ated the phys i cal - mechanical char ac ter is tics 
of an al kali - activated bi nary con crete (AABC) based on a mix ture of 
NP and GBFS in pro por tions of 70% and 30%, re spec tively, com par ing 
its per for mance with an OPC ref er ence con crete [ 26 ]. The stud ies re - 
ported sim i lar me chan i cal and phys i cal char ac ter is tics for both, fur - 
ther re veal ing that AABC had a 44.7% lower GWP (global warm ing 
po ten tial) than OPC, en dors ing it as a low car bon foot print al ter na tive 
con crete [ 47 ]. The car bon a tion - induced cor ro sion per for mance of the 
re in forced AABC was there fore eval u ated, re veal ing that re in forc ing 
steel re mained pas sive to an ac cel er ated car bon a tion ex po sure un der 
con trolled con di tions (1% CO 2 , 65% RH, 25  °C) up to 360 days [ 48 ]. 

Based on the above, the pre sent study aims to eval u ate the cor ro - 
sion per for mance of a re in forced AABC based on NP (70%) and GBFS 
(30%) ex posed to chlo rides (NaCl 3.5%) com pared to a 100% Port - 
land ce ment (OPC) - based ref er ence con crete. To do this, con cretes 
with out and with re in forc ing steel were made, the for mer to eval u ate 
chlo ride per me abil ity and elec tri cal re sis tiv ity and the lat ter to mon i - 
tor the cor ro sive process un der the ac cel er ated chlo ride ion ingress 
tech niques of im pressed volt age, wet - dry cy cles and salt wa ter im mer - 
sion (3.5% NaCl). The cor ro sive process of the re in forc ing steel was 
mon i tored by elec tro chem i cal tech niques of po lar iza tion curves, lin - 
ear po lar iza tion re sis tance (LPR) and half - cell po ten tial. 

2 . Significance of the research 

Dura bil ity is a key fac tor, not only as it re lates to a set of tech ni cal 
per for mance prop er ties but from the point of view of sus tain abil ity 
and en vi ron men tal im pact of con struc tion. The more durable the 
struc tures are over time, the lower will be the con tri bu tion to en vi ron - 
men tal im pacts through the re place ment or re pair of a struc ture [ 2 ]. 
As one of the main causes of de te ri o ra tion, the cor ro sion of re in forc - 
ing steel has emerged as a main re search fo cus due to the eco nomic 
and so cial im pact in volved. As well as, it is im por tant in en vi ron men - 
tal terms to pro duce al ter na tive con cretes which could con tribute less 
to global warm ing [ 11 ]. Tak ing into con sid er a tion sus tain abil ity in 
con struc tion, a low car bon foot print con crete was pro duced from al - 
kali - activated NP - based ma te ri als, which has been shown sim i lar me - 
chan i cal prop er ties to OPC con crete [ 26 , 47 ]. Nev er the less, the paucity 
of stud ies on the dura bil ity of NP - based re in forced AACs, es pe cially in 
chlo ride en vi ron ments, has mo ti vated this study. 

Us ing ac cel er ated tech niques for con crete dura bil ity as sess ment, 
this re search work en ables a firm ap pre ci a tion of the per for mance of 
re in forced AABC con crete ex posed to sim u lated ma rine en vi ron ments 
at lab o ra tory scale. The re sults will demon strate if the con crete might 
be able to en dure ex po sure to such an ag gres sive agent and whether it 
is thus able to re place tra di tional OPC con crete, in terms of both me - 
chan i cal per for mance and dura bil ity. More over, the use of nat ural 
poz zolans of vol canic ori gin in the pro duc tion of these al ter na tive 
con cretes is highly en cour aged un der the prin ci ples of en vi ron men tal 
sus tain abil ity. In ad di tion, the avail abil ity of NP in sig nif i cant quan ti - 
ties in dif fer ent coun tries around the world makes this con crete to be 
con sid ered a vi able al ter na tive at in dus trial scale [ 21 , 45 ]. 

3 . Materials and experimental procedure 

Fig. 1 pre sents the method ol ogy fol lowed in this re search. 

http://www.astm.org/Standards/C1202
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Fig. 1 . Ex per i men tal method ol ogy. 

3. 1 . Materials 

A mix ture of nat ural poz zolan of vol canic ori gin (NP) and gran u - 
lated blast fur nace slag (GBFS) in a pro por tion of 70% and 30%, re - 
spec tively, was used as a pre cur sor to pro duce AABC con crete. The 
pro por tions of the mix ture were ob tained from a pre vi ous study [ 49 ]. 
Ad di tion ally, a GU type Port land ce ment (gen eral use - ASTM C1157 
[ 50 ]) was em ployed in the pro duc tion of the OPC ref er ence con crete. 
Table 1 re ports the chem i cal com po si tions of these ma te ri als, ob - 
tained by X - ray flu o res cence (XRF) us ing a Philips - PANalytical MagiX 
Pro PW 2440 spec trom e ter. 

As al ka line ac ti va tor so lu tion, a mix ture of in dus trial grade sodium 
hy drox ide (NaOH) and com mer cial sodium sil i cate (wa ter glass) 
(Na 2 SiO 3 : SiO 2  =  32.09%, Na 2 O  =  11.92%, H 2 O  =  55.99%), with a 
so lu tion mod u lus (SiO 2 /Na 2 O mo lar ra tio) of 1.1 was used. 

Sil ica sand ex tracted from a river in the re gion with a fine ness 
mod u lus of 1.85 and crushed siliceous gravel of max i mum size 
12.7  mm were used as ag gre gates. The ideal gran u lo met ric com bi na - 
tion of the ag gre gates (45% sand - 55% gravel) was de ter mined based 
on the Fuller - Thompson method. It is noted that the ag gre gates meet 
the stan dards for use in con crete [ 51 – 53 ]. 

3. 2 . Mix designs and specimen preparations 

For the de sign of the AABC and OPC con cretes, the fol low ing spec - 
i fi ca tions were es tab lished: min i mum com pres sive strength of 21MPa 
af ter 28 days of cur ing and slump greater than 18  cm (fluid con sis - 
tency). To meet these de sign spec i fi ca tions in AABC con crete, a pre - 
cur sor ma te r ial quan tity (70% NP+ 30% GBFS) of 400  kg/ m 3 and liq - 
uid/ solid ra tio (L/ S) of 0.35 were re quired. An adap ta tion of the “ab - 
solute vol ume” method pro posed by ACI 211.1 [ 54 ] was made for the 

Table 1 
Chem i cal com po si tion of the raw ma te ri als (% by weight). 

Chemical compound (%) NP GBFS OPC 

SiO 2 61.99 37.74 17.99 
Al 2 O 3 15.52 15.69 3.88 
Fe 2 O 3 7.33 1.85 4.76 
CaO 5.19 40.30 62.28 
Na 2 O 4.07 0.20 0.23 
MgO 2.49 1.30 1.71 
K 2 O 1.59 0.40 0.32 
SO 3 – – 4.03 
LOI a 0.48 – 4.14 
Others 1.34 2.52 0.66 
SiO 2 /Al 2 O 3 (Molar) 6.79 4.09 – 
a LOI: Loss on ignition. 

de sign of the con crete mix. This same method ol ogy was car ried out 
with the OPC con crete for com par a tive pur poses. Table 2 re ports the 
dry weight dosages for both con cretes. 

The two types of con crete were pro duced in a Crete An gle hor i zon - 
tal mixer with 8 - and 15 - min mix ing times for the OPC and AABC 
con cretes, re spec tively. The mix tures were cast into 76.2  mm di am e - 
ter and 152.4  mm high metal cylin dri cal molds and were sub se - 
quently vi brated for 30  s on an elec tric con crete vi brat ing table to 
elim i nate pos si ble trapped air. The molds were cov ered for 24  h with 
a plas tic film, af ter which the cylin ders were re moved from the mold. 
OPC and AABC con cretes were cured at room tem per a ture (±25  °C) 
and rel a tive hu mid ity greater than 90%. Af ter 28 days of cur ing, the 
com pres sive strength test was car ried out for the two types of con - 
crete. The re sults are pre sented in Table 3 . The test was car ried out in 
a hy draulic press (ELE In ter na tional) of 1000  kN ca pac ity, in ac cor - 
dance with the ASTM C39 stan dard [ 55 ]. Spec i mens of 152.4  mm 
high and 76.2  mm wide (AABC and OPC with out re in forc ing steel) af - 
ter 28 and 360 days of cur ing were also used to eval u ate the elec tri cal 
re sis tiv ity of the con cretes. 

It should be noted that the poros ity prop er ties of con crete are 
closely linked to the dura bil ity per for mance of the ma te ri als. For this 
rea son, Table 3 pre sents the phys i cal - mechanical char ac ter is tics of the 
con cretes at 28 days of cur ing, which were re ported in pre vi ous stud - 
ies [ 26 , 48 ]. The me chan i cal and poros ity char ac ter is tics are quite sim - 
i lar. How ever, OPC con crete has a much more re fined pore struc ture 
com pared to AABC con crete based on what was re ported by the mer - 
cury porosime try test. Fur ther more, based on the cap il lary wa ter ab - 
sorp tion re sults, the ab sorp tion co ef fi cient K is higher for AABC con - 
cretes and the re sis tance to wa ter pen e tra tion m is lower com pared to 
OPC con cretes. All of this to gether cor rob o rates that OPC has a finer 
pore struc ture and there fore a greater re sis tance to wa ter pen e tra tion 
than AABC [ 48 ]. 

To pro duce the re in forced con crete, a cor ru gated struc tural steel 
bar 150  mm in length and 6.4  mm in di am e ter was in serted in the 

Table 2 
Con crete mix com po si tion per cu bic me ter. 

AABC concrete OPC concrete 

Material Dry weight (kg) Material Dry weight (kg) 
NP 280.0 OPC 400.0 

GBFS 120.0   
Activator 248.9 Water 200.0 

Gravel 930.9 Gravel 940.0 
Sand 761.6 Sand 769.1 
Total 2341.1 Total 2309.1 

(Ac ti va tor: NaOH  +  wa ter glass  +  mix ing wa ter). 

http://www.astm.org/Standards/C1157
http://www.astm.org/Standards/C39
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Table 3 
Phys i cal - mechanical prop er ties of con cretes at 28 days of cur ing. 

Properties AABC OPC Standard 

Compressive strength (MPa) 23.11 23.20 ASTM 
C39 [ 55 ] 

Indirect tensile strength 
(MPa) 

2.68 2.50 ASTM 
C496 [ 56 ] 

Flexural strength (MPa) 4.70 5.94 ASTM 
C293 [ 57 ] 

Bulk density (dry) (kg/m 3 ) 2236 2216 ASTM 
C642 [ 58 ] 

Water absorption (%) 5.78 6.99  
Porosity (%) 15.18 15.82  
Porosity by mercury porosimetry 
Total Porosity (%) 15.9 15.5 – 
Pore size distribution Majority pore 

size 
Majority pore size 
0.1 – 1  μm - 8.6% 

– 

 1 – 10  μm - 
6.45% 

Meso - porosity a  

 Meso - porosity a 

3.76% 
4.99%  

Water capillary absorption 
Absorption coefficient K 

(kg/m 2 s 1/2 ) 
0.0296 0.0145 SIA 162/1 

[ 59 ] 
Water penetration resistance 

m (s/m 2 ) (x10 7 ) 
1.09 4.53  

Effective porosity ε (%) 9.78 9.79  
a Meso - porosity: the fraction of pores smaller than 0. 1  μm (100  nm). 

Table 4 
El e men tal com po si tion of the struc tural steel (%). 

Chemical element C Mn P S Si 

Steel rebar 0.30 1.50 0.035 0.045 0.50 

cen tre of each spec i men. The chem i cal com po si tion of the steel is pre - 
sented in Table 4 . The steels were pre - cleaned with ace tone to re move 
pos si ble grease on the sur face. The ex po sure area of the steel bars was 
de lim ited with a length of 50  mm, and the rest of the steel bar was 
coated with cor ro sion - resistant epoxy paint. Fig. 2 shows the 
schematic de sign of the re in forced con cretes, which were cured for 28 
days at room tem per a ture (25  °C) and rel a tive hu mid ity greater than 
90%. Fol low ing this, the re in forced con cretes were ex posed to each of 
the ac cel er ated chlo ride ingress tech niques to eval u ate the cor ro sive 
process of the re in forc ing steel. 

3. 3 . Accelerated chloride ingress techniques 

Be cause the nat ural process of dif fu sion of chlo rides in con crete is 
slow, dif fer ent tech niques such as im pressed volt age, wet/ dry cy cles, 
and salt wa ter im mer sion (3.5% NaCl) were used in this study. 

3. 3. 1 . Impressed voltage (IV) 
Af ter 28 days of cur ing, the re in forced con cretes (AABC and OPC) 

were im mersed in 3.5% aque ous NaCl so lu tion. Based on the NT Build 
356 stan dard [ 60 ], a con stant volt age of 5  V was ap plied, us ing an ex - 
ter nal power sup ply be tween the an ode (steel re bar) and the cath ode 
(stain less steel sheet). Fig. 3 schemat i cally rep re sents the set - up used 
in the test. The dif fu sion of the chlo ride ions was recorded by mea sur - 
ing the cur rent pass ing through the spec i men. The cur rent in creases as 
the chlo ride ions reach the re in forc ing steel, fol lowed by the cur rent 
con tin u ing to in crease un til vis i ble cracks, or cor ro sion prod ucts, are 
ob served in the spec i mens. For the as sem bly, mon i tor ing and data col - 
lec tion, a U2741A Mod u lar Dig i tal Mul ti me ter was used with an Ag i - 
lent U2781A chas sis and Ag i lent E3645A DC power sup ply, rang ing 
from 0 to 35  V/ 2.2A. Lin ear po lar iza tion re sis tance (LPR) elec tro - 
chem i cal mea sure ments were made be fore and af ter per form ing the 
IV tech nique. To carry out the LPR fol low ing com ple tion of IV, the 
sys tem was dis con nected and the con crete re moved from the aque ous 
so lu tion and al lowed to dry in the lab o ra tory en vi ron ment (RH: 

Fig. 2 . Schematic view of re in forced con cretes. 

http://www.astm.org/Standards/C39
http://www.astm.org/Standards/C496
http://www.astm.org/Standards/C293
http://www.astm.org/Standards/C642
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Fig. 3 . Schematic of im pressed volt age tech nique. 

52.5% and T: 24.8  °C) for 24  h. Two repli cated sam ples were used for 
each type of con crete. 

3. 3. 2 . Wet/ dry cycles (w/ d) 
This tech nique con sisted of ex pos ing the re in forced con cretes af ter 

28 days of cur ing to wet/ dry cy cles (w/ d). Each cy cle con sisted of one 
week of im mer sion in 3.5% NaCl aque ous so lu tion, and the fol low ing 
week un der lab o ra tory con di tions (RH: 49% and T: 25.3  °C), un til 10 
cy cles were com pleted. At the end of each cy cle, the cor ro sive process 
was mon i tored us ing the tech niques of LPR and half - cell po ten tial. 
Two repli cated sam ples were used for each type of con crete. 

3. 3. 3 . Saltwater immersion (3. 5% NaCl) 
Af ter 28 days of cur ing, the AABC and OPC re in forced con cretes 

were ex posed to im mer sion in 3.5% NaCl aque ous so lu tion, the 
progress of the cor ro sive process was mon i tored at 30 - day in ter vals 
us ing the LPR and half - cell po ten tial tech niques. Like wise, for the de - 
ter mi na tion of the po lar iza tion curves, the re in forced con cretes were 
ex posed to 600 days of im mer sion. Dif fer ent spec i mens were used for 
the LPR tech nique and po lar iza tion curves. Two and four repli cated 
sam ples were used for LPR and po lar iza tion curves, re spec tively. 

3. 4 . Experimental tests 

3. 4. 1 . Electrical resistivity 
The elec tri cal re sis tiv ity of the con crete was de ter mined us ing the 

Wen ner 4 - point method fol lowed in the Span ish stan dard UNE 
83988 – 2 [ 61 ]. The Pro ceq Re si pod Con crete Re sis tiv ity Me ter was 
used, with a 38  mm tip spac ing. The test was per formed in a lab o ra - 
tory en vi ron ment with a rel a tive hu mid ity (RH) of 44.6% and tem per - 
a ture (T) of 25.4  °C. Three repli cated sam ples were used for each type 
of con crete. 

3. 4. 2 . Rapid chloride permeability test (RCPT) 
Since AAMs do not yet have de fined stan dards for eval u at ing their 

dura bil ity, the ac cel er ated chlo ride ion per me abil ity test was per - 

formed fol low ing the pro ce dure de scribed by ASTM C1202 [ 62 ] used 
since 1991 for OPC - based con cretes. This test con sists of the ap pli ca - 
tion of 60  V for 6  h to de ter mine the per me abil ity of the chlo ride ions 
in terms of the charge passed through the spec i mens. The ef fect of the 
age of cure of 28 and 360 days in the con cretes with out re in force ment 
(AABC and OPC) was eval u ated us ing spec i mens 50  mm high and 
76.2  mm in di am e ter. Three repli cated sam ples were used for each 
type of con crete. 

3. 4. 3 . Polarization curves 
To de ter mine the po lar iza tion curves of the re in force ment steels 

em bed ded in the AABC and OPC con cretes, a three - electrode elec tro - 
chem i cal cell was used, fea tur ing a work ing elec trode cor re spond ing 
to the re in forc ing steel, a Ag/ AgCl ref er ence elec trode Fisher Sci en - 
tific (4  M KCl sat u rated) and a counter elec trode of stain less steel lo - 
cated around the con crete. Over po ten tials from −250 to +250  mV 
were ap plied. An Au to lab PGSTAT128  N po ten tio stat/ gal vano s tat was 
used. Af ter 28 days of cur ing, the test was con ducted for re in forced 
con crete be fore im mer sion (0 days) and af ter 600 days of im mer sion 
in 3.5% aque ous NaCl so lu tion. Through this test, the con stant of pro - 
por tion al ity B was de ter mined in the pas sive and ac tive con di tion of 
the con crete, ac cord ing to Equa tion (1) [ 63 , 64 ]. 

(Equation 1) 

where, β a and β c , cor re spond to the Tafel an odic and ca thodic slopes 
re spec tively. 

3. 4. 4 . Linear polarization resistance (LPR) and half - cell potential tests 
The LPR as say was per formed un der the ASTM G59 stan dard [ 65 ]. 

A 3 - electrode elec tro chem i cal cell was used in the same way as in the 
pre vi ous case. Over po ten tials from −30 to +30  mV were ap plied ver - 
sus the open cir cuit po ten tial (OCP). An Au to lab PGSTAT128  N po ten - 
tio stat/ gal vano s tat was used. The cor ro sion rate, i corr , was cal cu lated 
us ing the Stern - Geary equa tion (Equa tion (2) ) [ 63 ]: 

http://www.astm.org/Standards/C1202
http://www.astm.org/Standards/G59
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(Equation 2) 

where B cor re sponds to the con stant of pro por tion al ity cal cu lated 
from the po lar iza tion curves for AABC con crete, and R p cor re sponds 
to the lin ear po lar iza tion re sis tance. For OPC con cretes, the rec om - 
mended value B  =  26  mV was used [ 66 ]. 

The ASTM C876 stan dard was fol lowed to de ter mine the half - cell 
po ten tial [ 67 ]. A UNI - T UT70A dig i tal mul ti me ter and an Ag/ AgCl 
ref er ence elec trode were used. 

4 . Results and discussion 

4. 1 . Electrical resistivity 

The elec tri cal re sis tiv ity prop erty is closely linked to the poros ity, 
and thus the dura bil ity of the con crete, and mainly with the re in forc - 
ing steel cor ro sion phe nom e non be cause this is due to an elec tro - 
chem i cal process. A non - destructive tech nique, elec tri cal re sis tiv ity 
en joys wide use in the in spec tion of re in forced con crete struc tures as 
it pro vides a cor re la tion with the cor ro sion rate [ 68 ]. Fig. 4 shows the 
elec tri cal re sis tiv ity of the AABC and OPC con cretes at the age of 28 
and 360 days of cur ing. Lower elec tri cal re sis tiv ity val ues were found 
for AABC con crete com pared to the OPC ref er ence con crete. The 
RILEM TC - 154 com mit tee [ 66 ] re ports the cor re la tion be tween the re - 
sis tiv ity of the con crete and the cor ro sion of the re in forc ing steel, 
from which it can be in ferred that the AABC con crete at 28 days of 
cur ing would have a high prob a bil ity of cor ro sion, in con trast to OPC, 
which would have a mod er ate such prob a bil ity. The re sults pre sented 
cor re late well with the poros ity data pre sented in Table 3 . The OPC 
has a finer pore struc ture, so that a tor tu ous ef fect on the mi crostruc - 
ture of fers greater re sis tance to the flow of charge through the ma te r - 
ial. Af ter 360 days of cur ing, the elec tri cal re sis tiv ity in creases due to 
the den si fi ca tion of the ma trix of both types of con crete. The tech - 
nique used to mea sure elec tri cal re sis tiv ity, Wen ner's four - point 
method, pro vides in for ma tion about the sur face elec tri cal re sis tiv ity 
(SER) of the con crete. Table 5 shows the re la tion ship be tween SER 
and the chlo ride ion per me abil ity clas si fi ca tion sug gested by the 
Florida De part ment of Trans porta tion (FDOT) stan dard for con crete 
[ 69 ]. Ac cord ing to Table 5 , AABC would have a prob a bil ity of high 
per me abil ity to chlo ride ions, and OPC a mod er ate per me abil ity. 

The lit er a ture re ports sev eral stud ies of elec tri cal re sis tiv ity in AAC 
us ing the bulk elec tri cal re sis tiv ity (BER) method for fly ash/ slag - 
based con crete. Ma et al. [ 34 ] recorded a higher BER for a slag - based 

Fig. 4 . Elec tri cal re sis tiv ity of con cretes at 28 and 360 days of cur ing. 

Table 5 
Re la tion ship be tween chlo ride ion per me abil ity class and sur face elec tri cal re - 
sis tiv ity (FDOT Stan dard [ 49 ]). 

Chloride ion permeability Classification Surface resistivity test at 28 days (KΩ.cm) 

High <12 
Moderate 12 – 21 
Low 21 – 37 
Very Low 37 – 254 
Negligible > 254 

AAC, com pared to an OPC con crete. The au thors at tribute the re sult 
ob tained to the fact that the AAC has a denser, more tor tu ous pore 
struc ture. In con trast, re port ing on the elec tri cal re sis tiv ity of the pore 
so lu tion, they ob served the slag - based AAC to have a lower elec tri cal 
re sis tiv ity than OPC had, which they at tribute to the highly ionic na - 
ture of the AAC. The lat ter may be an im por tant fac tor that also af - 
fects the elec tri cal re sis tiv ity val ues pre sented in this study, since the 
SER mea sure ments can be in flu enced by dif fer ent fac tors such as, 
among oth ers, the ionic na ture of the pore so lu tion, hu mid ity, tem per - 
a ture, and pore struc ture [ 70 ]. In re cent stud ies, Cai et al. [ 71 ] re port 
that the elec tri cal re sis tiv ity of AAM con crete is highly in flu enced by 
the con cen tra tion of al kali in the sys tem, the pre cur sor type, the re - 
place ment of slag in the al kali - activated sys tem, and the cur ing tem - 
per a tures. Sim i larly, Bon dar et al. [ 72 ] ob served that the BER in fly 
ash/ slag - based AAC is in flu enced by the pre cur sors and the con cen tra - 
tions of the ac ti va tor so lu tion. To date, there are no re ports in the 
elec tri cal re sis tiv ity lit er a ture on AAC based on nat ural poz zolans/ 
slags. 

4. 2 . Rapid chloride permeability test (RCPT) 

In or der to ob serve the re sis tance of the con cretes to chlo ride ion 
pen e tra tion, the RCPT test was per formed. Fig. 5 shows the re sults ob - 
tained. The AABC had a much lower charged passed com pared to the 
OPC con crete. Ac cord ing to the ASTM C1202 stan dard, the AABC con - 
crete has a low per me abil ity to the chlo ride ion com pared to the OPC 
con crete, which has a high per me abil ity. Re searchers such as Bon dar 
at al [ 39 ]. and Ghafoori et al. [ 40 ] ob served high chlo ride ion per me - 
abil ity for NP - based al kali - activated mor tars. How ever, Na jimi et al. 
[ 27 ] ob served in NP/ slag - based AACs a re duc tion in chlo ride ion pen - 
e tra tion com pared to OPC; the au thors state that the chlo ride mi gra - 
tion co ef fi cient is re duced when the per cent age of slag used as a sec - 

Fig. 5 . Rapid chlo ride per me abil ity test of con cretes at 28 and 360 days of 
cur ing. 

http://www.astm.org/Standards/C876
http://www.astm.org/Standards/C1202
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ondary pre cur sor in al ka line ac ti va tion of bi nary - type sys tems in - 
creases, cor rob o rat ing the re sults of the pre sent study. How ever, in 
con trast to the re sults pre sented in Table 3 and Fig. 4 , it can be de - 
duced that the re sis tance to chlo ride ion pen e tra tion in AABC does not 
de pend ex clu sively on the poros ity of the ma te r ial and the elec tri cal 
re sis tiv ity. The trans port of chlo ride ions in AAC there fore de pends on 
sev eral fac tors, among them the physic o chem i cal char ac ter is tics, re ac - 
tion prod ucts (gels) and a pos si ble bind ing chlo ride ca pac ity in the 
con crete ma trix [ 41 ]. 

Re cent stud ies have re ported that AAMs have chlo ride ion bind ing 
ca pac ity, and it is stated that this de pends on the com po si tion of the 
ac ti va tor, the type of pre cur sor, the con cen tra tion of the chlo ride so - 
lu tion which they are ex posed, and es pe cially the types of gels that 
are formed in these ma te ri als [ 73 – 76 ]. In gen eral, the gels formed are 
N - A - S - H and/ or C - A - S - H type de pend ing on the type of pre cur sor 
used. Zhang et al. [ 74 ] re ported that in AAM based on 100% slag, the 
bind ing ca pac ity is at trib uted to the phys i cal ad sorp tion of the C - A - S - 
H gel, how ever, the au thors ob served that if this ma te r ial is ex posed 
to a high con cen tra tion of chlo ride ions, it is ca pa ble of form ing the 
Friedel Salt, whereas if the AAM is of a bi nary type (fly ash/ slag), the 
ca pac ity of chlo ride bind ing in creases due to the for ma tion of the N - 
A - S - H gel, which is gen er ated by the al ka line ac ti va tion of the fly ash. 
The bind ing ca pac ity of the N - A - S - H gel is of the phys i cal ad sorp tion 
type, since in this the au thors did not show Friedel's Salt for ma tion. 
Re gard ing AAM based on low cal cium fly ash, Noushini et al. [ 73 ] 
also ob served a chlo ride bind ing ca pac ity, at tribut ing this phe nom e - 
non to the ad sorp tion or en cap su la tion of chlo ride ions in the pore 
net work of the ma te r ial. In ad di tion, the au thors re port the for ma tion 
of NaCl crys tals in the ma trix. In the pre sent study, no tri als on chlo - 
ride bind ing ca pac ity are re ported. How ever, due to the re sults ob - 
served, the be hav iour of AABC could be at trib uted to a pos si ble chlo - 
ride bind ing ca pac ity by phys i cal ad sorp tion in its N - A - S - H and C - A - S - 
H gels (the for ma tion of these gels has been re ported in pre vi ous stud - 
ies [ 49 ]). Re gard ing the re la tion ship be tween chlo ride per me abil ity 
and elec tri cal re sis tiv ity pre sented in Table 5 , the RCPT re sults do not 
agree ex actly with the stan dard FDOT clas si fi ca tion. 

4. 3 . Saltwater immersion (3. 5% NaCl) 

4. 3. 1 . Polarization curves 
Fig. 6 shows po lar iza tion curves of the re in forc ing steel em bed ded 

in the AABC and OPC con cretes in the pas sive and ac tive con di tions. 
The pas sive con di tion is rep re sented by the curves that have not suf - 
fered any ex po sure to the ag gres sive en vi ron ment (0 days) and the ac - 
tive con di tion is rep re sented by the po lar iza tion curves af ter 600 days 
of im mer sion in 3.5% NaCl aque ous so lu tion. Table 6 pre sents the val - 
ues of cor ro sion po ten tials ( E corr ) and cor ro sion cur rents ( i corr ), which 
were ob tained by the ex trap o la tion method. The con stant of pro por - 
tion al ity B was de ter mined by cal cu lat ing the slopes of the an odic (β a ) 
and ca thodic curve (β c ) (Equa tion (1) ). The RILEM TC154 [ 66 ] com - 
mit tee sug gests us ing, for the pur poses of cal cu lat ing the LRP tech - 
nique, a value of 26  mV for the con stant B in the case of OPC - based 
con crete. Ac cord ing to the ex per i men tal re sults ob tained, it was pos si - 
ble to cor rob o rate this sug gested value for OPC. As can be seen in 
Table 6 , for the ac tive con di tion of the re in forc ing steel (600 days im - 
mer sion) em bed ded in AABC, a value of 17  mV was ob tained and 
20  mV for the pas sive con di tion. Babaee and Cas tel [ 29 ] like wise ob - 
tained dif fer ent B con stant val ues for fly ash/ slag bi nary re in forced 
con cretes to the typ i cal value used for OPC con cretes; val ues of B in 
the range of 13 – 20  mV for the pas sive state and be tween 45 and 
58  mV af ter 112 days of w/ d cy cles in NaCl so lu tion (ac tive con di - 
tion) were re ported. These re sults do not agree with those ob served in 
the pre sent study. This can be at trib uted to the type of pre cur sors, ac - 
ti va tors and mix ing pro por tions used in the study, al though other pa - 
ra me ters re lated with the elec trolyte can also af fect the re sults. These 
fac tors could lead to ob serve dif fer ences in the elec tro chem i cal be hav - 
iour of re in forc ing steel em bed ded in the con crete, due to changes in 
the com po si tion of the pore so lu tion and mi crostruc ture. In gen eral, B 
might be of a dif fer ent value in func tion of al kali - activated sys tem 
used. Ac cord ing to this, it is nec es sary to de velop a data base of B con - 
stants based in the ex per i men tal re sults to be used in al kali - activated 
sys tem [ 29 ]. 

Fig. 6 . Po lar iza tion curves of re in forc ing steel in AABC and OPC con cretes 0 days and 600 days of ex po si tion to im mer sion in NaCl 3.5%. 
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Table 6 
Cor ro sion po ten tial ( E corr ), cur rent den sity ( i corr ) and con stant B cal cu lated us - 
ing the Tafel ex trap o la tion method. 

Concrete Time of exposition 
(days) 

E corr (mV vs 
Ag/AgCl) 

i corr 
(μA/cm 2 ) 

B (mV) 

AABC 0 −173 0.0294 20.0 
 600 −688.27 16.32 17.0 
OPC 0 14.9 0.0374 24.5 
 600 −563.56 17.60 25.6 

It can be seen from the i corr val ues re ported af ter 600 days of ex po - 
sure that the steel em bed ded in AABC shows a de crease in the cor ro - 
sion rate com pared to that in OPC. Mean while, the cor ro sion po ten tial 
val ues are much more neg a tive for AABC. This be hav iour is at trib uted 
to the pres ence of slag in the al kali - activated bi nary sys tem. Thus, the 
sul phide con tent of GBFS can de crease po ten tial val ues in re dox re ac - 
tions [ 77 ]. 

4. 3. 2 . Linear polarization resistance (LPR) and half - cell potential tests 
Given that the mea sure ments of cor ro sion po ten tials ( E corr ) are 

con sid ered qual i ta tive and by means of these it is not pos si ble to de - 
ter mine the ki net ics of the elec tro chem i cal be hav iour of the re in forc - 
ing steel, Fig. 7 pre sents the re sults of both half - cell po ten tial ( E corr ) 
and cor ro sion rate i corr , re spec tively. Fig. 7 a shows E corr of the AABC 
and OPC con cretes ex posed to im mer sion in aque ous 3.5% NaCl so lu - 
tion. Ac cord ing to the elec tro chem i cal mea sure ments of po ten tials, 
the AABC con crete pre sents a prob a bil ity of cor ro sion greater than 
90% from the first days of im mer sion; more over, af ter 120 days of im - 
mer sion, more neg a tive po ten tials are ob served. OPC con crete pre - 
sents a prob a bil ity of cor ro sion less than 10% in the first days of ex po - 
sure; af ter 90 days of ex po sure the po ten tials de crease reach ing the 
level of prob a bil ity of cor ro sion greater than 90%. In con trast, Fig. 7 b 
shows the cor ro sion rates ( i corr ); elec tro chem i cal mea sure ments were 
car ried out us ing the LPR tech nique. Equa tion (2) was used to de ter - 
mine i corr . Here, B val ues of 26  mV and 17  mV were used for the OPC 
and AABC con cretes, re spec tively. As pre vi ously seen, these B val ues 
do not match due to the dif fer ences in the chem istry and mi crostruc - 
ture of both con cretes. In the elec tro chem i cal be hav iour, it can be ob - 
served that the re in force ment steel em bed ded in AABC pre sents ini tial 
cor ro sion rates in the neg li gi ble cor ro sion level range up to 90 days of 
ex po sure. In con trast, in this same time range po ten tials that in di cated 
high prob a bil i ties of cor ro sion were ob served. As men tioned above, 

the pres ence of GBFS in AABC con crete in duces more neg a tive half - 
cell po ten tials. Sim i lar find ings have been re ported by dif fer ent re - 
searchers; Ten nakoon et al. [ 32 ] re ported for fly ash/ slag - based AAC 
ex posed to dif fer ent con cen tra tions of NaCl very neg a tive po ten tial 
from the start of ex po sure com pared to their spe cific OPC ref er ence. 
These val ues of po ten tial did not co in cide with the ac tual state of cor - 
ro sion of the steels. Cri ado and Pro vis [ 77 ] re ported the elec tro chem i - 
cal be hav iour of re in forced mor tars based on the al ka line ac ti va tion of 
slag ex posed to chlo ride ions, high light ing very neg a tive po ten tials 
and af firm ing that they are not in dica tive of the real state of the re in - 
forc ing steels. Mean while, in fly ash - based AAC, more strongly neg a - 
tive po ten tials have also been ob served with out in di ca tion of cor ro - 
sion. Var i ous au thors af firm that this could re flect the low con cen tra - 
tion of oxy gen in the vicin ity of the steel and the high rate of for ma - 
tion of the pas sive layer [ 36 , 78 ]. 

These re sults sug gest a re con sid er a tion of the ranges of val ues of 
prob a bil i ties of cor ro sion for AAC based on half - cell po ten tials, be - 
cause dif fer ent fac tors may af fect the re port ing of mea sure ments and 
com par isons with Port land ce ment - based con crete (OPC). Ac cord ing 
to Fig. 7 b, af ter 120 days of ex po sure the steel is al ready ob served to 
be in the low cor ro sion level and i corr val ues be gin in creas ing and con - 
tinue to do so un til the end of the ex po sure. Com par ing the trend of 
elec tro chem i cal be hav iour through out the ex po sure time, AABC pre - 
sents lower cor ro sion rates com pared to OPC con crete, cor rob o rat ing 
the re sults pre sented in RCPT. OPC - embedded re in forc ing steel has a 
mod er ate level of cor ro sion at the end of the ex po sure, while for 
AABC the re in forc ing steel has a low level of cor ro sion. 

4. 4 . Impressed voltage (IV) 

Fig. 8 pre sents the curve of cur rent in ten sity ver sus time for the 
AABC and OPC con cretes ex posed to im pressed volt age (IV). In this 
test, in crease in cur rent is re lated to dif fu sion through the con crete of 
chlo ride ions; a sig nif i cant in crease in cur rent is due to the chlo rides 
reach ing the re in forc ing steel, ini ti at ing the cor ro sive process and 
gen er at ing cor ro sion prod ucts. These prod ucts in crease the vol ume in 
the vicin ity of the re in forc ing steel, gen er at ing in ter nal ten sile stresses 
in the con crete ma trix, lead ing to crack ing and con tribut ing to the de - 
te ri o ra tion of the con crete [ 1 , 2 ]. When the cur rent reaches its max i - 
mum, the cor ro sion prod ucts have al ready been gen er ated and in 
some cases, there are al ready vis i ble cracks in the con crete [ 79 ]. As 
ob served in Fig. 8 , for the AABC con crete, high cur rent val ues were 

Fig. 7 . a) Half - cell po ten tial E corr and b) cur rent den sity i corr for AABC and OPC con cretes ex posed to im mer sion NaCl 3.5%. 
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Fig. 8 . Cur rent ver sus time of con cretes sub ject to im pressed volt age tech nique. 

recorded at the be gin ning of the test (0 – 5  h), reach ing a max i mum of 
ap prox i mately 17  mA in the first minute, in con trast to the OPC con - 
crete which starts at cur rent val ues of 11  mA. These ini tial val ues cor - 
rob o rate the data ob served on elec tri cal re sis tiv ity, where AABC pre - 
sents a lower SER. Like wise, an abrupt drop in cur rent (~5mA) can be 
ob served af ter the first hour for AABC. Cai et al. [ 71 ] re ported bulk 
elec tri cal re sis tiv ity mea sure ments for dif fer ent AAMs. These were 
found to have un sta ble val ues in the ini tial phase, sta bi liz ing af ter 
2  h. It is pos si ble that the ini tial data is due to an elec tri cal con duc tiv - 
ity in flu enced by the ionic na ture of the ma te r ial, which gen er ates 
high ini tial cur rent val ues. How ever, af ter some time the ionic move - 
ment in side the mi crostruc ture sta bi lizes. Af ter 50  h of ex po sure, the 
cur rent in AABC drops to ~1  mA and re mains sta ble for up to ap prox - 
i mately 400  h. This phe nom e non could be at trib uted to a pos si ble 
bind ing of the chlo ride ions in the gels as a re sult of al ka line ac ti va - 
tion, which im pedes the pas sage of charge flow. Af ter 500  h, a re - 
mark able in crease in cur rent is ob served un til reach ing its max i mum 
of 10.47  mA  at 620  h (~26 days) of ex po sure for AABC in con trast to 
OPC, which reaches its max i mum of 16.72  mA  at 237 h (~10 days). 
At this point, cor ro sion prod ucts and crack ing are ob served. AABC 
con crete sig nif i cantly in creases the time for the ap pear ance of cor ro - 
sion prod ucts and cracks, in creas ing by a fac tor of 2.62 the time with 
re spect to OPC. In this re gard, sim i lar re sults have been re ported with 
the use of this tech nique in fly ash - based AAC, high light ing an in - 
crease in the time of ap pear ance of cracks com pared to an OPC ref er - 
ence ma te r ial [ 80 – 82 ]. 

Fig. 9 pre sents the i corr val ues be fore and af ter dis con nect ing the 
im pressed volt age (IV) as say for the AABC and OPC con cretes. An in - 
crease in cor ro sion den si ties can be ob served for both con cretes af ter 
the test. De spite the fact that the AABC con crete re mained ex posed 
longer, it re ported a lower i corr value than OPC. 

Fig. 10 shows the con crete af ter the IV test, where the pres ence of 
a crack is ev i dent for the OPC con crete. How ever, for AABC, al though 
cor ro sion prod ucts were vi su al ized on the sur face, no ap pre cia ble 
crack could be seen with the naked eye. This be hav iour could be at - 
trib uted to the fact that the cor ro sion prod ucts formed on the sur face 

of the steel em bed ded in AABC do not in crease their vol ume in the 
same pro por tion as for the case of those em bed ded in OPC. This be - 
hav iour could be min i miz ing the ef fects of crack ing and de lam i na tion 
in the struc tures due to the cor ro sion of the re in forc ing steel in the 
AABC. Fig. 10 ad di tion ally shows the re in forc ing steels for both AABC 
and OPC af ter IV. Ma te r ial losses and ev i dent pit ting cor ro sion oc cur 
in the two steels due to at tack by chlo rides. 

4. 5 . Wet/ dry cycles (w/ d) 

Fig. 11 shows the half - cell po ten tials ( E corr ) and the cor ro sion cur - 
rent ( i corr ) on ex pos ing AABC and OPC con cretes to w/ d cy cles. Fig. 
11 a shows the elec tro chem i cal be hav iour of re in forc ing steel em bed - 
ded in AABC, where it is high lighted that the half - cell po ten tials are 
more neg a tive com pared to OPC from the be gin ning of the ex po sure. 
Mean while, from cy cle 4 the ob served po ten tials are more neg a tive 
for the two types of con crete. From Fig. 11 b, the i corr cor ro sion cur - 
rents are lower for AABC com pared to OPC un til cy cle 7, and from cy - 
cle 8 the val ues of the cor ro sion rates of the re in forc ing steels are 
closer. How ever, the trend of a lower i corr for AABC is main tained, 
cor rob o rat ing the re sults pre sented in chlo ride per me abil ity. 

In the lit er a ture, no stud ies on the cor ro sion be hav iour for AAC 
based on NP/ slag have been re ported. How ever, sim i lar be hav iours 
have been ob served in other types of AAC. Ten nakoon et al. [ 32 ] af - 
firm that in the case of fly ash/ slag - based con crete, these pre sented a 
low per me abil ity to the chlo ride ion and also a high re sis tance to cor - 
ro sion of the em bed ded steel com pared to an OPC con crete, both ex - 
posed to chlo rides by im mer sion. Else where, Babaee and Cas tel [ 29 ] 
re ported, for fly ash/ slag re in forced con crete and OPC con crete ex - 
posed to w/ d cy cles in NaCl, sim i lar elec tro chem i cal be hav iours of the 
re in forc ing steel. In turn, re cent re search has re ported that the pas sive 
film that is formed in fly ash/ slag - based AAM re sults in a bi layer - like 
struc ture; pre sent ing an in ner layer of FeOH and an outer layer rich in 
FeOOH, due to the high pH of the pore so lu tion, al low ing a pas sive 
layer with a greater pro tec tive ca pac ity to be formed. They also state 
that on the sur face of the pas sive film, a richly ab sorbed layer of ze o - 
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Fig. 9 . Cur rent den sity be fore and af ter im pressed volt age tech nique of con cretes. 

Fig. 10 . Vi sual In spec tion of re in forc ing steels af ter IV im pressed volt age tech nique of con cretes. 

lite - type gels is formed that pro motes in creased cor ro sion re sis tance to 
re in forc ing steel when com pared to OPC - based ce men ti tious ma te ri als 
[ 78 , 83 ]. 

Fig. 12 shows the re in forc ing steels af ter com plet ing ex po sure to 
w/ d cy cles. Steel bars em bed ded in AABC show less de te ri o ra tion 
com pared to those em bed ded in OPC, pre sent ing smaller ar eas where 
the phe nom e non of pit ting is found to be pre sent. The greater pro tec - 
tive ac tion of the AABC ma trix on the re in forc ing steel can be as so ci - 
ated with the pres ence of the layer of al ka line gels pre sent in the 
vicin ity of the steel, which do not al low a rapid spread of chlo ride 
ions and there fore less sus cep ti bil ity to pit ting in steel [ 84 ]. These 
find ings cor rob o rate the re sults re ported in Fig. 11 b. Be sides this, a 
steel em bed ded in OPC con crete showed crevice cor ro sion in the in - 
ter face re bar/ epoxy paint, this could in flu ence the cor ro sion rates. Ac - 

cord ing to Fig. 11 b, the stan dard de vi a tion in creases af ter cy cle 6 for 
OPC con cretes. In con trast, the steels em bed ded in AABC did not 
show any crevice cor ro sion. 

5 . Conclusions 

Based on the re sults, the fol low ing con clu sions may be drawn: 

- Despite having a lower electrical resistivity, AABC has a higher 
resistance to chloride ion penetration compared to OPC. According 
to RCPT, AABC reduces charge passed values by 70% and 69%, for 
28 and 360 days of curing, respectively. In this sense, the results 
show that resistance to chloride ion penetration principally 
depends (even more than on type and level of porosity) on the 
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Fig. 11 . a) Half - cell po ten tial E corr and b) cur rent den sity i corr for AABC and OPC con cretes ex posed to w/ d cy cles. 

Fig. 12 . Vi sual in spec tion of re in forc ing steel af ter w/ d cy cles of con cretes. 

chemical nature of the gels that are formed in these types of 
materials, their microstructure and the possible physicochemical 
binding capacity of the chloride ions within the matrix. 

- By means of the polarization curves of four replicates for each 
concrete, it was possible to determine the constant of 
proportionality B in the passive and active condition of the steel 
bars embedded in concrete, in which for the passivation condition 
of the reinforcing steel in AABC a value of 20  mV was obtained 
and for the active condition after 600 days of immersion in 3. 5% 
NaCl a value of 17  mV was obtained. These values differ from the 
theoretical values commonly used in Portland cement (OPC) - based 
concretes. In this regard, the findings of this research showed that 
it is not appropriate to assume the same values of B for alkali - 
activated concretes. Instead, these should be determined 
experimentally by means of polarization curves. 

- At the end of the exposition, the i corr values of w/ d cycles were 12 
and 8. 7 times higher than the values observed in the NaCl 
immersion, for ABBC and OPC respectively. These suggest that the 
w/ d cycle technique turns out to be more aggressive compared to 
the 3. 5% NaCl immersion technique. The impressed voltage 

technique led to the observation of cracks due to the corrosion of 
the reinforcing steel, where the AABC did not suffer a visible crack 
as OPC did, and the period during which the corrosion products 
appeared was more than two and a half times longer than for OPC, 
this being attributed to the microstructure of the gels present in the 
AABC matrix. In general, the accelerated chloride ingress 
techniques (impressed voltage, w/ d cycles and 3. 5% NaCl 
immersion) employed in the present research revealed that 
reinforcing steel embedded in NP/ slag - based alkali - activated 
concrete boasts a higher resistance to corrosion compared to steel 
bars embedded in Portland cement (OPC) - based concrete. 
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