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Abstract
E———

The main cause of concrete structures deterioration is related to the resistance against the penetration of aggressive agents. Aiming at increase
the impermeability and reduce the diffusivity of concrete elements, making it less susceptible to the ingress of chloride ions, the use of crystalline
catalyst emerges as a good alternative. Its mechanism of autogenous healing enhances the natural pore-filling process of concrete. The aim of
this study is to investigate the influence of the use of crystalline catalyst on the chloride ions penetration and service life prediction of concrete. For
the concrete mixtures production, it was used blast-furnace slag blended cement, three different water/cement (wi/c) ratios (0.45; 0.55; 0.65), with
and without crystalline catalyst, totaling six different mixtures. The concrete specimens were cured in a moist chamber and tested at 28 and 91
days. It was performed tests of compressive strength, rapid chloride permeability (ASTM C1202:12), and silver nitrate colorimetric indicator. The
results show that, compared to the reference mixture, the use of crystalline catalyst conserved the compressive strength and reduced the chloride
ions penetration up to 30%, increasing service life up to 34%.

Keywords: durability, reinforced concrete, chloride ions, crystalline admixture.

Resumo

Arazéo predominante da deterioragéo das estruturas de concreto armado esta relacionada com a capacidade de resisténcia contra a penetragéo
de agentes agressivos. A fim de favorecer a elevagéo da estanqueidade de elementos de concreto e a redugéo da difusividade dos concretos,
tornando-os menos suscetiveis ao ingresso de ions cloreto, a utilizagao de aditivo cristalino desponta como opg&o muito interessante. Seu me-
canismo de autocicatrizagao autdgena potencializa o processo de colmatacédo natural do concreto. Este trabalho objetivou investigar a influéncia
da utilizagao desses aditivos autocicatrizantes cristalinos no que tange ao avango de ions cloreto e a estimativa de vida util em concretos. Para
a producéo dos concretos foi utilizado cimento Portland com escéria de alto forno, considerando trés relagées agua/cimento (0,45; 0,55; 0,65),
sem e com o aditivo cristalino, totalizando seis proporgdes de materiais. Os corpos de prova foram curados em camara Umida e ensaiados nas
idades de 28 e 91 dias. Foram realizados ensaios de compressao axial, penetragéo acelerada de ions cloreto, ASTM C1202:12, e ensaios de
indicadores colorimétricos com aspersao de nitrato de prata. Apos andlise efetuada, os resultados demonstraram que, comparativamente ao
concreto de referéncia, o uso do aditivo cristalino resultou na conservagao da resisténcia a compressdo em concretos, na redugéo da penetragao
de cloretos em até 30%, e, na elevacgao da vida util de projeto, VUP, em até 34%.

Palavras-chave: durabilidade, concreto armado, ions cloreto, aditivo cristalino.
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1. Introduction

EE

The chloride ions penetration is one of the main mechanisms of
deterioration of reinforced concrete structures. This is due, partly,
to the possibility of these ions being transported to the interior of
the concrete, reaching the steel reinforcement and causing cor-
rosion [1-3]. A preventive measure that can be applied to reduce
the entrance of this aggressive agent in the concrete is the use
of crystalline catalysts, which induce the pore-filling effect, thus,
minimizing the chloride ion penetration.

It is known that in similar conditions of consumption and proper-
ties of aggregates, the more porous the concrete and the intercon-
nection between the pores, higher is the penetration of aggres-
sive agents [4]. Additionally, according to Sousa [5], the higher the
w/c ratio, higher is the concrete porosity. According to Neville [6],
what determines the penetration and movement of the aggressive
agents through the concrete is the hydrated paste structure and its
chemical and physical characteristics, the superficial concentration
of aggressive agents and the environmental conditions.

Due to the need of concretes which are more resistant to the pen-
etration of aggressive agents, especially the chloride ions, it is im-
portant to highlight the use of crystalline catalysts. The study of its
application in elements of concrete structures exposed to marine
environments is relevant for the prevention of pathological mani-
festations. Thus, becomes crucial the study of these crystalline
catalysts in concretes exposed to chloride ions contamination.
The autogenous healing is defined as a self-healing property,
where the healing is caused by the concrete hydrated compounds,
which can be or not activated. From the microstructure aspect, the
autogenous healing is characterized by the use of microcapsules
filled with healing agents or by the vascularization of hollow tubes
which pump the healing agents [7].

It is worth noting that the autogenous healing mechanism tends
to occur by the concrete natural pore-filling due to the chemical
reactions (continuous hydration, CaCO, formation) and mechani-
cal actions (loose particles in the cracks or suspended in water), or
even due to the self-healing phenomenon caused by active cata-
lysts. The production of self-healing concretes by the autogenous
approach id favored by the use of special component, such as the
crystalline catalyst [8].

In this context, the crystalline catalyst with self-healing agent, sub-
ject of analysis in this study, is defined as a synthetic cementi-
tious material classified as a hydrophilic waterproofing material or
also as a hydrostatic permeability reducing admixture. Its reactive
compounds combine with the concrete Ca(OH), forming crystalline
products which disconnect the pores and fill the cracks. It is impor-
tant to note that the crystalline products can only have a positive

effect when there is enough humidity, since water availability is
crucial for the autogenous healing reactions [9].

The admixture active chemical substances use water as a medi-
um of diffusion to migrate and ingress in the concrete capillaries
and cracks. The process is based in the precipitation of a chemi-
cal reaction, promoted by the catalyst, between the water and the
cement hydration byproducts, forming a new insoluble crystalline
structure of calcium silicate hydrate (C-S-H), calcium carbonate
(CaCO,), apatite crystals (CaF,) and enstatite crystals (MgSiO,).
This crystalline structure fills the pores making the concrete less
permeable due to the cracks pore-filling [10].

Researches have evaluated the effect of crystalline catalyst in
concretes [11-18]. However, it is relevant to know its potential re-
garding the mitigation of chloride ions penetration and the increase
of service life of concrete structures, characterized, according to
Helene [1], by the initiation of corrosion or even by the period in
which the chloride ions reach the steel reinforcement in sufficient
concentrations to dissolve the steel passivation film. In this study,
it will be analyzed the influence of the use of self-healing crystal-
line catalyst in concretes focusing on chloride ions penetration and
service life prediction.

2. Materials and methods
E—

2.1 Materials

The cement used for the specimens’ preparation was blast-furnace
slag blended cement, sulfate resistant, CP Ill 40 RS. Due to its
characteristics, this cement has been the most used in the dis-
trict of Espirito Santo — place where the study was performed. The
main reason for its use is the increased resistance against chemi-
cal attack, since there are many construction projects close to the
sea in the district. The proximity with the sea means salt spray
exposure, the main responsible for the chloride ions penetration
in concrete structures. It is also worth noting the autogenous heal-
ing mechanism promoted by the use of blast-furnace slag cement.
Thus, in this context, it is also intended to assess the catalyst ef-
ficiency in concretes with high slag content.

The fine aggregate used was quartz sand, previously washed
and kiln dried between 105°C and 110°C. As coarse aggregate,
crushed rock originated from diabase from the city of Serra-ES was
used. Aiming at provide an adequate workability between the dif-
ferent mixtures investigated, it was used a plasticizer chemical ad-
mixture of normal setting, which proportion recommended by the
manufactures is 0.2 to 2 % of the cement weight.

Table 1 presents the chemical composition of the crystalline cata-
lyst and the cement used.

Table 1
Typical chemical composition of the components, in percentage
Components SiO, ALO, Fe,O, CaO K,O Na,O MgO SO, LOI
Crystalline 1 5 3 17 43 309 0.15 5 19.4 1 -
catalyst
CPIIl 40RS 28.22 8.36 1.78 50.01 0.40 0.26 6.05 1.77 2.45
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Table 2

Materials consumption by cubic meter of concrete

Materials (kg/m? of concrete)
Coarse Coarse
Mixture | w/c ratio Fine aggregate | aggregate Plasticizer | Crystalline
Cement aggregate (4.8 1o (9.5to Water admixture | catalyst
9.5 mm) 19 mm)
0.45 398 748 390 728 179 1.19 7.96
A [ oss 325 813 390 728 179 0.98 65
0.65 275 857 390 728 179 0.83 5.5
Table 3

Compressive strength and slump test results

. Compressive strength Cement consumption
Mixtures at 28 days (MPa) Slump (mm) (kg/m?)

CPIll - Q.45 without 452 240 308
crystalline catalyst

CPIll - 0.45 with 458 200 308
crystalline catalyst
CPIll - Q.55 without 497 220 395
crystalline catalyst

CPI - 0.55 with 376 200 305
crystalline catalyst
CPIll - Q.65 without 200 60 275
crystalline catalyst

CPIl - 0.65 with 200 50 275
crystalline catalyst

2.2 Specimens preparation

Concrete mixtures were produced using a vertical axis mixer at
three different w/c ratios (0.45; 0.55; 0.65), with and without crys-
talline catalyst. Table 2 and 3 show, respectively, the consump-
tion of materials and the test results for characterization and con-
trol of the concrete specimens.

Table 3 presents the results of workability for the different mixtures,
and it can be verified that for each w/c pair, with and without crys-
talline catalyst, the slump values were equivalent.

|

Figure 1
Test procedure

A - Original concrete specimen; B - Extraction of
test specimens; C - Coating of side face;
D - Saturation; E - Cells assembly.

"

f

=

2.3 Test procedures

It was performed the rapid chloride permeability test (RCPT) which
follows the procedures of Whiting [19] and is recommended by the
standard ASTM C1202/12. The cylindrical specimens (51 mm thick
and 195 mm in diameter) were exposed in one side to a sodium
chloride solution (3% NaCl by mass) and the other to a sodium
hydroxide solution (0.3 N NaOH). A potential difference of 60 +
0.1 V is applied, which generate an electric current and induce the
chloride anion to diffuse through the concrete under influence of an
electric field. Electric current readings were taken using an amme-
ter every 30 min, totaling 6 h of test. The electric current multiplied

—

+ -

60V
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Test graphical representation

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n®3



P. HELENE | G. GUIGNONE | G. VIEIRA | L. RONCETTI | F. MORONI

Figure 3
Split specimens

by time, expressed in coulombs (C), indicates the total charge that
passed through the specimen and represents the concrete resis-
tance to the chloride ions penetration.

The test procedures were the following. Initially, the specimens
were removed from the curing chamber and sawed in 4 parts
perpendicular to the vertical axis, being discarded the extremi-
ties and used the central parts, procedure statistically validat-
ed by Helene e Medeiros [20]. At the following day, the side
faces of the specimens were coated with an epoxy resin. A day
before testing, the specimens were submitted to vacuum for 4
hours. After 3 hours of removing them from the vacuum, they
were submerged in deionized and deaerated water, remaining
at this condition for 18h. At the testing day the samples were
removed from the desiccator and coupled to the cells. The test
procedure and graphical representation are represented in
Figure 1 and 2, respectively.

Completed the RCPT, the specimens were sprayed with silver ni-
trate aiming to verify the final chloride penetration depth. This pro-
cedure was proposed by Luping e Nilsson [21]. For this purpose,
the specimens were split in half, using the compressive strength

7000 +
900 -
800
700 -
600

500 -

400 -

300 -

200 -

Total charge passed (Coulombs)

100 -

Figure 4
Silver nitrate spray

test apparatus, as shown in Figure 3, and later it was sprayed the
silver nitrate, as shown in Figure 4.

3. Results and discussion
E——

The tests were performed at the specimens at 28 and 91 days of
curing, and the results of total charge passed in Coulombs were
identified, according to ASTM C1202, as shown in Figure 5.

It can be identified an increase in total charge passed in higher
w/c ratio mixtures, and a decrease due to the use of crystalline
catalyst. It can also be noted that at higher w/c ratios with the use
of catalyst, the results had not changed significantly from 28 to 91
days. It is verified that despite the increase in total charge passed
in the mixtures with greater w/c, the values are still considered ‘very
low’ according to the classification table of total charge passed, as
presented in Tables 4 and 5.

The ‘very low’ classification is justified, mainly, by the cement type
used and the curing in a moist chamber for 28 and 91 days. The
blast-furnace slag blended cement (CPIII-RS) provides a more
compact (dense) and durable concrete. The curing in a moist

"]]]]]]]]m w/ ¢ 0.45; control
Ry w/c0.45; catalyst
@ w/ ¢ 0.55; control
w/¢0.55; catalyst
B 0/ 0.65; control
BZE v/ 0.65; catayst

12%

13%

Figure 5
Total charge passed of the different mixtures
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Table 4
ASTM C 1202 Classification

chamber is a process that provides greater strengths and durabil-
ity comparatively with the open air curing [22]. It can be observed,
in Figure 6, the influence of the w/c ratio with and without crystal-

Total charge passed Chloride ions penetration |  line catalyst.
(Coulombs) It is noted that for 28 and 91 days an increase of charge passed
> 4000 High with the growth of w/c ratio in concrete with and without catalyst
2000 - 4000 Moderate (Figure 6). At 91 days, with the varying w/c ratio, it can be noted a
constant increase of around 30%.
1000 - 2000 Low It is worth mentioning that, despite the similar rise of charge passed
100 - 1000 Very low with the increase of w/c ratios, at 28 and at 91 days, it is observed
<100 Insignificant smaller changes at 28 days due to catalyst use, comparatively with
Table 5
Concretes classification
W/c ratio Catalyst ( Qg; , Total <(:2ng:|]§ rr|:1>k<::’|ss)sed Q Compre(sl\s,;;z)sfrengfh
With 28 513 45.8
0.45 -
Without 28 603 45.2
With 91 405 54.7
0.45 -
Without 91 477 54.1
With 28 549 37.6
0.55 -
Without 28 774 42.7
With 91 522 52.2
0.55 -
Without 91 603 50.9
With 28 621 29.9
0.65 -
Without 28 882 29.9
With 91 684 39.5
0.65 -
Without 91 783 40.7
7000 -~
5!
_ 900 -
_8 (28%) (30%) m]]]]]]]m]] w/ec 0.45; catalyst
E 800 - 1% 783 m w/e¢ 0.55; catalyst
O ﬁ %
T 00 - (13%) % 681 B /e 0.65; catapy
FH () w/ ¢ 0.45; control
S A A /
600 - 'ﬁ'&"\ (28%) w m w/e 0.55; control
s= »‘m\ 522 \ .
9 500 t*:.%§ 477 § - w/¢0.65; control
7)) B K
8 PR 'w'\
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Figure 6
Influence of catalyst use on fotal charge passed
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Figure 7
Influence of catalyst use on compressive strength

the same w/c ratio increase at 91 days. The mentioned above can
be due, probably, to the products of the concrete pores crystallization
mechanism reacting with the concrete microstructure at early ages.

3.1 Compressive strength

In figure 7, it can be observed the compressive strength test results
obtained from the variation of age, w/c ratios and use of crystalline
catalyst.

By processing the results according to the least squares method
it can be obtained the characteristic curves of the Abrams’ law

54,7 (5%)

1
52.2 50

- wfe 0.45; catalyst
wfe 0.55; catalyst
wfe 0.65; catalyst

wfe 0.45; control

B ./ 0.55; conrol
B -/ 0.65; control

91 days

[23], as shown in Figure 8. From this figure, it can be noted that
the use of crystalline catalyst do not hinder the concrete com-
pressive strength.

3.2 Chlorides penetration - colorimetric test

Completed the RCPT (ASTM C1202) at the 28 and 91 days speci-
mens, they were split and sprayed with silver nitrate, and the re-
sults can be seen in Figure 9.

From the exposed results (Figure 9) it can be identified a rise in
the chloride penetration depth with the increase of w/c ratio from

ABRAMS

50,0

45,0

fej

40,0
(MPa)

350
30,0
250
20,0

0,40 045 0,50 055
w/c

Figure 8
Characteristic curves of Abram’s law

with
catalyst

—— = ABRAMS - fc28

91days

without

=~ ABRAMS - fc28 catalyst

with

- =ABRAMS - fc91
catalyst

28days

without
catalyst

= ABRAMS - fc91

0,60 0,65 0,70
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ko Qe + n Sy ~ Co h=
]

Chloride penetration depth (mm)

>

28 days

Figure 9
Chloride penetration depth at the different mixtures

0.45 to 0.65. It can also be noted a reduction in the penetration
depth with the use of the crystalline catalyst, with average values,
generally, 20% lower.

3.3 Chloride diffusion coefficient

Aiming at analyze the results of chloride apparent diffusion coef-
ficient it can be adopted the recommendation of Berke and Hicks
[24], where the correlation between the total passed charge and
chlorides diffusion coefficient are considered. The model proposed
by Berke and Hicks [24] can be adopted to estimate the project
service life of reinforced concrete structures (time to initiate the
reinforcement depassivation by chlorides), and also the formation
of cracks in concretes subjected to an environment with salt spray.
Due to the exposed, it was proposed the Equation 1 to derive em-
pirically the chloride diffusion coefficient estimate using the results
of total charge passed related to the RCPT (ASTM C1202). This
equation was adopted by other authors such as Helene and Me-
deiros [25] and Andrade and Whiting [26].

Caq = 0,0103 x 108284 ])

Where: C,= Chloride apparent diffusion coefficient (cm?/s); Q =
total charge passed (Coulomb).
From the chloride diffusion coefficient determined by the method
proposed by Berke and Hicks [24] and adopting the Fick’s second
law of diffusion in the non-steady-state, it is possible to build to
draw a graph relating the chloride penetration depth with the ser-
vice life of the structure.
For the service life prediction, it was used Equations 2 and 3 devel-
oped from the Fick’s second law [27-29].

2

PCl = Z(Z)\/m

- w/c 0.45;

w/c 0.45;
w/c 0.55:
w/c 0.55:

B w/c 0.65:
- w/c 0.65:

91 days

Ca—Co

o )

Where: D is the chloride diffusion coefficient (cm?year); tis the ser-
vice life (years); erf (z) is the Gauss error function; P, is the chlo-
ride penetration depth in which the chloride concentration reached
a critical point for depassivation of reinforcement (cm); C is the
initial chlorides concentration inside the specimens (adopted 0 %);
C, is the chlorides concentration in the specimens surface (%); C,
is the chlorides concentration limit for depassivation of reinforce-
ment by chloride attack over the P, depth and time t (%).

For creating the graph, some parameters were fixed. The upper limit
value for depassivation of reinforcement was considered as 0.4%,
related to the cement mass. This value was adopted since it is the
upper limit of chlorides for reinforced concrete according to The In-
ternational Federation for Structural Concrete (CEB-FIP). It is also
an average value between the Brazilian ABNT NBR 6118:2014 stan-
dard of 0.5% and the American ACI-318 standard of 0.3%.

The chlorides concentration in the concrete surface adopted was
0.9%, value recommended by Helene [1] as a reference for con-
cretes with w/c ratio ranging from 0.48 to 0.68, cement consump-
tion of 280 to 400 kg/m? and subjected to salt spray.

However, the chlorides concentration value at the concrete surface,
considering salt spray environments, is object of controversy. Medeiros
[28] recommends an average value of 1.8%, which, according to the
author, is an average value from the value of 0.9% recommended by
Helene [1] and the 3.0%, for a real structure 22 years old and subjected
to salt spray, recommended by Guimaraes [30]. Nunes et al. [31] evalu-
ated concrete structures in the use phase, older than 15 years and at
different distances from the sea and found the following values: Cs=
3.1% at 0 m sea distance; Cs= 1.1%, at 160 m; and Cs= 0.6%, at 630
m. Guimaraes et al. [32] suggest the following value of Cs for service
life prediction: 3.2% at 0 m sea distance; 1.1% at 160 m; and 0.6% at a

erf(z) =1 -
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| Mixtures cured for 28 days - Cs =0.9% and Cel=04% |

W ./ 0.45: control
B /¢ 0.55; control
B2/ 0.65; control

V2 wic 0.45; catalyst

Service life (years)

EE w/e0.55; catalyst
T w/c 0.65: catahst

Reinforcement depth(cm)

Figure 10

Service life prediction - based in the mixtures cured for 28 days

distance between 680 and 5.000 m from the sea. Thus, the 0.9% value
adopted in this study is consistent with the presented literature.

It is important to emphasize that, according to Andrade [33], the ser-
vice life presented in this study is only valid in the following condi-
tions: the reinforced concrete is at the beginning of its service life
(initiation period); the fastest aggressive agent to the structure is the
chloride attack, disregarding the others; the concrete subjected to
salt spray or submerged in a saline solution without additional external

accidental factor would affect the properties of the concrete cover.

From the equation 2, the graph presented in Figure 10 relates the
reinforcement depth adopted with the service life prediction (initia-
tion period of corrosion by chloride) for the analyzed mixtures. The
reinforcement depths of 3, 4 and 5 cm were adopted since they
are the values recommended by Brazilian standard ABNT NBR
6118:2014 for the following environmental conditions, respectively:
urban area and moderate aggressiveness; maritime area and strong

Table 6
Service life increase due to catalyst use
Relnforc(eérr\ne)nt depth Mixture Service life (years) Service life increase (%)
w/c 0.45; control 11.0 15%
w/c 0.45; catalyst 12.5 ’
w/c 0.55; control 8.9
3 33%
w/c 0.55; catalyst 11.9
w/c 0.65; control 8.0
34%
w/c 0.65; catalyst 10.7
w/c 0.45; control 19.5 15%
w/c 0.45; catalyst 22.3 ’
w/c 0.55; control 15.8
4 33%
w/c 0.55; catalyst 21.1
w/c 0.65; control 14.2
34%
w/c 0.65; catalyst 19.0
w/c 0.45; control 30.5 15%
w/c 0.45; catalyst 34.9 ’
w/c 0.55; control 24.7
5 33%
w/c 0.55; catalyst 33.0
w/c 0.65; control 22.1
34%
w/c 0.65; catalyst 29.7

IBRACON Structures and Materials Journal * 2018 « vol. 11 +n® 3



Evaluation of the chloride penetration and service life of self-healing concretes activated by crystalline catalyst

aggressiveness; and splash zone and very strong aggressiveness.

It was considered for the analysis, the mixtures cured for 28 days
since at this age the hydration reactions are in a mature stage, and
also due to the more significant results of the crystalline catalyst
effect than at 91 days.

Based in the Figure 10 and Table 6, it can be noted that by adopt-
ing a reinforcement depth of 4 cm, as recommended in the ABNT
NBR 6118 (2014) standard for reinforced concrete structures ex-
posed to marine environment, and w/c ratio of 0.65, it is obtained
a service life of approximately 14 years for the control mixture and
19 years by using catalyst (34% increase). At 0.65 w/c ratio with 5
cm of reinforcement depth, it is estimated a service life of 22 years
for the control mixtures and nearly 30 years by using the catalyst,
representing a 34% increase. By adopting a 5 cm concrete cover,
the highest value indicated by the standard, and 0.45 w/c ratio, it
is predicted a service life of 30 years for the control mixture and 35
years by using the crystalline catalyst.

4. Conclusions

EE

After the tests completion, the following can be concluded in this study:

B The crystalline catalyst did not altered the concrete properties
at fresh state and improved its hardened properties, providing
a reduction in chloride penetration without compromising the
mechanical compressive strength;

B The improvements were more significant at 28 days, neverthe-
less, they were prolonged till 91 days;

B The average reduction in total charge passed, in Coulombs, in
the ASTM C1202 test was 15%;

B Regarding the chloride penetration test by silver nitrate spray,
a reduction in the chloride contaminated depth at 91 days was
noted, meaning a higher resistance to chloride ions penetra-
tion at this later age. It was also observed that, as the results
from the ASTM C1202 test, there was an increase in resistance
against chloride penetration with the lower w/c ratios and the
use of crystalline catalyst;

B In relation to the service life prediction, the use of crystalline cata-
lyst provided an increase of up to 34% in the analysed mixtures.
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