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Abstract

The durability assurance in reinforced concrete is necessary during the design conception and mix design as a preventive
measure. Permeability in cementitious materials is a crucial durability indicator that can be influenced by many factors,
from capillary porosity to cracks. Under those circumstances, it might be helpful to have concrete with the ability to reduce
permeability. In this paper, the effectiveness of incorporating a crystalline admixture, both as an admixture and surface treat-
ment, through characterisation tests, durability tests, and self-healing analyses. A concrete with silica fume as an admixture
was also produced for comparison to the use of crystalline admixture (CA). The silica fume showed more efficiency in all
assessed properties relative to both the reference and CA for condition with limited water availability. Crystalline admixture
is also beneficial over reference concrete when used as an admixture, increasing the compressive strength and decreasing
the ingress of chloride and carbon dioxide. The concrete with surface treatment had similar behaviour of reference concrete.
Additionally, healing products from the use of crystalline admixture take the form of a needle shape in concrete.
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1 Introduction

Several factors influence concrete durability, where physi-
cal and chemical effects assist in the deterioration of the
structure [1—4]. This process can be associated with intrin-
sic materials properties and exposure conditions [3, 5],
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ions and gases [1, 12, 13, 19]. Several studies have been
conducted to produce and test new products to decrease per-
meability as a preventative method [7, 11, 13, 14, 20, 21] or
stop fluid movement in finished structures for repair [1, 12,
18], which can both contribute to the extension of service
life [11].

Some of these products, such as crystalline admixture [5,
9, 10, 14, 15, 22-29], have their chemical compositions kept
undisclosed by the companies that produce them for to intel-
lectual property protection. This makes complete scientific
understanding difficult, and results can vary between manu-
facturers [30]. Crystalline admixtures (CA) have strength
recovery and crack sealing properties [10, 11, 14, 28, 29].
The product reacts with moisture in fresh concrete and with
cement hydration products [14], resulting in an insoluble
crystalline structure in concrete pores and capillaries, which
reduces capillary porosity and permeability [24], and allows
crack healing [14]. Crack closure described in several studies
is related to the autogenous healing process, but with greater
intensity and without dispensing with the need for water
[10, 11, 14, 21]. Most product specifications for crystalline
admixtures have the capacity to seal cracks up to 0.4 mm.

The ACI TC 212 report [6] states that the concrete
compounds reacting with CA are tricalcium silicates.
Other authors [21, 31] indicate that the calcium hydroxide
(Ca(OH),) formed during cement hydration transforms into
calcium carbonate (CaCOs;), even in a submerged environ-
ment [10], and can form stable carbonate crystals. The
higher pH of these products favours the calcium carbonate
precipitation due to the higher concentration of Ca** close
to the surface, contributing to healing [21].

Some practical applications were conducted with a crys-
talline admixture product [32] and verified with visual analy-
ses. A reduction in water leakage was noticed over time.
The behaviour of these products is still partially unknown,
but the expected results guarantee employment based on the
improved properties that they obtain. There are many varia-
tions in literature regarding the levels that are used for CA,
from 0.5% [17], 0.8% [14], 1.0% [10, 14], 1.5% [17, 21],
2.0% [33], to 4.0%.

Another way to reduce permeability is incorporating poz-
zolanic cement and/or supplementary cementitious mate-
rial (SCMs) into the concrete mix design, which is widely
implemented in literature [2, 34—43]. SCMs are commonly
used in concrete since they improve the microstructure and
durability of concrete [35, 42-53]. The use of admixtures
from commercial or mineral origins is one alternative that
can contribute to the use of waste material as SCMs. It can
improve the physical-mechanical properties and contribute
to the autogenous self-healing capacity of the cementitious
matrix. Hence, the repair costs and maintenance of concrete
structures could be reduced due to the improvement of these
properties.

@ Springer

Given the importance of producing less permeable and
more durable concrete structures, this paper aims to analyse
the performance of using a crystalline admixture as a surface
treatment and as an admixture, and another concrete with
silica fume, for comparison purposes, concerning perme-
ability properties and self-healing. This study provides new
insights into the effectiveness of a crystalline admixture in
reducing permeability and improving durability. The knowl-
edge obtained will give further information about the materi-
als, reactions and self-healing, and will be essential to design
concrete with a higher durability.

2 Materials
2.1 Cement

A commercial pozzolanic cement was used (Brazilian
cement type CPIV) of strength class 32, equivalent to type
IP, according to ASTM C 595 [54]. Following the Brazilian
standard ABNT 16,697 [55], this cement type requires the
use of 45 to 85% of clinker and calcium sulphate. It allows
the use of 15 to 50% of pozzolanic materials; for this study
fly ash was used.

The specific area of this cement is 4900 cm?/g. The bulk
specific gravity is 2.59 g/cm®. The setting times had a start
at 5 h 55 min and end at 8 h 15 min, according to Brazil-
ian standard, NBR 16,607 (ABNT 2018a). The compressive
strength met the regulatory limits of the NBR 7215 [57],
with values of 17.7 MPa at three days (required > 10.0),
22.8 MPa at seven days (>20.0), and 36.2 MPa at 28 days
(=32.0). This type of cement was used due to a large amount
of fly ash in its composition. The replacement of clinker
by the mineral admixture can contribute to cementitious
matrix’s mechanical properties and durability [58, 59]. It
can also induce a higher formation of product to allow self-
healing to occur [60, 61].

2.2 Aggregates

The fine and coarse aggregates were characterised for sieve
analysis according to NBR NM 248 (ABNT 2003). The fine
aggregate is quartz-based sand with a particle fineness mod-
ulus of 2.28. The bulk specific gravity of sand culminated
in 2.58 g/cm® (ABNT 2009). The coarse aggregate used is
basaltic-based gravel in two different particle sizes. The first
one has 12.5 mm as maximum size, the bulk specific gravity
of dry aggregate about 2.95 and water absorption of 1.43%
(ABNT 2017). The last has 25 mm as a maximum size, the
bulk specific gravity of dry aggregate about 2.91 and water
absorption of 0.66%. Figure 1 presents the particle-size dis-
tribution of the aggregates.
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Fig. 1 Particle-size distribution of the a fine aggregate, and coarse aggregate with maximum size b 12,5 mm and ¢ 25 mm

2.3 Chemical admixtures

Two chemical admixtures in the mix design were used. A poly-
functional water reducing plasticiser admixture with density
1.160+0.02 g/cm?, and a chemical-based polycarboxylate
superplasticiser with a density of 1.095+0.02 g/cm® and
40.0+2% solids, and classified as Type A and F according to
ASTM C 494 (ASTM).

2.4 Crystalline admixture
The crystalline admixtures were used as an admixture and

as a surface treatment. These products are a particular type
of permeability reducer admixtures (PRAs), as reported by

the ACI Committee 212 [6]. In contrast with other coatings
that are water-repellent or hydrophobic, these materials are
hydrophilic [6]. They are water friendly, react efficiently and
perform well 8,9, 11, 24].

The crystalline waterproofing/admixture used as an admix-
ture is composed of Portland cement (40-70%), quartz sand
(5-10%) and active chemicals (10 to 30%), according to the
manufacturer's description and other researches [10, 14]. This
product has a grey powder appearance, without odour and pH
solution between 10 to 13, and a density of 2.920 g/cm?. The
XREF test was also performed to characterise the material; the
oxide composition is shown in Table 1. A Panalytical Epsi-
lon equipment was used for semi-quantitative analysis using
an Omnian package. The study was performed using a silver

Table 1 Oxides composition of

. : Oxide CaO SiO,
crystalline admixture

MgO SO,

ALO; Fe,0; K,0 TiO, StO CI  MnO ZnO V,05; Na,0

(%) 60.61 13.07 4.81

443 380 281

122 024 0.14 0.11 0.07 0.05 0.02 0.00
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(Ag) anode with SDDS5 detector, 50 kV power, 100 pA cur-
rent, Cu-500 copper filter and air atmosphere. In the XRD
test the crystalline phases present were identified in this mate-
rial, and it was found to contain C;S (alite); C,S (belite); C;A
(calcium aluminium oxide); C,AF (iron aluminium calcium
oxide); gypsum (calcium sulfate hydrate); portlandite (calcium
hydroxide — Ca(OH),); periclase (magnesium oxide — MgO).
The recommended dosage on the cement mass is between
0.8% to 1.0%. In this paper, the content used was 0.8%.

The crystalline admixture used as a surface treatment
is composed of Portland cement (10-50%), quartz sand
(10-40%) and active chemicals (30-60%), according to the
manufacturer's description. This product has a grey powder
appearance, with an odour like cement, pH solution between
10 to 13, and density of 1.450 g/cm?. Surface treatment is
intended to precipitate inside the pores, bonding with the sub-
strate [1, 19] to reduce capillary porosity [66].

The manufacturer recommends mixing the product with
water with the proportion of 5:2.5 (crystalline admixture:
water) in mass. According to the operating instructions, it was
applied on the concrete surface in two layers. The second layer
must be applied before the first dries. The ideal condition of
the specimen is to be saturated with a dry surface. After cast-
ing, the product should be consumed within 20 min. Subse-
quently, the surface treatment is applied, and the treated areas
should be kept moist for five days.

Furthermore, the manufacturer indicates that the prod-
uct develops the same performance whether the sample was
smoothed or not. Therefore, specimens were tested with and
without smoothing the layer. It was performed manually using
sandpaper with a grit size of 80 um.

This product is commonly used in structures with high
water availability, such as reservoirs, water and effluent treat-
ment plants, tunnels, foundations, and other structures that
require a waterproofing system [14, 32]. However, in this
study, conditions with lower humidity levels were tested.

2.5 Silicafume

Silica fume is also used and will be compared to crystalline
admixture due to the expected similar behaviour. In general,
silica fume increases durability due to the reduction in permea-
bility and densifications of cementitious matrix [42, 44-50, 52,
53]. The activation mechanism is the same as the pozzolanic
reaction because the silica reacts with the hydroxyls present on
the pore surface, forming C—S—H [19]. However, part of this
material remains unreacted in filler forms and becomes reac-
tive in suitable exposure conditions. The use of silica fume can

promote self-healing processes, but it is also essential to under-
stand how it works and compare the performance to a crystal-
line admixture [19]. Some researchers have already employed
silica fume to stimulate autogenous self-healing [49, 67].

The oxide composition of silica fume is shown in Table 2,
where the XRF test conditions were the same used for the
crystalline admixture. The bulk specific gravity of silica
fume is 2.20 g/cm?.

3 Experimental program

In this study, the efficiency of concrete using different
admixtures as well as surface application forms are evalu-
ated. Silica fume was used exclusively as admixture, and
a crystalline powder was used in two different ways: as an
admixture and surface treatment. In the case of surface treat-
ment, one sample was smoothed and the other was untreated.
Five different combinations in concrete were tested: refer-
ence concrete (REF), concrete with crystalline admixture
surface treatment that was smoothed (STS) and not (STN),
concrete with crystalline admixture (CA) and concrete with
silica fume admixture (SF). The unit mix design of concrete
is 1:1.50:2.34 (cement: fine aggregate: coarse aggregate in
two different sizes), with a water/cement ratio of 0.41. To fix
the w/c ratio and allow consistency between 200 +30 mm
in all concretes, according to NBR NM 67 (ABNT 1998),
two different types of admixture were used: one was a poly-
functional admixture (0.60% of cement mass), and other a
superplasticiser (0.24% of cement mass). The crystalline
admixture was used in a proportion of 0.80% on the cement
mass and silica fume, a ratio of 10% on the cement mass.
After concrete casting, the samples were moulded, kept in
the moulds for 24 h and then stored in a humidity chamber
at 23 +2 °C and relative humidity (RH) higher than 95%,
where they remained until testing. This experimental pro-
gram was based on a previous paper [25].

3.1 Opening cracks

Crack opening was performed at 28 days of curing, as
reported in previous papers [20] using a four-point bending
test. A load of (0.45+0.15) MPa/s was applied, the load
stopped when the first crack appeared. After crack opening,
all samples were evaluated using a crack gauge. Thus, only
specimens with cracks smaller than 0.4 mm were used in the
analysis, as recommended by the supplier of the crystalline
admixture.

Table 2 Oxides composition of

. Oxide
silica fume

Sio, K,0 CaO

MgO  ALO; SO, Fe,0, P,0; Na0O MnO

(%) 92.36 0.86 0.77

0.24 0.20 0.15 0.14 0.11 0.06 0.03
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3.2 Exposure environment

The curing of the specimens for compressive strength, total
absorption and under pressure water penetration tests was
made in a humidity chamber (RH higher than 95% and tem-
perature 23 +2 °C) during 28 days after casting. The speci-
mens were moisture-cured for 30 days for the carbonation
test, then stored for five days in a climate chamber (RH of
75 +5% and temperature of 20+ 2 °C) until humidity con-
stancy, then placed in a carbonation chamber (5% CO,). In
the chloride penetration test, the specimens were cured in
a humidity chamber for 28 days, then three more days in a
climate chamber, and then the test was performed.

In the self-healing analysis, the specimens were subjected
to moisture-curing for 15 days. Then they were stored in a
climate chamber for 28 days (crack opening day). Subse-
quently, surface treatments were performed on the speci-
mens. This treatment requires five days of moisture-curing.
Then, to maintain the curing standard, all samples, even
those that did not receive surface treatment, were also kept
in a moist environment in the same period. Afterwards, they
were placed in a climate chamber, where they remained
throughout the analysis. Apart from optical microscopy
analysis, there was no change in the exposure environment
after 140 days in a climate chamber. From this age, the sam-
ples were kept in a humidity chamber.

Researchers in this field report that water supply is essen-
tial for self-healing process, whether crystalline admixture
or other supplementary cementitious materials are used [10,
14, 21, 24, 26]. Due to the hydrophilic characteristics, the
crystalline admixture can capture moisture in the air and
react with it [8, 10]. At an early age, cracked concrete perfor-
mance with the CA is improved compared to a more mature
concrete with higher air moisture [38]. Some researchers
realised that this environmental condition did not demon-
strate performance superior to the submerged condition [10,
11, 14, 16]. However, this research aimed to evaluate the
product's performance in less favourable conditions, simulat-
ing real conditions of concrete exposure on-site, with con-
siderable humidity (RH of 75 +5%), but without immersion
in water.

3.3 Methods
3.3.1 Characterisation tests

The compressive strength test was performed in concretes
after 28 days of curing, using a Universal testing machine
EMIC, adopting the procedure recommended by NBR 5739
(ABNT 2018b) using cylindrical samples with dimensions
of 100200 mm. A load of (0.45+0.15) MPa/s was applied
until the specimen failed. Seven specimens were cast for
each combination.

The total absorption test is the same as presented in a pre-
vious paper [25], recommended by the NBR 9778 (ABNT
2005) using the same size of samples from compressive
strength and after 28 days of curing. This analysis allows
determining the absorption, voids, density of the dried sam-
ple, density of the saturated sample and normal density. Four
specimens were cast for each combination.

3.3.2 Durability tests

The test of under pressure water penetration was performed
using the same methodology as a previously published
paper [25]. Four specimens of each concrete type were
tested, which were individually adhered to a PVC pipe with
100 mm diameter and 3 m long by use of a polyurethane
mastic. Then, the PVC pipes were filled with water until the
pre-set level, until a pressure on the upper face of the speci-
men 30 kPa was achieved. The pressure was kept constant
during the test. After seven days, the pipes were emptied,
and the specimens were split. Photographic records were
made of the specimens' internal faces to quantify the dry and
wet areas. Quantification was performed using AutoCAD
software by manually selecting areas.

The carbonation test was performed by an accelerated
process, and two specimens were analysed for each concrete
with dimensions of 320 X 90 x 90mm?. The specimens were
stored in an accelerated carbonation chamber with a 5% CO,
concentration with the top and bottom edges of the samples
sealed with solid paraffin to waterproof them and allow car-
bonation only across lateral faces. This process was remade
after each disruption to verify the carbonation depth at the
ages of 78, 100, 120, 142, 162 and 176 days. Freshly frac-
tured slices were sprayed with 1% phenolphthalein solution
dissolved in ethyl alcohol. The remaining part of the speci-
men was stored back in the carbonation chamber, and the
broken surface was waterproofed. AutoCAD software was
used to scale the images to quantify the carbonation depth.
On each lateral face, five measurements were recorded, total-
ling 20 depth measurements for each slice, disregarding the
corners. The carbonation result is the average of the meas-
urements taken.

The accelerated test method of ASTM C 1202 (ASTM
2019) was used to determine chloride penetration in con-
cretes. Ten specimens were cast, two for each type of con-
crete tested. The specimens were cylindrical with dimensions
of 95x 190 mm. From each sample, two slices measuring
51+ 3 mm in thickness were used, resulting in four pieces
for each type of concrete, totalling 20 slices for the test. The
slices that received the surface treatment had the product
applied only on the faces where there was contact with the
solutions used in the trial. ASTM C 1202 (ASTM 2019)
provides a classification of concretes for chloride penetration
resistance following the current intensity and the Coulombs
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through the load. The samples were split in half to spray
silver nitrate solution (0.10 N in deionised water) to verify
the penetration depth of the chlorides. AutoCAD software
was used to quantify chloride penetration areas.

3.3.3 Self-healing test

The ultrasonic wave propagation using ultrasonic wave trans-
mission velocity was performed according to ASTM C 597
(ASTM 2016). The equipment used had Proceq Pundit Lab
transducers of 28 mm diameter and a frequency of 150 kHz.
An indirect transmission method at four different points was
used, in which the transducers were placed on the lower side
of the specimen. The crack location was marked in the centre
of the sample and used as the reference point. This method
has already used in others researches [10, 73-79].

The high resolution scanning electron microscopy (SEM)
was performed using an FEI Quanta 650 FEG, in the Brazil-
ian Nanotechnology National Laboratory (LNNano). The
equipment was equipped with an Everhart Thomley SED
(secondary electron detector) and an In-column detector
(ICD) for secondary electrons in beam deceleration mode. It
works with a high-resolution Schottky field emission (FEG)
and accelerated voltage between 200 V and 30 kV in a probe
current <200 nA. The samples used were superficial frag-
ments of the specimens. The samples were dried at 60 °C for
2 h, placed in the carbon tab, and coated with gold for 60 s
with a current of 40 A. This technique was used to identify
the products formed in autogenous self-healing developed
by the reference concrete, those developed using crystalline
admixture and silica fume. This method is widely used in
other papers [5, 10, 11, 14, 17, 21, 22, 35, 36, 78, 80-83].
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Fig.2 Results of characterisation tests for the analysed concretes
a compressive strength; b water absorption and voids. The horizon-
tal bar above some combinations refers to the statistical analysis of
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4 Results
4.1 Characterisation tests

The concrete characterisation was performed by the com-
pressive strength and total water absorption tests. Compres-
sive strength is shown in Fig. 2a and water absorption and
void index in Fig. 2b.

It is possible to observe in Fig. 2a that the use of crystal-
line admixture as surface treatment (STN) practically does
not change the compressive strength when compared to the
reference concrete (REF). This behaviour was expected since
the influence of the product, in this case, is only superficial
and does not change the hydrate products formation. When
used as an admixture, the CA increased the strength by 13%,
a similar value found by other research [9]. This cement
composition allows the formation of different products,
especially at early ages of hydration, so this behaviour may
be associated with the appearance of ettringite as reported
previously [29], where the increase in compressive strength
was also observed in mature ages. Other researchers also
registered increased strength with the use of a similar prod-
uct [8—10, 17]. This effect may also be related to the filler
effect, contributing to the filling of voids [9]. However, it
may have worked as a cement hydration activator, improving
the cement paste microstructure [84], as well as enhanc-
ing the reactions of the silicates present in the product with
calcium hydroxide resulting in the formation of the C—-S-H
[11, 34]. The addition of silica fume (SF) proved to be the
most efficient for this property, providing an increase of 27%
in compressive strength compared to the reference concrete
(REF). This behaviour is associated with the pozzolanic
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reaction where secondary C—S—H is formed due to the dis-
solution of silica fume in contact with portlandite. Silica
fume also serves as a nucleation point to assist in the cement
hydration process contributing to increase strength by matrix
densification [2, 33, 58, 59, 85, 86] and also reducing perme-
ability [2, 7, 43, 51, 58, 59, 86—88]. The reduction in perme-
ability and densification can be seen in Fig. 2b due to the
low water absorption and low voids found for SF concrete.

Different materials were considered mathematically sig-
nificant by a cross-factor variance analysis using Statistic 7
software. Additionally, by Fisher's test, it was found that the
reference concrete (REF) and the surface treated concrete
(STN) are equivalent to each other.

In Fig. 2b, the voids index and water absorption behav-
iour are similar because the factors are directly proportional.
It can be observed that the use of crystalline admixture as
the surface treatment reduces the water absorption for both
the smoothing (STS) and non-smoothing (STN) samples, as
they also reduce the void index. The reduction was expected
since the surface treatment with this product is intended to
seal the concrete surface and prevent water ingress. Prod-
ucts with waterproofing characteristics that are considered
a pore protection system have little influence on the voids of
the cementitious matrix [89, 90]. This pore closure process
is explained by Bertolini [90] that the late reaction of the
cement releases the portlandite, which reacts with pozzolans
and causes the clogging of pores.

CA concrete shows an increase in water absorption com-
pared to the REF concrete, a fact not expected since there
was an increase in strength. It can be explained by a pos-
sible variation in the size and quantity of capillary pores
contributing to increased hygroscopicity of the material. In
addition, the product has hydrophilic characteristics [6, 8, 9,
11, 24]. At first contact with water, the CA product tends to
have hygroscopic characteristics until the capillary porosity
is sealed. After this sealing, the product makes the matrix
impermeable and prevents the fluids entrainment. This phe-
nomenon can increase the amount of water absorbed. Pre-
vious studies showed that crystalline coating took 12 days
from casting to perform efficiently [91]. As for strength,
smaller and well-distributed pores may not influence the
loss of matrix strength [31].

For water absorption factors and voids index, the use of
the different materials was considered significant, which
was performed by cross-factor variance analysis. By Fish-
er's Test, it was found for water absorption that only STS
concrete does not differ significantly from REF concrete.
Already STN concrete and concretes with additions of CA
and SF are statistically different from the REF concrete. And
for the void index, only CA concrete does not differ signifi-
cantly from REF concrete.

Table 3 shows the densities of the dried samples, satu-
rated samples, and real density. Densities were obtained by

Table 3 Concretes densities

Concretes Average densities (g/cm?)
Dry sample Saturated sample Real density
REF 2.233 2.366 2.575
STN 2.256 2.376 2.563
STS 2.247 2.368 2.555
CA 2.286 2.427 2.660
SF 2.262 2.375 2.550
100 . 4
g 80 s
g
© —_—
k]
= i
60+ B
40 T T
REF STN STS CA SF
Concretes

Fig.3 Wet area average for the studied concretes

the total absorption test and without significant differences
between them. Therefore, the concrete properties increase
due to the interconnection among the pores instead of the
distribution or size of the pores themselves.

4.2 Durability tests
4.2.1 Under pressure water penetration

The results of this test allow analysing concrete permeability
through under pressure water penetration. Figure 3 shows the
average values of the results for each concrete and the asso-
ciated standard deviations. It is possible to observe that due
to the variability presented by the REF concrete, practically
all other concretes, the STS, CA, and SF were considered
similar by Fisher's test, represented by the continuous line
on the results in the graph. The standard deviation of STN
concrete was zero since all samples had a 100% wet area.
The concrete STN behaved differently, as it showed a total
wetted area, which can also be seen in Fig. 4, which offers
an example of the specimens' aspects after splitting. This
behaviour was different from expected since coatings/sur-
face treatment must show breathability with adequate water
steam permeability [1].

As visible in Figs. 3 and 4, the smoothing process (STS)
was beneficial, unlike STN. It can be explained because the
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Fig.4 Specimens aspects after pressure water penetration test a REF; b STN; ¢ STS; d CA; e SF

non-smoothed surface treatment acted as a physical barrier
to the crystalline admixture to penetrate porosity, which
allowed for water permeability. However, unlike the other
concrete, water steam was not allowed to pass from the con-
crete to the outside, as the permeated water was trapped
inside the sample. The other concrete allowed this evapo-
ration of water throughout the test. Thus, the crystalline
admixture product used as a surface treatment without the
smoothing process did not perform the function of allowing
water steam to pass through, contradicting the character-
istics that coatings should have water steam permeability
capacity [1].

4.2.2 Carbonation

This test allows for an evaluation of the performance of
concrete regarding carbon dioxide permeability. Figure 5a

Carbonation depth (mm)

T T T
120 140

Time (days)
(a)

Fig.5 Carbonation depth a over the ages; b at 176 days

@ Springer

shows the results of carbonation depth in millimetres over
the ages of 78, 100, 120, 142, 162, and 176 days. The con-
crete specimens that received the surface treatment (STN
and STS) presented greater carbonation depth, and the REF
concrete, the CA and SF concrete presented the lowest car-
bonation depth. Figure 5b shows the average carbonation
depth at 176 days, with their respective standard deviations.

A cross-factor variance analysis was performed for the
last test age, 176 days Fig. 5b. It was found that the use of
different materials gives statistical significance concerning
the REF concrete. There is no significant difference in the
results obtained for STN and STS concrete to REF concrete
by Fisher's test. However, CA and SF concrete are statisti-
cally different from REF concrete but equivalent to each
other. Research with a similar CA product also found good
performance in terms of resistance to carbonation compared
to concretes without adding the product [17].

176 days

40 .

Carbonation depth (mm)
&

25

REF STN STS CA SF
Concreles
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Among the admixtures used, it was observed, during the
phenolphthalein spray, that the SF concrete reduced the pH
since the carmine colour due to the chemical spray to higher
pH 10.0 had a lower intensity, being pink, i.e., with a pH
between 8.3 and 10.0 Fig. 6e. This fact is explained in lit-
erature [2] and occurs due to the consumption of calcium
hydroxide in the pozzolanic reaction. It can be seen from the
image that CA concrete did not have the same influence on
pH reduction, as the colour was more intense. Other authors
have presented higher pH values for mixtures with CA com-
pared with reference mixtures. This factor tends to favour
the precipitation of calcium carbonate [20]. The calcium
carbonate precipitation contributes to reducing the capillary
porosity and potentiality to the self-healing properties. This
fact is essential owing to the understanding of the product,
so it is comprehended that high-intensity pozzolanic reac-
tions are not part of the crystalline admixture action system.

STN and STS concrete had no performance improvement.
One crucial factor observed was some failures in surface
protection regarding the spalling and shrinkage of the pro-
tection layer Fig. 7. This can be explained by the fact that
the samples are made of dense and robust concrete, which is
sufficient to maintain moisture within the pores. As they had
a surface treatment layer applied like paint, the internally
confined water slowly evaporated during the test due to the
lower relative humidity inside the carbonation chamber. The
moisture may have caused bubbles, similar to what occurs
in ordinary paints when subjected to a negative pressure
because of substrate moisture problems. However, since it is

a rigid protection system, the applied material was spalled,
unlike flexible surface treatments. It was expected that the
surface treatment was breathable with adequate water steam
permeability. Thus, water steam can leave concrete without
producing high pressures at the concrete/coating interface,
inducing coating delamination or cracking, as observed pre-
viously [1, 82]. The STS concrete did not present this detri-
mental effect. Still, it also did not perform well as it resem-
bled REF concrete, showing that this type of protection and
this material cannot be effective for improving this property.

4.2.3 Chloride penetration

The results related to chloride penetration is shown in
Fig. 8a. According to ASTM C 1202 (ASTM 2019) clas-
sification, REF concrete and STN, STS, and CA concrete
are within the range of penetration of chloride ions ranging
from 1000 to 2000 Coulombs, which is considered to be
low penetration. SF concrete, however, was in the range of
100-1000 Coulombs, which is relatively meagre. STN and
STS concrete showed a slight difference from the REF con-
crete, STN had a 1% reduction in chloride ion permeability,
and STS had a 4% reduction. At the same time, by statistical
results, they are equal.

Conversely, CA concrete showed a 29% reduction in per-
meability to REF concrete, an outcome close to that found
by other researchers [9, 33]. SF concrete showed a 75%
reduction compared to REF concrete, presenting better per-
formance among the tested concrete. Neville [31] describes

(@) (b) (c) (d) (e)

Fig.6 Aspects of specimens after carbonation test at 176 days, the scale bar below measures 50 mm a REF; b STN; ¢ STS; d CA; e SF

Fig.7 Aspects of non-smooth-
ing surface treatment (STN)
specimens during the carbona-
tion test: details of product dry-
ing and peeling a some failures
in the process of surface protec-
tion; b spalling and shrinkage of
the protection layer
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this benefit generated by silica fume in the concrete mix due
to the increased resistance to chloride ion ingress due to the
reduced permeability.

Figure 8(b) shows the results related to chloride penetra-
tion with silver nitrate spray. It is possible to observe the
exact behaviour according to ASTM C 1202 since the pen-
etration depth of chloride ions is directly related to the total
passing charge measured by the test.

Surface treatments should reduce chloride penetration.
Other research has shown that coatings act as a physical bar-
rier, reducing water and chloride content into the concrete
[1]. In this paper, the surface treatment showed a similar
performance to reference concrete.

4.3 Self-healing tests
4.3.1 Ultrasonic pulse propagation

Due to the presence of product formed over time, a self-
healing process is expected. Figure 9 shows the evolu-
tion of ultrasonic wave propagation velocity for concretes
before cracking and after different ages. The measurement
taken at 28 days is the velocity in the uncracked specimen
and at the age of 51 days after crack creation. It is noted
that the velocity is already much lower, which indicates
that the damage has already occurred. Then, under the
exposure conditions imposed on the samples, the recovery
begins in all concretes. The results have shown a great
variation, and no mathematically significant differences
can be identified between them. In other studies, this fact
was observed and reported by Ferrara et al. [94] in the
research that analyses methods of self-healing properties.
In this specific case, the behaviour is due to how the test
is performed because microcracks are created during the
rupture in the sample, and these microcracks are randomly

@ Springer
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arranged. Therefore, by varying the measuring point along
the sample, this velocity depends on the number of cracks
it finds in the path. This variation that is not a controllable
factor increases the variability of the result, which is in
agreement with other papers [92, 93].

However, analysing just the average values, the pulse
propagation velocity tends to increase over time. It can be
used to indicate the self-healing process, but more analysis
is necessary to confirm the phenomenon. One additional
factor related to these results can be associated with the
initial or not effective self-healing. According to other
research, the most effective way to improve the self-heal-
ing process is an exposure condition [14] with high water
availability [10, 11, 14, 21], as submerged [10, 14, 21, 24,
26]. Hence, in conditions with less availability, there is no
evidence of significant changes [10, 11, 26] which may be
the case of this study. An exposure environment without
water attainability was used, and this condition may have
influenced the result and reduced the self-healing products
formed. This fact is essential to reassure the need for water
once the product does not perform well without high water
available.
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4.3.2 Scanning electron microscopy (SEM)

SEM analysed the REF, CA and SF concrete, and the images
are shown in Fig. 10. Concretes with superficial treatment
(STN and STS) were not analysed. The photos obtained cor-
respond to the pieces of concrete removed from regions with
cracks. The images correspond to one of the crack walls to
allow the observation of products formed under such condi-
tions. All the samples were exposed to a climate chamber
for 140 days and then in a humidity chamber for 210 days.
With regards to REF concrete, Fig. 10a, produced using
a Brazilian cement with the addition of fly ash, as described
previously, it is possible to observe the presence of some
spherical grains, characteristic of fly ash in partial dissolu-
tion of the surface and regions with the total dissolution of
the grain. These images indicate that part of this pozzolan
reacts with the high alkalinity generated during the hydra-
tion process of the anhydrous phases of cement. The shape
of the product formed at the surface of the particles, where
there was dissolution and the type of reaction, indicates the
formation of hydrated products as secondary C—S-H.

On the other hand, the addition of CA (Fig. 10b) provides
the formation of a reaction product with different morphol-
ogy, in that case in the form of needles. This crystalline
structure with needle-shaped crystals is a typical product of
self-healing materials. Under the compositions of the admix-
ture used, this case is especially ettringite crystals (mineral
of aluminium sulphate and hydrated calcium). Other authors
observed similar morphology in researches with similar
products [10, 20, 26, 28, 94].

The addition of silica fume (Fig. 10c) increases the
amount of pozzolanic materials in the mixture, requiring
more time to enable the entire dissolution of the particles.
At the same time, the silica fume presents smaller and more
reactive particles, which tend to react before the fly ash and
form a hydrating product rich in silica. Slight differences
in the morphology of the formed products can be observed
between Fig. 10a, c, which correspond to the different phases
of C-S—H formed.

In these three concretes analysed, the self-healing
product formed is different, as well as its mechanism.
To allow for the evaluation and differentiation of the

Fig. 10 SEM images of concrete samples in different magnifications a REF; b CA; ¢ SF
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developed products, an analysis of elemental energy-dis-
persive X-ray spectroscopy (EDS) was made by mapping
the area of SEM in the SF concrete (Fig. 11). Initially
it is possible to observe the presence of different mor-
phologies, such as calcium-silicate-hydrate products,
unreactive fly ash from cement and silica fume used
as admixture. Figure 11c—e shows different content of
Ca, Si and Al, especially in the grains and around them,
which makes clear that the total pozzolanic reaction did
not occur. One of the leading products of self-healing is
calcium carbonate, which can exist in six different forms:
calcite, aragonite, vaterite, monohydrocalcite, ikaite and
amorphous calcium carbonate [95, 96]. The carbonates
create bigger crystals that can fill small cracks easily;
however, to make these crystals it is necessary that port-
landite is generated during the hydration process of cal-
cium silicate phases. The cement used in this study is
pozzolanic cement, so most portlandite was consumed in
the pozzolanic reaction, and big crystals of portlandite
are not commonly seen. It does not mean that self-healing
will not happen for this cement type, but the mechanism
will be different, and in that case, the product will be the
secondary C—S—H, which has smaller, more stable and
more resistant crystals.

5 Conclusion

This study analysed the influence of crystalline admixture
used as admixture (CA), as surface treatment (STS and
STN), and compared to concrete with silica fume (SF) and
without (REF). The highlighted conclusions are:

e The crystalline admixture, used as superficial treatment,
is not the most effective solution to provide a more dura-
ble material. The water absorption was slightly reduced,
however, other properties were not improved. The STN
concrete was not breathable without adequate water
steam permeability. It can be seen in the under-pressure
water penetration test by the complete wet area and the
carbonation test by the delamination of the surface treat-
ment;

e The use of CA as admixture did not change the properties
of fresh concretes and improved the properties of hard-
ened concretes, providing a reduction in the penetration
of chloride and carbonation without compromising the
mechanical properties;

e The SF concrete was the solution that presented the best
performance, increasing the compressive strength, block-
ing the entry of chloride, carbonation, reducing water
absorption and decreasing the voids index;

Fig. 11 SEM images and EDS elemental maps of the SF concrete
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e The use of an ultrasonic pulse propagation test does not
provide an accurate and quantitative value related to self-
healing. However, it is an essential factor to indicate the
behaviour of product formation over time;

e The self-healing products depend on the materials
applied as healing agents. The reference concrete (REF),
due to the high amount of fly ash, provides the formation
of C-S—H as the main product. The same is observed in
silica fume (SF) concrete. By using crystalline admix-
ture, the appearance of different morphology products
in the shape of crystals can be attributed to ettringite
production.
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