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ABSTRACT

In the recent years the application of nanotechnolmgyuilding materials has increased
exponentially. One of the most referred and used nanodalatés amorphous silica with
particles size in the nano-range, even though its applicahd effect in concretieas not been
fully understood yet. It has been reported that nano-siitd) addition increases the
compressive strength and reduces the overall permeabilityamiened concrete due to the
pozzolanic properties which are resulting in finer hydrateases (C-S-H gel) and densified
microstructure (nano-filler and anti leaching effects)edéh effects enhance the durability of
concrete structures such as bridges, quays or off-siidagibties in marine environments.

In this study two different types of nano-silica were gggpin self-compacting concrete (SCC),
both having similar particle size distributions (PSD) butdpe®d in two different processes
(fumed powder silica and precipitated silica in colloidal sasmn). The influence of nano-
silica on SCC was investigated with respect to the propesfieoncrete in the fresh state
(workability) and hardened state (mechanical properties and diywabidditionally, the
densification of microstructure of the hardened concretewsdfied by SEM and EDS analyses.
The obtained results demonstrate that an efficientofiseano-silica in SCC can improve its
mechanical properties and durability. Considering the regctithe two nano-silica studied,
colloidal type shown more reactivity at early age, whidtuenced all the final SCC properties.
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INTRODUCTION

Nowadays the micro-level does not provide enough insightsbintding materials. Therefore,
all around the world, increasing amounts of research rigndie being diverted into the nano-
level, which is claimed to have tremendous potential ther future [1]. The fundamental
processes that govern the properties of concrete f@aeaf by the performance of the material
on a nanoscale. The main hydration product of cementtbaseerials, the C-S-H gel, is a
natural nano-structured material [1-4]. The mechanical priepeanhd the durability of concrete
mainly depend on the gradual refining microstructure of the hatdeement paste and the
gradually improving of the paste-aggregate interface zone (b]Z)


http://www.editorialmanager.com/icdc2012/download.aspx?id=708&guid=60554639-6e27-4c56-a247-b090626f4efd&scheme=1

One of the most referred to and used new cementitious nateriats is amorphous silica with a
particle size in the nano-range, even though its apjplit@nd effect in concrete has not been
fully understood yet. It has been reported that nancasdidition increases the compressive
strength and reduces the overall permeability of hardenedrete due to the pozzolanic
properties, which are resulting in finer hydrated phases-ECg8l) and densified microstructure
(nano-filler and anti-Ca(OHleaching effects)5-20]. These effects may enhance the durability
of concrete elements and structures. There arergaliffecommercial types of nano-silica
additives available on the market, which are produced in diffeays such as precipitation,
pyrolisis, sol-gel and others [19]. The main charastierof nano-silica, such as particle size
distribution, specific density, specific surface areaemructure, and reactivity (surface silanol
groups), depends on the production method [17]. Despite theeroesof several studies that
describe the main properties and characteristics ofretenavith nano-silica particles, most of
them focus on the applications of nano-silica as @nbdeeding [20-26] and as a compressive
strength enhancement additive [12][13][25-29]. Furthermorealdiity and sustainability of
concrete infrastructures is becoming of critical imparéafor the construction industry. In this
context, SCC is a type of concrete that has generagedendous interest since its initial
development in Japan by Okamura [30]. SSC was developed to demshle concrete
structures. The aim was to develop a concrete with a togalbility and high resistance to
segregation, which also could be cast on-site without caiopacThe high flowability is
obtained by the use of a new generation superplasticligisamounts of fine particles and in
some cases a viscosity modifying agent (added to reduce segnemyad bleeding). Due to the
presence of a high number of fines, the pore structur€af dffers from the pore structure of
traditional concrete. According to Audenaert et al. [Bi] actual application of SCC might be
somewhat risky due to the lack of knowledge concerning theabdurability of this new
material. In the literature only a few reports on thee@&# of nano-silica additions on the
durability of SCC are available [25][27][29]. In addition, th&erence in the reactivity of nano-
silica due to its production route has not been reported yet.

In this study two different types of nano-silica were appireSCC, both having similar particle
size distribution (PSD) but produced in two different proceg$emed powder silica and
precipitated silica in colloidal suspension). The influen¢ghe nano-silica on the SCC was
investigated with respect to the properties of concreteerfresh state (workability) and in the
hardened state (mechanical properties and durability). Addltip the densification of
microstructure of the hardened concrete was analysed bya®BBMDS techniques.

MATERIALSAND METHODS
Materialsand SCC mix design

The Portland cement used was CEM | 42.5N (ENCI, Netherlaads§lassified by32]. This
cement consistef at least 95% of Portland cement clinker; the initialisgttime is 60 min, the
water demand of 38.9% by weight, and the compressive strengthio8 N/mnd for 2 days and
51 + 4 N/mnf at 28 days [32]The coarse aggregates used were composed of broken granite in
fractions 8-16 mm and 2-8 mm. Two different sands were: asathed river sand (0-4 mm) and
microsand (Granite Import B.V., Belgium), composed mainhynatiural sandstone waste 10-
mm) generated in crushing proce€round limestone powder provided by Omya Belgium
(Betocarb®VIQ) was applied as the filler. Two different commerci8ladditives were selected
to produce two different SCC batches: one colloidal nalieasuspension from Akzo Nobel
Germany (Cembinder® 8) and one fumed or pyrolitic powder ndica-provided by Elkem
Materials Norway (Submicron silica 998oth nS have similar PSD and specific surface areas
measured by BET (Brunauer-Emmet-Teller method])[3®llowing the standard DIN-ISO
9277-2005 [34] Furthermore, one superplasticizer (SP) of th& dgeneration, based on
polycarboxylate ethers (Glenium® 51, BASF Netherlandas added in order to adjust the



workability of the mix. A summary of the general charactiegsof all materials used is shown
in Table 1 and their PSDs are depicted in Figure 1.

Table 1- Properties of used materials

Specific Solid Loss of Computed
. . BET content . ..
Materials density (m?g] pH o ignition SSA
[glen?] [M79 % flon  [mind]
w/w]
CEMI42.5N 3.14 1 - - 2.8 1,699,093
Colloidal nano-silica 1.40 50 9.5 50 - 46,110,081
Powder nano-silica 2.15 56 5.0 - 0.5 48,175,461
Limestone powder 2.71 - - - - 1,234,362
Microsand (sandstone.  2.64 - - - - 193,514
Sand 0-4 2.64 - - - - 14,251
Granite 2-8 2.65 - - - 1,740
Granite 816 2.65 - - - - 515
Superplasticizer 1.10 - 7.0 35 - -

(*) 4% wiw in water
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Figure 1- PSD of materials used and mix design target function based on [36]

For the composition of SCC mixes, the mix design conceptritedcin [39 was used. This
design concept makes use of an optimization algorithnridedcin [3§ in order to compose the
mix proportions between all the solid ingredients of thaccete mix, following the theory of
continuously graded granular mixturesith a geometric particle size distribution (“target
function”). In the mix design optimization process the distributinodulus (q) of 0.25 was
seleced, together with the following constrains: cement cohte 340 kg/m, wic ratio 0.45 and
air content in the fresh mix of 1% by vol. The cememmtent and the w/c ratio were selected
based on NEN-EN 206-1 (2008) [37] for XS3 exposure classes sggrexposure to chlorides
originating from seawater). In addition, a flow classfresh concretd-7 (630-800mm) was
selected as target, takingarconsideration the Dutch recommendation BRL 1801 [38] fa€.SC
An example of the target curve and the composed SC@rmading curve is shown in Figure 1.
The final mix proportioning and characteristic of one refeeemix without nano-silica and two
mixes with nS additions are presented in Table 2.



Table 2—- Composition and characteristics of the designed ®xes

. Colloidal Powder
Materials Reference o e
nano-silica nano-silica
[kgfin
CEMI42.5N 340.0 340.0 340.1
Nanosilica 0.0 12.8 12.8
Limestone powder 179.4 151.8 151.9
Microsand (sandstone) 125.0 141.3 141.4
Sand 0-4 624.3 617.9 618.0
Granite 2-8 733.8 735.6 735.7
Granite 816 274.7 274.2 274.3
Water 153.0 153.0 153.0
SP 3.4 6.5 6.5
Ar [% V] 1.0 1.0 1.0
Density [g/cr 2.427 2.427 2.430
wic 0.45 0.45 0.45
wip 0.267 0.270 0.270
Powder content [I/f 194.2 192.7 192.6
Composed surface finT] 277,972 547,905 554,428
SP content [g/f 0.0122 0.0119 0.0117
SP content [% bwoc] 1.0 1.9 1.9

bwoc: Based on the weight of cement

Test methods
Fresh concrete properties

Using the provided materials, three SCC mixes (2 batchesdoh mix) were prepared
according to the mix proportions listed in Table 2. Thes€S@ere mixed for five minutes in a
compulsory mixer and subsequently tested for their foesttrete properties according to the
procedure recommended by EFNARC committee [39]. The fatigwparameters were
determined: V-funnel timeslump flow, fresh concrete densifgacking fraction and air content
An overview of the fresh concrete properties of thestegtixes is given in Table 3.

Table 3—- Fresh concrete properties of prepared SCC mixes

Value Reference CO"O“?"’?" Povvd.e'r
nano-silica nano-silica
Slump flow [mm 690 - 720 664 - 701 685 - 720
V-Funnel time [s] 35.0 20.5 24.5
Fresh density [g/cth 2.399 2.384 2.392
Air content PoV]* 1.15 1.79 1.58
Packing density [%]* 83.55 82.91 83.12

* Calculated value
Hardened concrete: mechanical properties

To test the properties of hardened concrete, 38 cubes (150mem@)cast of each mix, cured
sealed during the first day, stripped from the mould &ftehours and cured subsequently
water until their test age was reached, according tgtéscribed storing conditions given by
BS-EN 12390-2 [40]. The compressive strength was determinedlafger7, 28 and 91 days on
3 cubes for each mix. The compressive strength test wasmpedaccording tBS-EN 12390-

3 [41]. In addition the splitting tensile strength was determined after 28 day8 ounbes
following the procedure given BS-EN 12390-6 [42



Hardened concrete: durability tests
a) Permeable (water accessible) porosity

The permeable porosity affects the transport propatidsdurability of concrete. It is related to
many deterioration processes driven by the transport prepeifticoncrete [43]. In this context,
six concrete discgheight of approx. 15 mm, diameter of 100 mm) for each SCx&snivere
extracted from the inner layers of six different cubadotal 18 discs were used to calculate the
permeable porosity, following the modified procedure describedenASTM 1202 [44]. The
vacuum-saturation technique was applied in order to fill thesatigle pores with water as this
technique is referred as the most efficient by SafiuddashHeran [4]3

b) Penetration of water under pressure

The depth of penetration of water under pressure was testecimg toBS-EN 12390-8 [4%

after 28 days. The samples (standard cuBegjbes for SCC reference and 2 for each SCC
mixes with nano-silica were exposed to water under pressure (5 bars) for 72 hours and
subsequently split in ordéo determine the maximum depth of the water penetration.

¢) Rapid Chloride Migration test (RCM) and conductivity test

The Rapid Chloride Migration test (performed according toB\illd 492 [46]) is a commonly
used accelerated technique for determination of the chlorédesport rate in concrete. The
output value of the test the chloride migration coefficientdgv — is employed in the service
life design codes (DuraCrete [47], CUR Durability Guideline [48]) doncrete elements and
structures exposed to chlorides.

Concrete cores (diameter of 100 mm) were extracted froee ttubes of each concrete mix.
Two specimens for the RCM test (cylinders, diameter of 160and height of 50 mm) were
retrieved from each cube, which gives six specimens per ormeetemmix (three for 28 days
tests and three for 90 days tests). The RCM test wésrped according to NT Build 492 [46].
One day before the RCM test the specimens were pretionadi and eventually tested at the
age of 28 and 90 days. The duration of the test for alk&éimeples lasted 24 hours. For each
concrete mix three concrete specimens were testiéer the test the penetration of chlorides
was measured and the valuegfpwere calculated.

Besides the RCM test, the electrical resistance wassuned by using the so-calletvo
electrodes method [49. For this, an & test signal (f = 1 kHz) was applied between two
stainless-steel electrodes and the resistance obtiwete sample placed between the electrodes
was registexd Finally, the conductivity of the samples was cal@dataking into account their
thickness and transversal area.

d) Chloride diffusion test

Because the nano-silica additions change the ionic strethgtipH and the conductivity of the
pore solution [50], the results obtained using the REM may be influenced, as the procedure
of this test [51] is based only on experience with OP§tesys. On the contrary, the natural
diffusion tests are only affected by the pore structuren{pability and tortuosity), chloride
binding and by the chloride concentration gradient. Thuschleride diffusion test should be
more reliable for SCC with nano-silica additions thanRCM test.

Three specimens for the diffusion test (cylinders, diamef 100 mm and height of 50 mm)
were extracted from the cubes of each prepared conciet®iffusion tests were carried out at
the age of 28 days following the procedure described in NT BdiRi[51]. All faces of the
specimens were coated with epoxy resin except for onelécancovered in order to allow the



chloride to penetrate the samples just from one surfBbe specimens were immersed in
chloride solution with concentration of 165 g/l for 63 daysoom temperature in sealed and de-
aired container. After the exposure period, the concreteime®s were ground in layers by
using the Profile Grinder 1100 (German Instruments). The iggndas performed on the area
of 73 mm in diameter. Exact grinding depth increments arestadijle, between 0.5 mm and 2.0
mm. The produced powder was collected for the determinatiorthef total chloride
concentration profile, following the procedure described by].[9%he obtained chloride
concentration profiles werfit to the solution of the Fick’s second law, in order to obtain the
apparent chloride diffusion coefficient {§) and the chloride concentration in the surface layer
of concrete.

e) Freeze-thaw resistance (surface scaling test)

As a further durability assessment, the freeze-thaw test pexformed on SCC samples, even
thought their air content in the fresh mix was less tienrecommended value of 4% volume
[37]. The freeze-thaw resistance, expressed by the sd¢abtay (Sn), was determined following
NEN-EN 12390-9 [53]. However, the test samples were diftdrem the ones specified in the
standard- concrete cylinders (height of 50 mm and diameter of 100 mmg used instead of
slabs. The samples were sealed in tight rubber sleeves aretlph PU insulation of 10 mm
thickness. Three specimens were tested per each mix. Théesangye cut from a cast cube
after 14 days and sealed after 25 days. Subsequently, théesamgpe surface saturated with
demineralised water for 3 days until the age of 28 daysr &ite saturation, the demineralised
water was replaced by a 3% by mass NaCl solution anddéeefithaw cycles were started. The
applied temperature profilas oriented on the recommendations given in NEN-EN 12390-9
[53]. In total, 56 freeze-thaw cycles were performed. Th&aserscaling was measured after 7,
14, 28, 42 and 56 cycles.

Microstructural characterization and analysis

The morphology of the prepared concrete was analyzedawitgh resolution scanning electron
microscope (FEI Quanta 600 FEG-SEM) using a Schottky field engtin (at voltage of 10

keV and 0.6 mbar of low-vacuum pressure). Furthermore, a @eakemical analysis was

performed using EDAX energy dispersive spectroscopy (ED&Jow vacuum mode.

RESULTS AND DISCUSSION

Fresh concrete properties

The properties of concrete in the fresh state are pezsén Table 3. All three mixes fulfill the
requirements for the flow class typ& (630 to 800 mm), specified in BRL 1801 [38]. Only the
mix with colloidal nano-silica resulted in a flow nearthe tlower limit of this target range
Another interesting finding is that the SP requirement tbllfthe same flow class for the
prepared mixes was relative constant with an average g&i®119 g/rh This suggests that it
is possible to calculate the required amount of SP daf tbmposed surface of all the solid
ingredients in concrete is known. Another implicatiortto$ result is that the SP requirement is
more relatedo the changes in the internal surface area of the mixtthe#re concentration (by
mass) of the nano-silica addition, as was previouglgnted by Sobolev et al. [17]. In that study
it was concluded that 0.21% of additional SP is neede@doh 1% of nano-silica added to a
standard concrete composition.

Considering the V-funnel time, only the two mixes with aailica fulfill the requirements on
the viscosity class VF2 (funnel time range 9 - 25 sghdished by the European guidelines on
SCC [39]. Although the reference mix does not fulfill thecweisity class, it is in the range as



proposed by Hunger (2010) [35] for high powder content SCC mikesaddition, no
segregation or blocking was observed for any mixes. A higlnvel time was already reported
as a typical behavior of SCC with an increased coratm of limestone powder [54-h6

As also can be seen in Table 4, the mixes with nareadilave higher air content compared to
the reference mix, which is caused by the higher viscadityhe paste due to application of
particles with high specific surface area (SSA). Tlmeeatrainment was also confirmed by the
difference between the designed and the measured denstgaéte (Table 3 and 4).

Hardened concrete: mechanical properties
Compressive strength

The 1 day compressive strength of the reference mix wasrhilgain the strength of mixes with
nano-silica (Figure 2a). At this age the mix with powder typeorsilica showed the lowest
compressive strength. This behavior can be related to tfezedi€e in the reactivity of both
nano-silica samples. The colloidal nano-silica is sysited at low temperature and has a higher
concentration of silanol groups on its surface. Duringdheslopment of the strength over time,
the mix with colloidal nano-silica showed the highest poassive strength from 3 until 91 days
of aging. An interesting observation is that at 7 déwgsmix with powder nano-silica starts to
present similar compressive strength than the reference asixthe result of increasing
pozzolanic reaction with the Ca(OHyenerated during the OPC hydration. At 91 days, the
powder nano-silica developed higher compressive strengthréference SCC. In case of the
SCC with colloidal nano-silica the 91 days compressivengtrewas almost the same as 28
days, mainly because this type of silica is more readdvd, was consumed faster at early ages.
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Figure 2— Mechanical properties of the tested SCC mixes,
a) Compressive strength development and b) 28 days splitting tensile strength

Tensile splitting strength

The determined average 28 days tensile splitting strengtle oéference mix was 4.51 N/rim
The equivalent values for the mixes with colloidal and/ger nano-silica additives are higher
and amount to 4.92 N/nfrand 5.48 N/mrrespectively (Figure JbA possible explanation for
the higher splitting tensile strength of the samples ainimy nano-silica is given by the
strongest bond between the hardened paste and the aggrgatesilica improved the quality
of the interfacial zone (ITZ) due to the precipitatafrsmaller and stronger (high stiffness) C-S-
H gel and the accelerated the rate of hydration, as vpastee for several researchers [5-21
Further analysis will be presented in microstructural aisaection.



Hardened concrete: durability
Permeable porosity

The results of the measurements of the permeable poodding SCC mixes are presented in
Figure 3a. Thee results show that the SCC reference mix has sligbwler porosity (12.1%)
than the mixes with the two types of nano-silica add#i§12.5%). The porosity and the
tortuosity of pores in hardened cement pastes are norredilced when pozzolanic material is
added, and this influences many properties such as the @smprand splitting tensile strength
[57]. Nevertheless, Yogendran and Langan [58] stated énamicro-silica additions the total
pore volume is not necessarily changed, but larger p@mesaato be subdivided into smaller
pores. Apparently, the same behaviour was found for SGIC naino-silica additions. The air
content in the fresh mix probably influenced the final pitypsome researchers [43] state that
the vacuum saturation technique is able to take into actbesg pores as wellhis means that
the porosity values shown in Fig. 3a considered also €iftas in the air content of the mixes
(the lowest the air content the lowest the permeablesiiy). Taking into account the error of
the porosity measurement technique (12.3 to 56.0 %), the $@€emixes studied had a very
similar water permeable porosity.
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Figure 3- 28 days results of the tested SCC mixes, a) water permeable or aeqessisity
b) maximum depth of penetration of water under pressure.

Penetration of water under pressure

The test results of the penetration of water underspresare shown in Figure 3b. According to
[27], all tested samples are in low permeability ranges (flean 30 mm of penetration depth).
Additionally, the two SCC with both types of nano-silpm@sented penetration depth lower than
5 mm. This imples that the addition of 3.8% nano-silica results in comckehich is almost
impermeable to water. Similar permeability improvements weyerted by Raiess-Ghasemi et
al. [27] for conventional concrete with micro and narm@siadditions. The results also suggest
that despite the similar permeable porosity of all SG&egithe nano-silica samples have very
low effective water permeability (less interconnected goasad/or finer pore structurei
similar phenomenon was already reported by Yogendran and h.gsgjafor HPC with micro-
silica additions, where the total porosity was not affécbut the permeability was decreased in
one order of magnitude.

Conductivity

Figure 4a shows the average values of conductivity, meahsurecylindrical SCC samples
extracted from the cubes, Its is clearly shown thatcbnductivity of the SCC with nano-silica
addition is reduced by more than 50% compared to the S€@net mix. Meanwhile, the SCC
with colloidal nano-silica presented a slightly lower doctivity than samples with powder



nano-silica. This behaviour is an indication of the apiit the water-saturated pore structure of
concrete to transport electrical charge. Different agthfo94[60] established that the
conductivity is directly related to the porosity, the peteicture (tortuosity, connectivity and
conductivity) and to the pH values of the pore solutions (phlevs lower in presence of nano-
silica). In general, higher porosity means higher conductiding the presence of more
volumetric fractions of pores. The lower conductivitywed shown by the SCC with nano-silica
is the result of the pore structure refinement (lessnected pores) due to the progressive
pozzolanic reaction and higher hydration degreelse microstructural analysis sectjoifhe
small difference between the two types of silica is myaialated with higher reactivity of the
colloidal nano-silica, which promotes a more compact aret ficrostructure (higdr stiffness
C-S-H gel) than the powder nano-silica. Nevertheldss values are in line with results of the
water pressure penetration test and with determined coshywestrengths. Conductivity can
also be related with the compressive strength as was deatedsdy Andrade et al. [f1
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Figure 4- 28 days results of the tested SCC mixes, a) conductivity, b) chloride migration
coefficient (Dkcm).

Rapid chloride migration test (RCM)

Figure 4b presents the average values of calculated ddhlarigration coefficients (&) of
each SCC mixes studied. Like the conductivity test rediiésmigration coefficients are much
lower for the mixes containing nano-silica. In this contéix¢ SCC mix with colloidal nano-
silica shows the best performance. The explanatiotsi®behavior are the same as previously
discusses for the conductivity test results. A finer pibyp greater tortuosity and more
precipitated C-S-H gel decrease the mobility of the aldoions into the SCC pore solution.

The output value of the RCM test can be employed imicsedife design codes [47][48] for
concrete elements and structures exposed to chlokdesn comparing all the obtaineck&w
values with the values suggested in CUR Durability Guideling fg¥8L00 years of service life,
the SCC reference mix is out of the range of the desigexposure class XS3. On the contrary
both SCC mixes with nano-silica addition satisfiedekposure class XS3 withconcrete cover
depth of 50mm. On the other hand, comparing the obtainedvbvaluesto similar SCC mixes
published in literature, the values obtained for the ratarenix are in line with SCC mix having
high amount of limestone powder (between 8 andk 1®? nf/s at 28 days [31]), meanwhile
the values obtained for the SCC mixes with nano-silicatiadd shown similar reported value
of SCC composed of slag cement or fly ash additions siitilar w/b ratio and cement content

(between 4 and § 102 nf/s [31)).
Chloride diffusion test
In Figure 5a the obtained apparent chloride diffusion adeffts(Dapy of the three SCC mixes

are shown. A trend similar to thexEm was obtained for the diffusion test. The larges, Was
computed for the reference SCC (9.61%16¥/s). Both SCC with nano-silica additions showed



Dapp Of 4.45x10% nf/s and 3.55x1% nf/s for powder nano-silica and for colloidal nano-silica,
respectively. Even thought the changes of the chemicahdmlaf the pore solution due to the
additions of nano-silica, thef found are in the same order of magnitude that thg,D
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Figure 5- a) Chloride diffusion profiles of the tested SCC mixes, b) cumulative sdabtay
after 56 freeze-thaw cycles (3% NaCl solution).

Freeze-thaw resistance

The results of the freeze-thaw scaling test of theetbsdected SCC mixes are shown in Figure
5b. The failure of SCC reference mix, taking into accouset maximum scaling value of 1.5
kg/m? at 28 cycles recommended in [62], occurred about tHecytle. In contrast, the SCC
mixes with nano-silica additions show scaling factor loweamn the referred limit for non-air
entraired concrete until 28 cycles. These SCC mixes failed aftezydkes. Similar to the other
properties determined, the SCC with colloidal nano-sildditeons showed a better behavior
than the SCC with powder nano-silica. The freeze-thawsteexe depends on the compressive
strength, porosity, air content and others parameters asiche air-bubbles spacing and pore
sizes [63. Better resistance to the freeze-thaw cycles of thé &&h nano-silica additions can
be attributed to its denser and more compacted microsteudibe highy stiff C-S-H gel and
the refined pore structure results in a limited intrusion dewand in an improved resistance to
changes of temperature in the concrete surface. Debpiteetter freeze-thaw resistance of the
SCC with nano-silica compared to the reference mg,sdaling values are larger than the
recommended values of 0.5 kd/mfter 56 cycles, suggested by Stark and Wicht [64] for a
concrete classified as having good resistance againgeftbaw exposure. Nevertheless, with
an air entrainment admixture that guarasith minimum air content of 4%, the freeze-thaw
resistance of SCC with nano-silica could be a promisingwith high resistance to the freeze-
thaw exposure.

Concrete microstructural characterization analysis

All SCC mixes were analysed in a low vacuum environment (0.6)rabarg FEG-SEM device.
The objective of this analysis was to support the findings shiowime present research. In this
context, in Figure 6 some morphological charactesst¢ the microstructure of the SCC
reference mix are presented. SCC reference mix has a densture and relative good ITZ
(Figure 6a). Nevertheless, its microstructure is heteremges) with high amounts of small pores
and big size C-S-H gel structures present. Additionally, &ri¢uod like) structures (Figure 6b)
were identified, typically found in high concentration Ist@ne powder concrete and possibly
formed of Ettringite needles and AFt phases that ahreaCQ2. The formation of rod like
AFt phases in cement pastes with high calcium carbaasteentration was observed by [65]. In
addition, well crystallized hexagonal Portlandite (Ca(@)Hblates were clearly precipitated in
the cement matrix and in the largest air pores (Figuje Mormally, the presence of high
amounts of Ca(OH)results in a lower chloride intrusion resistance and Hoeganpressive



strength. These findings are in line with the mechanicdl gurability test results discussed
previously.

Ettringite and AFt
(COs?rich) needles

reference mix, a) cement matrix and aggregate 1TZ, b) rod like calcium carboalumirgrtztéy
or Ettringite needle and c) precipitated hexagonal Portlandite plate crystals.

As can be observed in Fig. 7a, the SCC with colloidalorsilica additions shows a more
homogeneous microstructure compared to the reference mix. mMigsostructure is
characterized by compact and small sizes of C-S-H gel mtmgj As a consequence, a better
ITZ was also confirmed by SEM (Figure 7c). It is importanbhadice that neither rod nor needle
type precipitates nor well precipitated Cé{), crystals were found in the microstructural
analysis. This confirms that the additions of nano-silcauses a refinement of the
microstructure and induces precipitation of small and higihess sized C-S-H gel. The
improvement of the microstructure was also reflected imteehanical properties (compressive
and splitting strength) due to the fact that the pozzolgalistructure present better mechanical
properties than the C-S-H gel precipitated in standard ORCrete [19]. In addition, the
resistance to the chloride intrusion was enhanced becaludteodensification of the
microstructure and the high specific surface area of thg5§¢ The high reactivity of ta
colloidal nano-silica SCC was also confirmed in Figtioewhere a small C-S-H gel precipitates
were observed around limestone powder and agglomeratesoepaditles.

B Agglomerated nano-siliea X

"\( particles - 76‘,

igure — Microsrctr low vacuum (0.6 mbar) FEG-E potomicrdgrép&@f
colloidal nano-silica mix, a) cement matrix, b) agglomerates in a pore and
C) aggregate dense ITZ

Also in the case of SCC with powder nano-silica, a simitacrostructural analysis was

performed. Its microstructure is found to be refined (Figwak it not as much as with the
colloidal nano-silica. Apparently, due the fact that th@no-silica was produced at high
temperature (more compact, lower concentration of @ilgroups) its pozzolanic reactivity is

lower than the colloidal one. Nevertheless, a relatibeljnogeneous matrix was observed with
more small pores distributed in it (Figure 8b). Even thaghmicrostructure was refined due to
the addition of the powder silica nano-particles, it wilspossible to observe remnant rod like
or needles of AFt phases in the matrix (Figure 8c).



Ettringite and AFt
(CO3?rich) needles

Figure & Mlcrostructure Iow vacuum (0 6 mbar) FEG SEM photomlcrograpﬁél@fgowder
nano-silicamix, a) cement matrix, b) aggregates ITZ and c) rod like precipitates.

The difference in observed microstructures can exphieinegsults obtained for the two SCC with
both types of nano-silica additions, where SCC with ¢blloidal nano-silica presented better
results in all performed tests. The SCC with collbitkno-silica presented a denser paste matrix
and a better aggregates ITZ than the SCC with powder nbcen-$h addition, a refined
microstructure was obtained (no Ettringite needles wenedfi@r identified). These refined were
translated in better mechanical and durability properties@®fSCC tested. Despite the lower
reactivity at early ages of the powder nano-silica, thepgnties of the SCC were still
significantly improved compared to the reference mix. Howetle spherical shape and the
lower reactivity of the powder nano-silica favoured to a bdtésh behaviour of the SCC when

it is compared with the colloidal nano-silica SCC mix.

CONCLUSIONS

Based on the results of the performed experiments osheitign of SCC mixes with two types of
nano-silica additions and their effect on the mechamindl durability properties, the following
conclusions can be drawn:

e The results of the fresh state behaviour of SCC detmaied that concrete with addition
of 3.8% of nano-silica (based on the mass of cement) slsawidar flowing and
viscosity behaviour as the reference mix without nanoasimall differences in the
reactivity at early age were also confirmed for bothety of nano-silica studied. The
difference in reactivity produces the increased air cornitethe mix due toa higher
internal viscosity of the paste.

e The compressive and tensile splitting strengths of SCC wgmeved by the addition of
both types of nano-silica. The highest compressive stremgshfound for the colloidal
nano-silica SCC, meanwhile the highest splitting tensitength was found for the
powder type nano-silica SCC.

e The water permeable porosity of the three SCC mixes shsimglar behaviour. On the
contrary, when nano-silica is added, the SCC mixes be@most impermeable to the
penetration of water under pressure.

e All durability indicators of the SCC studied (conductivity, cider migration, chloride
diffusion, and freeze-thaw resistance) were improved thithadditions of 3.8% of both
types of the nano-silicaloreover, the SCC with colloidal nano-silica showed shght
better properties than the SCC with powder nano-silicdiads.

e The microstructural analysis of the hardened SCC revealsttik additions of nano-
silica particles produced a homogeneous microstructure, ¢barad by compact and
small sized C-S-H gel. As a consequence, a denser ITpwdsiced. The additions of
nano-silica caused refinement of the microstructures (less interconnegbede
structure) and induced precipitation of small sizes C-S-thgeihg high stiffness. The



improvement of the microstructure was reflected by the hav@ical properties
(compressive and splitting tensile strength) due to the tfaadt the pozzolanic gel
structure presents better mechanical properties thanCtBeH gel precipitated in
standard OPC concrete. In addition, the resistance agelhstide intrusion was
enhanced because of the microstructure densification efféet high reactivity and
faster pozzolanic behaviour of the colloidal nano-silicdigas at early ages produced a
more refined microstructure than the SCC with powder rsliaa.
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