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This study investigated the mechanical and microstructural behavior of colloidal nano-silica gqmodified pumice
lightweight concrete under freeze—thaw cycles. In the study, the control mixture (REF) and théfmixture containing
5% nano-silica (NS5), which previously exhibited the most balanced performang€mnder normal curing conditions,
were comparatively evaluated. Freeze—thaw behavior was investigated using separate specimen series having the
same mixture proportions. Compressive strength and ultrasonic pulse vel@eity (UPV)“tests were performed to
evaluate the mechanical performance, while microstructural changes were investigated through SEM, EDS, XRD,
and FTIR analyses. The results showed that nano-silica contributed to matrix densifieation, promoted additional C-
S-H formation, and improved the mechanical performance under normalycuring conditions. However, after freeze—
thaw cycles, microcrack development, UPV reduction, and strength loss were observed, particularly in the denser
microstructures. The restricted dissipation of internal hydraulic pressure is consi@ered a possible explanation for this
behavior rather than a directly demonstrated mechanism. The cambined evaluation of FTIR, XRD, SEM, and EDS
results indicated that freeze—thaw exposure may cause partialgStructdral disorder and microstructural deterioration
within the dense C-S-H network.
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HIGHLIGHTS

— Colloidal nano-silica improved the matrix densification of pumice concrete.

— Freeze—thaw exposure resulted in differeat. damage responses depending on microstructural development.
— SEM-EDS-XRD-FTIR analyses revealed changes if'the C-S-H structure.

— Restricted internal pressure dissipation may be a possible factor affecting freeze—thaw behavior.

1 Introduction

Pumice aggregate lightweight concretes arejwidely preferred in the construction industry due to their low unit weight,
improved thermal insulation properties, and contribution to reducing seismic loads. The highly porous structure of
pumice aggregate provides significant advantages in terms of reduced density and thermal performance in
lightweight concrete systems. Howevemythe freeze—thaw behavior of lightweight concretes is governed not only by
the total void content but also by compleximechanisms related to pore structure, pore distribution, water absorption
capacity, and internal pressure development. In particular, variations in the pore structure may influence the
dissipation of internal hydraulic pressure generated during freezing, thereby significantly affecting the durability
performance of concrete [1,2)8,4,5].

In recent years, the use of nano-sizéd pozzolanic materials to improve the mechanical and microstructural properties
of cement-based composites has increased considerably. Among these materials, nano-silica has attracted
significant attention dueo,its high specific surface area, small particle size, and strong pozzolanic reactivity. Nano-
silica acceleratesathegeonsumption of calcium hydroxide (CH) and promotes the formation of additional calcium
silicate hydrate (C28-H) gel, thereby contributing to matrix densification and improvement of the interfacial transition
zone (ITZ). Previous'studies have reported that nano-silica incorporation can improve compressive strength, reduce
permeability, and refinethe pore structure of cementitious materials [6,7,8,9,10,11,12].

In thefauthorsiyprevious study, the effects of different colloidal nano-silica contents on the mechanical and
microstructural properties of pumice lightweight concretes were investigated under normal curing conditions. The
resultsidemonstrated that the NS5 mixture exhibited the most balanced performance in terms of compressive
strength“develdpment, matrix densification, and microstructural integrity [13]. The dense matrix structure and
improved microstructure produced by nano-silica positively influenced the mechanical performance under normal
curing conditions. However, the behavior of this dense microstructure under freeze—thaw exposure has not yet been
fully clarified.

During freeze—thaw cycles, the transformation of pore water into ice may lead to the development of internal hydraulic
pressure within the concrete matrix. In particular, changes in pore structure and reductions in free void volume may
increase internal pressure during freezing, thereby accelerating the development of microcracks. Several studies
have reported that high nano-silica contents may influence pore evolution and microstructural damage under freeze—
thaw cycles. Therefore, the dense matrix structure that improves mechanical performance under normal curing
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conditions may not always provide superior freeze—thaw durability in porous lightweight concrete systems
[14,15,16,17].

Although numerous studies have investigated the freeze—thaw behavior of nano-silica modified concretes, most of
these studies have focused on normal-weight concrete systems. Previous studies have also indigated that the
influence of nano-silica on freeze—thaw behavior may vary depending on nano-silica content, porg structure, and
microstructural changes. Nevertheless, studies investigating the mechanical and microstructural behavior of colloidal
nano-silica modified pumice lightweight concretes under freeze—thaw exposure using multiple charaeterization
techniques remain limited. In particular, further studies are required to comprehensively evaluate the relationship
between microcrack development, phase transformations, chemical deterioration mechanisms, and mechanical
performance [14,15,16,17].

Nano-silica contributes to matrix densification by improving the pore structure and promoting additional C-S-H
formation. However, particularly in porous lightweight concrete systems, excessively densified microstructures may
hinder the dissipation of internal hydraulic pressure generated during freeze—thaw cycles. Degpité the dense matrix
structure, this condition may lead to the development of microstructural discontinuities and partial deterioration within
the C-S-H network, thereby adversely affecting durability performance.

Therefore, the present study investigated the mechanical and microstrucilral béh@viefof colloidal nano-silica
modified pumice lightweight concretes under freeze—thaw cycles. The primary maotivation of the study was to evaluate
the freeze—thaw performance of the NS5 mixture, which previously exhibited the“mest balanced mechanical and
microstructural performance under normal curing conditions. In this context, only the control mixture (REF) and the
NS5 mixture were selected for durability evaluation. Freeze—thaw behaviofpwas comparatively investigated using
separate specimen series having identical mixture proportions. Jo evaluatejfreeze—thaw induced deterioration
mechanisms at both macro and micro scales, compressive strength and ultrasonic pulse velocity (UPV) tests were
performed together with SEM, XRD, FTIR, and EDS analyses.

2 Materials and methods
2.1 Materials

In this study, CEM |1 42.5 R Portland cement conformingto TS EN 197-1 [18] was used as the binder material. Potable
water complying with TS EN 1008 [19] was used a§ mixiag water. Pumice aggregate obtained from the Sarikamis
region of Turkiye was used as lightweight aggregate. Thé’ maximum aggregate particle size was 8 mm. An image of
the Sarikamig (Turkiye) pumice aggregate used in theistudy i§'presented in Fig. 1.

The colloidal nano-silica used in this study was commercially supplied by Silika Kimya (Konya, Turkiye). The product
consisted of a colloidal nano-silica suspension‘€entaining approximately 30% solid SiO, and 70% water dispersed in
water. The main physical and chemical properties‘provided by the manufacturer are summarized in Table 1.

In the previous study, nano-silica suspension was incorporated into the mixtures at rates of 0%, 1%, 2%, 3%, 4%,
5%, and 6% by cement weight. These raties correspond to the mass of the colloidal nano-silica suspension.
Accordingly, the effective solid nano-silica content corresponded to approximately 0—1.8% by cement weight. In the
present freeze—thaw study, the contrehmixture (REF) and the mixture containing 5% colloidal nano-silica suspension
(NS5), which exhibited the most balaneéd mechanical and microstructural performance in the previous study [13],
were selected.

The water contained in the nano-silica suspension was subtracted from the total mixing water to maintain a constant
effective water/cement ratigyof 0.54 impall mixtures. In addition, the aggregate content was reduced to compensate
for the added nano-silica suspénsiofi’and to maintain a constant total mixture volume. Detailed material properties
and the general mixture design approach were based on the authors’ previous study [13].

Table 1. Physical and chemical properties of the colloidal nano-silica

Propenty Unit Value
SiO, content (solid) wit% 30
Watencontent wt% 70
pH - 9.0
Density g/mL 1.20
Viscosity (25 °C) cps <8
Specific surface area m?3/g ~200
Na,O content wit% <0.5
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Fig. 1. Sarikamig (Turkiye) pumice aggregate used in the

2.2 Physical properties of pumice aggregate

The pumice aggregate was divided into three particle size fractiops: 0—-2 mm; mm, and 4-8 mm. To achieve
continuous gradation in the concrete mixtures, these fractio ere used at ratios of 30%, 50%, and 20%,
respectively. The same aggregate gradation was maintained in ixtres to more accurately evaluate the effect of
nano-silica incorporation.
Physical properties of the pumice aggregate, including specific gra water absorption, and particle density, were
determined in accordance with the relevant standards. Due to the porous structure and high water absorption
capacity of the pumice aggregate, these properties were taken into consideration during the mixture design process.

2.3 Mixture proportions

In this study, the control mixture (REF) and the
used. The colloidal nano-silica suspension contained
was selected because it exhibited the mos
curing conditions in the authors’ previous stu

During the mixture design process, the
mixing water to maintain a constant
maintained for all mixtures. Furthermore, t
silica suspension and to maintain
authors’ previous study [13].

ntaining 5% colloidal nano-silica suspension were
tely 30% solid SiO, and 70% water. The NS5 mixture
anical and microstructural performance under normal

cement ratio. An effective water/cement ratio of 0.54 was
gregate content was reduced to compensate for the added nano-
mixture volume. The mixture design approach was based on the

nt total mixture volume. Mixture proportions were adopted from the authors’
previous study [13]

REF NS5

0.54 0.54

370 370

ective Water 199 186

m Aggregate 240 234

m Aggregate 399 390

4-8 mm Aggregate 160 156

Solid Nano-Silica 0 5.55
Colloidal Nano-Silica Suspension 0 13
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2.4 Specimen preparation and freeze—thaw conditions

Concrete mixtures were prepared using a laboratory-type mechanical mixer. Fresh concrete mixtures were cast into
50 x 50 x 50 mm steel cube molds. Since the maximum aggregate particle size was 8 mm, the selected specimen
dimensions were considered sufficient to provide an appropriate aggregate/specimen ratio. The spéci
compacted in accordance with TS EN 12390-2 [20]. After demolding, the specimens were cured infwater at 20 + 2
°C following the initial 24 h period.

The specimens used in the present freeze—thaw study were newly produced specifically for this e
programme and were not the specimens used in the authors’ previous study [13]. However, the same
proportions and preparation procedure reported in the previous study [13] were adop fter demolding, the
specimens were stored under water-curing conditions at 20 + 2 °C until the designated fr exposure ages.
One group was removed from water curing after 7 days, while the other group was
subsequently subjected to the freeze—thaw procedure.

A modified laboratory freeze—thaw procedure based on the fundamental principles of ASTM was applied. The
specimens were in a water-saturated condition before the freeze—thaw e e. Each cycle consisted of
approximately 12 h of freezing at —18 °C followed by approximately 12 h of th water at +4 °C. The freezing
and thawing temperatures were monitored using a thermometer throughout t - A'total of 30 freeze—thaw
cycles were selected as a defined laboratory exposure level for the comparative evaluation of REF and NS5 mixtures.
Since each cycle in the modified procedure lasted approximately 24 h, the selected exposure corresponded to
approximately 30 days of continuous freeze—thaw testing.

After completion of the freeze—thaw exposure, the 7-day curing group
conditions until the 28-day curing group completed its freeze—thawdeycles. Con
at approximately 58 days of age.

Three specimens were used for each mixture, curing periodi“and £xperimental group, and the test results were
evaluated based on the average values obtained from the specime

aintained under the same curing
uently, all specimens were tested

(n = 3) were tested for each mixture, curing period, and experimental group, and the compressive
strength v ere calculated as the arithmetic mean of the three results. Since all specimens were comparatively
evaluated under identical conditions, no size conversion factor was applied in this study.

2.5.2 Ultrasonic pulse velocity (UPV) test

Ultrasonic pulse velocity (UPV) measurements were performed in accordance with TS EN 12504-4 [23] using a
Proceq Pundit UPV device equipped with 54 kHz transducers at the Faculty of Engineering Laboratory of Igdir
University. Measurements were conducted by direct transmission through two opposite faces of the cube specimens.
Ultrasonic coupling gel was applied to both contact surfaces to ensure adequate coupling between the transducers
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and the concrete surface. UPV measurements were performed after completion of the 30 freeze—thaw cycles and
prior to the compressive strength tests, and the pulse velocity values were directly obtained from the device.

Three specimens (n = 3) were tested for each mixture, curing period, and experimental group, and the average values
of the obtained results were used. The UPV results were used to comparatively evaluate possible intgbnal structural
deterioration and microcrack development associated with freeze—thaw exposure.

2.5.3 Microstructural analyses

SEM, XRD, FTIR, and EDS analyses were conducted to investigate the effects of freeze—thaw exposuré’on the
microstructure of the concrete. The microstructural analyses were performed on both the,reference-cured and
freeze—thaw exposed REF and NS5 specimens.

X-ray diffraction (XRD) analyses were conducted using a Rigaku-D/Max 2200 XRD device letated at the Scientific
and Technological Research Center of inénii University. To minimize the influence of surface carb@nation, crushed
powder samples obtained from the interior regions of the specimens were used in the analysestihe specimens were
scanned within an approximate 26 range of 5°-80° to identify the major crystallinefphases and hydration products.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscapy (EDS) analyses were carried out
using a Zeiss SEM device located at the Science Application and Research €enterf of Van'Yizinci Yil University.
The analyses were performed on fractured pieces obtained from the interior regigns of the specimens. Prior to the
analyses, the specimens were dried and coated with a thin conductive layer to improve,image quality. Examinations
performed at different magnifications were used to evaluate cement@matrix morphology, matrix densification,
microcrack formation, and aggregate—matrix interfacial transition zones. EDS analyses were used to investigate
elemental distributions and variations in the Ca/Si ratio.

FTIR analyses were conducted using a Thermo Scientific Nicolét'iS10Q FT-IR Spectrometer located at the Science
Application and Research Center of Van Yuzincu Yil University,, Thefanalyses were performed to identify the main
chemical bonds associated with hydration products, and the“spectra were recorded within the approximate
wavenumber range of 4000-500 cm™.

The microstructural analysis results were interpreted collectively to comprehensively evaluate the effects of freeze—
thaw exposure on the mechanical behavior and internal structural integrity of the concrete.

EDS analyses were performed simultaneously with"the SEM examinations on the same analyzed regions of the
fractured specimens. The Ca and Si contents were‘@btained from these regions, and the corresponding Ca/Si ratios
were calculated from the EDS weight percentages.

3 Results and discussion
3.1 Compressive strength and ultrasonicspulseelocity (UPV) results

The compressive strength and ultrasonic pulse velocity (UPV) results of the REF and NS5 mixtures are presented in
Table 3. To evaluate freeze—thaw behavior, speeimens prepared with identical mixture proportions but produced as
separate experimental series werejeomparatively evaluated. The 56-day reference values under normal curing
conditions were obtained from the authers’ previous study [13]. In the present study, one group of specimens was
subjected to freeze—thaw cycles after 7 days of curing, whereas the other group was exposed to freeze—thaw cycles
after 28 days of curing.

Table 3. Compressive strength and UPV results

Mixture Experimental group Compressive strength (MPa) UPV (km/s)
REF 56xday normal curing [13] 27.34 £ 0.13 -
REF 7=day curing + F-T 26.42 +0.13 3.524 + 0.005
REF 28-day curing + F-T 24.57 + 0.36 3.472 £ 0.006
NS5 56-day normal curing [13] 39.68 £ 0.21 -
NS5 7-day curing + F-T 33.57 £ 0.42 3.653 £ 0.004
NS5 28-day curing + F-T 32.01+0.12 3.595 + 0.004

As shown in Table 3, both REF and NS5 mixtures subjected to freeze—thaw cycles exhibited lower compressive
strength values compared to the reference specimens cured under normal conditions. Nevertheless, the NS5 mixture
showed higher strength values than the REF mixture in all experimental groups. This behavior can be attributed to
the densification of the cement matrix and the enhancement of hydration products promoted by colloidal nano-silica
incorporation.

However, significant strength losses were observed in the NS5 mixture after freeze—thaw exposure. While the 56-
day compressive strength of the NS5 mixture under normal curing conditions was 39.68 MPa, this value decreased
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to 33.57 MPa in the series exposed to freeze—thaw cycles after 7 days of curing and to 32.01 MPa in the series
exposed after 28 days of curing. Similar strength reductions were also observed in the REF mixture.

The obtained results revealed that the series exposed to freeze—thaw cycles after 7 days of curing exhibited higher
strength values than the series exposed after 28 days of curing. This trend was similarly observed in both REF and

considered only as one possible contributing factor rather than the sole explanation for the observed differ
The UPV results exhibited trends consistent with the compressive strength results. The re ion in UPV values in

development within the concrete. In particular, the lower UPV values obtained in the ser
cycles after 28 days of curing indicated that denser microstructures may develop grea
freeze—thaw conditions.

Nevertheless, the NS5 mixture exhibited higher UPV values than the REF mixt n all freeze—thaw groups. This
behavior indicates that nano-silica improved matrix densification and the aggreg rix interfacial transition zone.
However, the dense microstructure formed by nano-silica incorporation did nat alwa de superior freeze—thaw
durability. These findings indicate that although nano-silica improves mechanica rformance under normal curing
conditions, freeze—thaw behavior in porous lightweight concrete systems canno explained solely by strength

enhancement.
3.2 SEM-EDS analysis results

SEM images of the REF and NS5 series exposed to freeze—th
analysis results are shown in Fig. 4. The microstructural evalu
strength and UPV results to achieve a more comprehensive un
mechanisms.

The SEM images of the 7-day REF series revealed a relatively loose” and heterogeneous cement matrix. Local
microvoids, matrix discontinuities, and irregular hydration regions were observed. However, since the structure was

cycles are presented in Fig. 3, while the EDS

ion products and more compact matrix regions were
lized separations throughout the matrix became more
ser microstructural features may have influenced the observed
draulic pressure dissipation should be considered only as a
irectly measured. This observation is consistent with the lower
for the 28-day REF series.

pronounced after freeze—thaw exposure. The
freeze—thaw response; however, restric
possible explanation, since internal pres
compressive strength and UPV results obt

Compared to the REF series, thep SEM imag

higher compressive strength and higher UPV values than the REF series.

Nevertheless, although the SEM images of the 28-day NS5 series showed a highly compact matrix structure with
low-void regions, intercon i tructural discontinuities and localized separations were also observed. These
observations suggest that se microstructure produced by nano-silica incorporation did not prevent
microstructural damage during ze—thaw exposure. Restricted stress or internal pressure dissipation may be
considered as a possible,explanation for this behavior; however, these parameters were not directly measured in the
present study.

EHT = 10.00 kV Signal A = $E2 Date: 10 Jul 2025 ZEISS| EAT = 10.00 kY Signal A = SE2 Date 10 uuf 2025 ZEISS|
WD = 93mm Mag= 10.00KX Time: 17:23:33 |_| WD =124 mm Mag = 10.00 KX Time: 11:46:37
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Fig. 3. SEM images of REF and NS5 mixtures after freeze—thaw expos
(c) NS5-7FT, and (d) NS5-28FT

The EDS analysis provided quantitative information on the elemental ¢
(Fig. 4). The Ca and Si contents were 37.87 and 8.93 wt.% for REF-7FT, 6 and 9.74 wt.% for REF-28FT, 35.53
and 9.02 wt.% for NS5-7FT, and 36.27 and 9.88 wt.% for NS5-28FT, respec . The corresponding Ca/Si ratios,
calculated from the EDS weight percentages, were 4.24, 3.70, 3.94, and 3.67, respectively. These local EDS results
indicate compositional differences among the analyzed regions; r, they should be interpreted as site-specific
measurements rather than as representative of the entire spe

190K

T, (b) REF-28FT,

osition of the regions examined by SEM

171K

152K
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Fig. 4. EDS spectra of REF and NS5 mixtures after freeze—thaw exposure: (a) REF-7FT, (b) REF-28FT, (c) NS5-
7FT, and (d) NS5-28FT
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When the SEM and EDS results are evaluated together, differences in microstructural features and local elemental
composition can be observed between the REF and NS5 mixtures after freeze—thaw exposure. These observations,
together with the mechanical and UPV results, suggest that the freeze—thaw response may be influenced by
differences in microstructural development. However, since pore structure, degree of saturation, and internal
hydraulic pressure were not directly measured, the possible influence of these factors should be cofisidered as an
interpretation rather than a demonstrated mechanism.

3.3 XRD analysis results

The XRD patterns of the REF-7FT, REF-28FT, NS5-7FT, and NS5-28F T mixtures exposed to freeze—thaw conditions
are presented in Fig. 5. The analyses identified the major phases including calcium hydroxig H), dicalcium silicate
(C,S), tricalcium silicate (C3S), calcite (CaCOs), ettringite, and quartz (SiO,).

14000 14000 4 Freeze-Thaw REF-28FT
Freeze-Thaw REF-7FT \
J 12000
12000 on \‘
2.CS \
J p 10000
10000 ) . C3$ |
8000 - 4. CaCO, Z 8000 ‘ 4.CaCo,
1 1 5.Ca,AL(SO,),(OH),26(H,0) & 5.Ca AL(SO,)(OH),.26(H,0)
5 ’3 4 ) 6 2 473 2 2 8 v" ) 6 2 43 2 2
6000 4 6. Si0, = 6000 W) 6.5i0,
|
4000 3@ 40001 y
I M| o |1
KMFLJ} ) WV"\MUW 3 3
2000 MM 2000 %
o T T T T T 1 T T T 1
0 20 40 60 80 100 20 40 60 80 100
2 Theta Derece 2 Theta Derece
a) b)
14000 Freeze-Thaw NS5-7FT 14000 Freeze-Thaw NS5-28FT
12000 \ I.cH 120001 234 I.CH
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2z 8000 234 4. Caco, g 8000 64l :
2 62 5.CaAL(SO,) (OH),26(H,0)  § u LJ\ ’ 5. Ca AL(SO,) (OH),.26(H,0)
Z 6000 W2 6.8i0, = 6000 ,&,3 6. Si0,
i )
\ lg 1
4000 fo ! | 40001 Wl
W2 L RNPET,
2000 M%M 20004 Al
0 T T T T 1 0 T T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
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c) d)
Fig. 5. XRD patterns of (a -7ET, (b) REF-28FT, (c) NS5-7FT, and (d) NS5-28FT mixtures after freeze—thaw
exposure

Distinct CH and Ca
observed betw
phase analysis

eaks were observed in the REF series. Differences in relative peak intensities were
nd REF-28FT; however, because the XRD analysis was qualitative and no quantitative
d, these differences were not interpreted as direct evidence of changes in phase
abundance or mat ensification. Nevertheless, the mechanical strength and UPV results demonstrated that the
specimens exposed to freeze—thaw cycles after 28 days of curing exhibited greater deterioration than those exposed

- curing. Restricted internal hydraulic pressure dissipation may be considered as one possible
s behavior; however, internal pressure and pore structure were not directly measured in the present

eS, relatively lower CH peak intensities were observed compared to the REF mixtures. This result may
o the pozzolanic activity of colloidal nano-silica, which increased CH consumption and promoted
additional C-S-H formation. Furthermore, the broad amorphous region observed approximately between 20°-35° 26
indicated an increase in hydration products and the formation of a denser cement matrix.

Among all mixtures, the NS5-28FT specimen exhibited the most pronounced compact hydration structure. This
observation is consistent with the denser microstructure observed in the SEM images and the lower Ca/Si ratios
determined by EDS analyses. The combined evaluation of SEM—-EDS-XRD results indicates that nano-silica
significantly modified the hydration mechanism and increased matrix densification.
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However, the observed freeze—thaw response may have been influenced by differences in microstructural
development. Restricted internal hydraulic pressure dissipation may be considered as one possible contributing
factor; however, this mechanism was not directly measured in the present study.

3.4 FTIR analysis results

The FTIR spectra of the REF and NS5 series after freeze—thaw exposure are presented in Fig. 6£Ilmall series, the
band observed at approximately 3340-3367 cm™ was associated with O—H stretching vibrations and“tepresented
bound water within the hydration products. The shift of this band toward lower wavenumbers in the NS5, series
indicated that nano-silica modified the structure of the hydration products and promoted the formation of a denser C-
S-H structure.

The band observed at approximately 1400-1440 cm™ was associated with carbonate fofmations. "Rarticularly in the
NS5 series, the changes observed in this region indicated the influence of nano-silica oashydratign reactions and
carbonation behavior. These findings were consistent with the CaCO; phases identified in the XRD analyses.

The Si-O stretching vibration bands observed within the approximate range of 1000=4022 cm™" were associated with
C-S-H gel formation. The more pronounced character of this band in the NS5 series indicated that nano-silica
promoted additional C-S-H formation through pozzolanic reactions. Howevef, the £hanges observed in the band
structure after freeze—thaw exposure may also be associated with partial strugtdral disorder and microstructural
discontinuities within the dense C-S-H network. Previous studies have reported thatfreeze—thaw cycles may lead to
density changes, microcrack formation, and structural instabilities within the C-S-H structure. When evaluated
together with the denser matrix structure observed in SEM images, thellewer Ca/Si ratios determined by EDS
analyses, and the reductions observed in UPV results, these findings indicate that freeze—thaw exposure may cause
internal structural damage development within densified cement miatrices.

The bands observed within the range of 867—871 cm™" were associatedwith silicate- and carbonate-based hydration
products. When considered together with the other results, thetebserved differences suggest that microstructural
development may have influenced the response to freeze—thaw exposure. Restricted internal hydraulic pressure
dissipation may be considered as a possible explanation for this behavior; however, pore structure, degree of
saturation, and internal hydraulic pressure were not directly measured in the present study.
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4 Conclusions

The results showed that the NS5 mixture exhibited higher mechanical performance than the REF mixture after
freeze—thaw exposure. The compressive strength values of the REF specimens were 26.42 and 24.57 MPa for the
7-day and 28-day curing groups, respectively, whereas the corresponding values for NS5 were 33667 and 32.01
MPa. Similarly, the UPV values were higher for NS5 (3.653 and 3.595 km/s) than for REF (3.524 and 3.472 km/s).
For both mixtures, the specimens exposed to freeze—thaw cycles after 7 days of curing exhibited highefieompressive
strength and UPV values than those exposed after 28 days of curing.

SEM observations revealed differences in matrix compactness and microstructural discontinuities among the
investigated groups, while EDS analyses indicated local variations in Ca and Si contents ands€a/Si ratios. XRD and
FTIR analyses further showed qualitative differences in hydration-related phases and bonding characteristics. Taken
together, these observations indicate that the freeze—thaw response may be influenced byfdifferences in curing
history and microstructural development. Restricted internal hydraulic pressure dissipation may be considered as
one possible contributing factor; however, pore structure, degree of saturation, and internal hydraulic pressure were
not directly measured in the present study.

Overall, colloidal nano-silica incorporation provided higher mechanical performance than the REF mixture under the
investigated freeze—thaw conditions. However, the findings of the present study aré limited to the mechanical and
microstructural behavior observed after 30 freeze—thaw cycles and should not belinterpreted as representing long-
term freeze—thaw durability or service-life performance.
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