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Academic Abstract
Concrete infrastructure in the Arctic coastal region faces durability challerayedreezethaw
(F-T) cycles and chloride ingress due to seawater and deicing salts, resulfurfpce scaling,
spalling, and crackindClimate change exacerbates these issues, particularly whafiigide areas
like Alaska, where rising temperaturesatl to permafrost thaw and increased infrastructure
vulnerability. Projections indicate that climatdated infrastructure costs in Alaska could reach
$5.5 billion by 2099, highlighting the need for more resilient infrastructure. This dissertation
investgates FT damage mechanisms, explores strategies to enhance cementitious material
durability, optimizes repair techniques for letegm performance, and develops a 4teak
monitoring technique to tragBore water movement withinhe concrete microstructe and its
impact on microstructural cracking.

First, this dissertation investigated the combined effects-bfclfcles and chloride ingress on
conventional (Group A) and polyvinyl alcohol (PVA) fibesinforced (Group B) concretes cured
for 14 days and 7@ays in plain water and simulatedseawater conditions. This dissertation also
utilized a nondestructive techniqueyansmission Xay microscopy (TXM), to quantify the
diffusion coefficient () as a function of H cycles for the first time in thetérature. The results
emphasize the importance of the amid system in reducing-F damage and chloride ingress,
with longer curing durations enhancing condigteesistance to these issues. Group A showed
superior performance due to its improvedaid system, which enhancddT resistance by
accommodating internal pressure changes and reducing crack propagation. In addition, seawater
exposure exacerbatedlFdamage, accelerating chloride ingress and deterioration compared to F
T cycles in plain wateil he findings suggest that while PVA fibers enhance mechanical properties,
they may also disrupt the amid system, reducing its protective capabilities against chloride
ingress and H damage. These results emphasize optimiziny@d characteristicen fiber-
reinforced concretes to balance mechanical performance withtdomgdurability in harsh
environmental conditions.

Second, this dissertaticaxplored the role of cellulose nanofiber (CNF) gels in enhanciiig F
resistance and reducing chloridenesgs in cement paste. CNF suspensions, prepared using a nitro
oxidation process, formed hydrogels in the presence of metakigngN@a’, Ca*) within the pore

solution, reducing the freezing point of the pore solutioncement paste. It was found that
specimens containing CNF suspensions exhibited imprBvEdesistance characteristics when
compared to specimens without CNF suspensions. Additionally, TXM analysis showed that
specimens containing CNF suspensions extdlsignificantly lower diffusion coefficients than
conventional cement paste. These findings suggest that CNF gels reduce permeability and enhance
durability by modifying the microstructure of the cement paste.



Third, this dissertation investigated the ahitity of concrete repaisubstrate interfaces under F

T cycling, emphasizing the impact sfibstratemoisture conditions and wates-cement (w/c)

ratios on the overlay transition zone (OTZ), the weakest region of +&gastrate concrete
analogous to he interfacial transition zone between aggregates and paste in concrete
microstructure Mechanical properties, fracture characteristion, diffusion, water absorption,

and FT resistance were evaluated to assess repair performance under varying conithtgon
results demonstrated that repair overlays with lower w/c ratios applied to saturated-duyrface
(SSD) substrates exhibited superior durability, reducing water absorption, ion penetration, and F
T damage compared to higher w/c ratio repairs. TXMyaeathe timedependent diffusion along

the OTZ for the first time in the literatyrénding that repaksubstrate specimens showed a notable
increase in diffusion coefficient afterFcycles compared to the substrate. The findings indicate
that in theabsence of surface preparation, a lower w/c ratio is recommended to mitigate OTZ
deficiencies and enhance the durability of concrete repairs in cold-&reh¥ronments.

Finally, in situneutron radiography was utilizéak the first time irtheliteratureto track reatime
porewater movement in concrete macropores under subzero conditions. The results demonstrated
that unfrozen watanovedaway from the freezing fronvhich is suspected eneratdydraulic
pressure anccontribute to microcracking. Thse findings underscorthe role of moisture
redistribution andull saturationin T damage, providing insights for creating more durable
concrete in cold regions.

In summary, this dissertation integrates advanced experimental techniques to develop a
medianistic understanding othe deterioration ofcementitious materialsunder extreme
environmental conditions. By combining TXM, neutron radiography, and comprehensive
materials testing, the findings provide new insights into the interplay betw&edafmag and
chloride ingress. These results inform the design of more resikeméntitiousnaterials, repair
strategies, and construction practices for arctic coastal regions, ultimately contributing to
infrastructure longevity and sustainability in the fatelimnate change.
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General Audience Abstract
Concrete infrastructure in Arctic coastal areas faces severe durabaitgnges due to extreme
weather conditions. One major issue is fredmwav (FT) damage, which causes cracking
spalling, and/or scalingver time. Another challenge is chloride diffusion from seawater and
deicing chemicals, whichanlead to corrosiomf reinforcing steebnd further weaken concrete
structures. As climate change raises global temperatures, permafrost thawing accefeictes,
canexacerbathese problems. This dissertation investigated the combined effecis adirage
andion ingresson concrete, explored strategies to enhance durability, evaluated repair techniques,
and introduced advanced methods for monitoring-tieed pore water movement in concrete
microstructure.

First, thisdissertationexamined how H cycles and chloridéiffusion affect conventional and
fiber-reinforced concrete. TransmissionrXy microscopy (TXM), a nodestructive imaging
technique, was used to investigaie diffusion under FT conditions. The findings revesl that

an optimized airvoid system improves-T resistance. However, while fiber reinforcement
increases concrete strength, it can disrupt theogir system, potentially reducingFresistance
and increasing chloriddiffusion. Exposure to seawatexacerbateB-T damage, emphasizing the
need fo cementitiousnaterials suited focoastakenvironments.

Second, this dissertation explorading cellulose nanofibers (CNFuspensions produced by
biowasteto enhance cement paste resistance Toclcles and chloride ingress. These nanofibers
can crea a hydrogel within the paste microstructure, reduéiegzing impactnd improving
durability. The results shad that CNFmodified cement past@erforms significantly better
under FT conditions, presenting a promising approach to extending the life§pamentitious
materialsn cold regions.

Third, this dissertationinvestigated challenges in concrete repair strategies undecy€les.

Using TXM, the research demonstrates limleteriousonsdiffusedthrough the repaisubstrate
concretebond interfacelt highlightst he I mpor t anc e o fto-cenheet ratioamda i r
the existing substrateds moi st ur e-teanodarability i o n
against FT cycles

Finally, this dissertation pioneered usingituneutrorradiographyto trackporewater movement
within concrete macroporeturing freezing This technique reveals that unfrozen wateves
away from the freezing frontvhich can generate internal pressamg contribueto cracking.

This dissertation enhanc#éee understanding ahe durability ofcementitious materials in Arctic
coastaland other coldegions and offers innovative solutions for infrastructure resilience.

mi
d



Acknowledgements

First and foemost, | extend my deepest gratitude to Allah, whose blessings have guided my
academic journey at Virginia Tech.

| am profoundly grateful to my advisor, Prof. Alexander S. Brand, for being an exceptional
academic mentor and a guiding force in pngfessioml careerFrom the beginning, he supported

me as | adjusted to a new environment, offering guidance in research, personal matters, and legal
concerns without hesitation. Balancing a demanding Ph.D. program with family life would not
have been possible Wwibut his kindness and encouragement. Dr. Brand granted me complete
independence in research, never discouraging any idea and always showing patience during
setbacks. His insightful discussions, constructive feedback, and unwavering belief in my potential
have shaped my research and career. Working under his mentorship has been my most incredible
privilege.

| am sincerely thankful to my committee members, Prof. Sherif L. Abdelaziz, Prof. Gerardo W.
Flintsch, and Prof. Stefan Jacobsen, for their invalualp@at, thoughtful advice, and careful
review of my dissertation. | was fortunate to work on a project leldrbf, Abdelaziz, where his
commitment to research excellence and resource support played a pivotal role in enabling this
work.

| also extend my @titude to Dr. David Mokarem, Brett Farmer, Garret Blankenship, Dr. Thomas
Staley, Dr. Rituraj Borgohain, and all the personnel at the Civil and Environmental Engineering
Department, the Thomas M. Murray Structures and Materials Laboratory, and the ISlateria
Science and Engineering Department for providing the necessary facilities and support throughout
this research.

| appreciate the Broad Agency Announcement Program and the Cold Regions Research and
Engineering Laboratory (ERDCRREL) for funding this remarch. | am also grateful to my lab
colleagues, Dr. Amir Behravan, Dr. Ebenezer Fanijo, Douglas Annand, Dr. Thien Tran, Dr.
Rashed Alarrak, T"Nam Nguyen, Janelle Davis, Dip Banik, StMipn Cho, andr. SungEun

Cho for theirsolidarity, support, and collzoration.

Finally, | offer my deepest gratitude to my family. My parents have been my unwavering
foundation, instilling the values that carried me through this journey. My beloved wife, Nadia, and
our wonderful son, Raiyan, have been my constant compathomsghout this Ph.D. Their
patience, love, and encouragement made every challeagageablel am also thankful to my
sister, brothein-law, and inlaws, whose support and understanding helped sustain me during this
demanding period. This achievemegrtdngs to them as much as it does to me.

This material is based upon work supported by the Broad Agency Announcement Program and
the Cold Regions Research and Engineering Laboratory (EGRREL) under Contract No.
W913E522C0001.

Vi



Annotations

GA
GB
PW
SW
UPVv
SR
F-T
RDME
DME
ML
PVA
AEA
RCPT
CNF
XRD
TGA
LT-DSC
FW
MH
DOH
BET
BJH
Dc
TXM
oTz
RH
SSD
oD
wi/c
D20
NR
HFIR
ORNL
MARS
TEM
FTIR

Group A

Group B

Plain Water

Sea Water

Ultrasonic pulse velocity
Surface Resistivity
FreezeThaw

Relative Dynamic Modulus of Elasticity
Dynamic Modulus of Elasticity
Mass Loss

Polyvinyl Alcohol Fiber

Air Entraining Admixture

Rapid chloride penetrability test
Cellulose Nanofiber

X-ray diffraction
Thermogravimetric analysis

Low Temperature Differential Scanning Calorimetry

Frozen Water

Melting Heat

Degree oHydration

Brunauer Emmett Teller

Barrett, Joyner, and Halenda

Diffusion Coefficient

Transmission Xay Microscopy

Overlay Transition Zone

Relative Humidity

Saturated Surface Dry

Oven Dry

Waterto-cementitiougato

Deuterated Water

Neutron Radiography

High Flux Isotope Reactor

Oak Ridge National Laboratory
Multimodal Advanced Radiography Station
Transmission Electron Microscopy
Fourier Transform Infrared Spectroscopy

Vil



Table of Contents

ACAAEIMIC ADSIIACT. ... iiiiieiiiiiiii st e e e e e eeee s e s e e e e e e e e e e e e e eeeeannneeaeeeeeeeeeeeeennnnes L.
General AUIENCE ADSITACL ... ...uiiiiiiiiiiie ettt enee e e e e e 1]
FAN o ([0 1V =T Lo = 0 =T o RS Vi
7N ] a0 £= 14 PSPPI Vil
TaDIE Of CONTENTS. .. ..ttt ettt e e e e e e e e e e e e s s e e e s ammne e e e e e e e e e e s annns Vil
LIST Of FIQUIES....c ettt e e e e e e e e e e eeem e s s e e e e e e e e e e e e e e eeesaennaeaaaeaeeaaeeeennsnnnne Xiii
IS o) B 1= o] =PRI PP PPPPPPPPPPPPPP XVil
(@ gF=T o] (=1 g8 11 70 107X 1 0] o 0T 1
1.1Research ObJECHIVES.........uuuiiiii et nene e D
1.2RESEAICH TASKS. ... .uuuiiiiiiiiiiiiiie e ettt e e e e e e e esmr e e e e e e e e e e e e e e e e s e s nnne e e e 5
1.3 Dissertation Organization...............couuuuuiiiireeeeeceeeieiee e eere e e e e e aaaaaan 6
] (=] €= o =P 9
Chapter 2Effects of polyvinyl alcohol fibers and curing duration on chloride ingress in concrete
dUuring fre@ZENAN CYCIES.... ..ot eae e 13
pZ N o 11 = T PP PPPPPRPRR 14
V2228 111 0T ¥ Tox 1 o o HN 14
2.3Material and MethOdOIOGIES. . ........uuuiiiiiiiiiiii e 16
2.3.1 Materials and MiX AESIGI.......uuuriiiiiiiiiiiie et 16
2.3.2 Characterization of the aioid system in hardened concrete.............cccccceeeeeee. 18
2.3.3 Replicate teStiNg PrOCEAUIE. ........eiiiiiiiiii ettt 19
2.3.4 Testing procedure USING TXM.......ooiiiiiiiiiiiiiirrer bbb eeeseee e 19
2.4ReSUItS and ISCUSSIONS.......cevveeeieiiiiiiiimr ettt e s s e e e e e emenssnnaa s e e e e e e eeeeeeeeeeeennneens 22
2.4.1 Hardened awoid system characterization results................cccvvvieeeniiiiiinnnnnen. 22
2.4.2 ML @nd RDME FESUIS.....uuuuiiiiiie e eeeeee et tenne e e e e e e e 22
2. 4.3 UPV FESUILS.....ccoiiiieeeeeeee ettt e e e e e e e e e e e e e e annns e e e e aeaeeaes 26
2.4.4 SR TESUILS.....coeiei ettt e e e e eran e e e e 29
2.4.4 Strength teStNEESUILS......cooiii e e e e e 32
2.4.5 Timedependent Dc and concentration profile..........coooooviiiiiiiccciiiii e, 34
2.5Conclusions and recomMmMENdatiONS..........uuuuuuuiiiiieeierii e 45

viii



REIEIENCES. . ..o e ettt 47

Chapter 3The combined effects of freetieaw cycles and seawater on chloride ingress in concrete

......................................................................................................................................... 52
G0 N o111 = Tt T TPPPPPPPP 53
G2 | o1 1o To {3 Tox 1 o] o NPT 53
3.3EXPErimMENtal AeSION.....uuiiii e e e e eeeee et mnee e 57

3.3.1 Materials and MiX deSIGN.........iiiiiiiee e ee e ceeecec e eeee e e e e e e e e e e 57
3.3.2 Preparation Of SEAWALEL...........uiiiiiie e e e ceeece e e e e e e e e e e e e eeees e e e e e e e e e e e eeeeeerananee 59
GG T B =Ty 1 o ] 0Tt =To (1 =SS 59
3.3.4 TXM PIrOCEUUIE. .....euitiiiiieeiee et e e eeeee ettt ettt e e e e e e e e e e s rmmme e e e e e e e e e rnes s 60
3.4 ReSUItS aNd iSCUSSION. ......uuiiiiiiieeeieeetieeeis e e et enne e e e e e e e eeeeeeeeaan e smmeeees 62
G Nt R U LAY XS | P RPRPRRN 62
342 SREBSUITS ...t r e e e e e e e e e e e e annnr e e e e e e e e aaaaees 65
3. 4.3 ML and RDME FESUILS....uiiiiiiieee e 68
3.4.4 Strength teStiNg FESULLS..........ooiiiiii e e as 72
3.4.5 Timedependent Band concentration profile............cccceviiiiiiecce 74
G T O o [od 1] o] o = 85
ACKNOWIEAGEIMENL ...t ee e bbb e e 86
3 o =T T SRR 86
] (=] €= o =SSP 86

Chapter 4Effects of cellulose nanofiber gels on the chloride ingress and freeze/thaw properties of

(07T 0 TCT 01 PP 95
I o 1 1 - Vo AP 96
1 £ To [§ o 1o ] LSOO 96

4.2.1 Significance Of the StUAY............oviiiuiiii e e e e a8
4. 3EXPerimental deSION........uui i ceeer e e e ————— 98
4.3.1 Preparation and characterization of CNE.............ccoooiiiiine i, 98
4.3.2 Cement specimen preparation and material properties.............cccvvumerennnn. 102
4.4 ReSUItS and dISCUSSION. ......ooeiieiiiiiiiiiieieeee ettt emee 108
4.4.1 ViSual ODSEIVALIONS. ......ceuiiiiiiiiiii et eree s e e e e e e e e e e eeeeeanees 108
4.4.21sothermal CalorMEtIy.......ccoi i 111



A ABLT-DSC ... 112

Oy I OO PRRR 115
N OO PRRT 116
4.4.6 Freeze/thaw teSt FESUILS. ........uuuiiiiii e 118
4.4.7Compressive strength testing reSUILS..........oovvvviviiiiccreeeee e 123
4.4.8Time dependent diffusion coefficient and concentration profile..................... 124
A.5 CONCIUSIONS. ..ottt et e e e e e e et e aaeeaa s s e e e e e e e e e e eeeeaeeeessbnnneeeeeeeeeeeenennes 126
ACKNOWIEUAGEIMENL ...t et e e e e e e e et eeees s e e e e e e e e e e e eeeeeeesssssbnnneeeeeeeeennnes 128
3o =T T USRS 128
] (=] €= o =R 128
Chapter 5.Effect of Freeze/Thaw and Substrate Moisture Condition on the Concrete -Repair

YU oIS i = TSI [ 0] (=] = T = 134
SN0 411 > Vo R 135
o2 | 11 oo (5o 1o o I USSP RRPRPPRR 136
5.2.1 Significance Of the STUAY..........uuuuiiiiiiiiiii e 136
5.3EXPErimental DESIGM........ooiiiiiiiiiiireee st eeena bbb e e e e e e 136
5.3.1 Materials and MiX DESIGL......curiiiiiiiiiiiii et mmme e 136
5.3.2 SampPle PreparatiQrl...............eeeeeeiiiieeeiiiiiieeeeee e e 137
5.3.3 Experimental ProCeAUIE...........coouu i 137
5.3.3 Transmission Xay MIcroSCope (TXM).....couueeeiiiiiiiiiiiiieeee s 138
5.4 ReSUItS aNd DISCUSSIONS....cciitiiiiiieieaae it e e rnee s eee e eeenens 141
5.4.1 Compressive and Flexural Strength............ccccoooiiiiceeiicccce e, 141
5.4.2 FracCture ProPerti©S.........uuuuuuiiiii it e ceeeeiiiiiie s s e e e e e emeeiss s s e e e e e e e e e e e e e e eeeeesannnas 142
5.4.3 Concentration Profile and Tirbependent Diffusion Coefficient of OTZ......... 143
5.5 Conclusions and RecomMmEeNdationsS............coeeeeiiiiiccceeeee e 146
5.5.1 CONCIUSIONS.....coiiiiiiiiiiie et e et ee e e e e e e e e e e e e e eeeeeeabsen s mmmeeeeeeseenes 146
5.5.2 RECOMMENUALIONS ... ..ot ieeieiee o eemees 147
ACKNOWIBUGEIMENL ...t ereer e e e e e et e e e e e et b emans e e e e e eenaans 148
DISCIAIMEN....... et e e e e e e e e e e e e enaea e e s e e e e e e e e aaeeeeeanennes 148
RETEIENCES. ... e e e e e e e e e et enaea e e s e e e e e e e e e e eeeeeeennees 148



Chapter 6lmpact of watetto-cement ratios of repair mixes on the durability of concrete repair

substrate interfaces during freeb@w CYCIES...........cooviviiiiiiii i 152
B. LADSIIACT .....eeiii it aen— ettt ittt e e e e e e e e e as 153
T2 [ o] 1o To (B Tox 1 o] o H PP 154

6.2.1 Significance of the StUAY...........cooiiiiii i e 155
6.3 EXPErimeNntal DESIGIL.......ccviiieieiiiiiiimmr e errr e e e e e e e e e e e e rennr s 155
6.31 Materials and MiX DEeSIGN.........ccoviuuiiiiiiiire e e e emrnr e eeeeaaas 155
6.3.2 Replicate Preparation ProCedUre.........ccooeviiiieiiceeeiiiciie e eeeeeveeen e 156
6.3.2 Replicate Testing ProCeAULE. ............cevviiiiiimmreeeeeeeeee e ern s 157
6.4 ReSUItS and DiSSCUSSIANS .........uuuuuuuniiiesieeerereriiaaaeeeeeeeeeeeesammessssaaeaeaeseeeeeeeeesnnsnn 163
6.4.1 Water AbSOrption RESUILS.........oooiiiiiiiieee e 163
6.4.2RCPT RESUILS......oeiiiiiiiiiiiie st e e et teees s e e e e e e e e e e e e eeeeeeeensnnneeeeeeees 164
6.4.3Freeze/Thaw TeSt RESUILS...........ouuiiiiiiiiiee e e e e 165
6.4.4UPYV RESUILS... ..o it s e e e e e e e e e emnnn e e e e e as 168
6.4.5Strength TeStiNg RESULLS...........uuuiiiiiiiiiiiieeeiiee e 170
6.4.6Time-Dependent Dand Concentration Profile............ccccveviviiiieeeiiiiiiiiiiiiieeen, 172
6.5 Conclusions and Recommendations.............ccccuuiiimmmnniiieiiiiiee e 178
ACKNOWIEUGEIMENL.....coiiiiiiiee et e e eeer e e e e e 180
3 o =T T oSSR 180
] (=] €= o =SSR 180

Chapter 71 n situ neutron radiography for real ti
portland cement motermperature.x.p..a.s..e.d...t.o...s.u.b..185 r o

4 A 1 = T USSR 186
42111 o o [FTox 1T o TP 186
7.2.1Significance of the StUAY.......ccooeeeiiieiiiiieeer e 188
7.3Experimental methodology.........cooo oo 188
7.3.1Materials and MiX deSIGIN........uiiiiiiiiiiii e ceeee e eerer e e e e e e eaaae 188
7.3.21sothermal CalormMEtry........uuuii e e e e e 189
7.3.3Low temperature differential scanning calorimetry {DBC)............ccccvvvvvinn. 189
7.3.4Thermogravimetric analySiS (TGA). ... oot e e nmme e 190
7.3.5X-ray diffraction (XRD)........coiiiiiiiiiiiiieie e enme e 191

Xi



7.3.6Hardened aivoid CONTENL . ... cen e eeee e e eanees 191

7.3.7N2 gAS AUSOIPLION. ...eeeeiiiiiiiiiiee ettt enee e b b e b s e neae 192
7.3.8C0MPressiVe SIrENQINL.......ooiiiie e e e e e e e 192
7.3.9Preparation for neutron radiography eXperiment...........cccceeeeeveeeeieiiieeeeeeeeeenn, 192
7.3.10Neutron radiography and image processing and analysiS..............ccccvveeeenn. 195
7.ARESUIS @Nd AISCUSSIONS.....eviiiiiiiiiiiiiie ettt mnne e eaneeas 196
7.4.11sothermal calorimetry reSUltS...........ooooiii e 196

T A.2LT-DSC rESUILS......euiuuuiiiiie ettt reee e e e e e e e e e e e e e e e eeeebens s mmmreeeees 198

T A.BTGA TESUILS....ccc i eerrer s e e e e e e e e e e e e e e e e annneeaeeeeeaees 200
Ay D I (=25 L RSP 202
7.4.5Hardened aivoid coNtent reSUILS............ooovviiiiiiiiiiieee e 204
7.4.6N2 gas adSOrption rESUIS...........uuuiiiiiiiiiiieeeiiie e 204
7.4.7Compressive strength testing reSUILS..........ccceiiiiiimeer e 205
7.4.8Neutron radiography rESUILS...........ooiiiiiiiiii e 206
AL o (o (1] o] o =SSR 209
7.5Limitations and reCOMMENAAtIQNS.........uuuuieieiee e ceeeiier e e e e e e e eeeerrer e e e e e e eaaeeees 209
ACKNOWIEAGEMENLS. ... ..ot e e e e e e e e emenaa s 210
[Tl =13 = TP 210
RETEIENCES. ... e eeen e e e e e e e e e 210
Chapter 8Conclsions and recommendations.................oovvivimemeeeeiiiieeeeeei e 216
B L OV EBIVIBW. ...ttt eeeei ettt ettt e e e e e eeet ettt ettt e e e e e e e e e e e e e e e e ammr e e e e e e e e e e e e e e aaann 216
o2 \Y = V0T g {1 o 1 Vo < S PRURPPPP 216
8.3 Significance and study iIMPOMANCE............uuiiiiii e eeer e 217
8.4Recommendation for fUtUre WOIK ...........ccccoiiiiiiiieec e 217
8.5 LIMIALIONS ...ttt e e e e e e et eeee s s e e e e e e e e e e e e eeeeeeeasssbnmneeeeeeeeeeeennnnnes 218
8.6 Practical appliCatiONS..........coiiiiiii e eerer e 219

Xii



List of Figures
Figure t 1. Surface temperatures in Arctic regions during Jdptember 2023 compared to the
19912020 average (map); summer temperatures {Saptember) each year from 192023

(o] =0 0) I 1S 1 TSP P PPPPPPPPPRN 1
Figure T 2 Freezehawinduced pressures in concrete pores, leading to internal stress and
potential Cracking [2B7,38]......cuiiiieieiiiiiiieeieiieeee e eeea bbb e e e e e e e eeee e e 3

Figure 2 1 Air-void structure of (a) Group A and (b) Group B concrete showhifigrences in
void distribution; the field of view for each image is approximately 5.4 cm x 3.6.cm......18

Figure 2 2 Schematic illstration of the TXM SYStem............ccovviiivviiiiicre s 20
Figure 2 3 Subtraction of radiographs within a specified area of interest........................ 21
Figure 2 4 Change of (a) mass and (b) RDME value ov@rdycles for different curing periods,
error bars represent one standard deVIatON.............cooviiiiiiecceiee e 24
Figure 2 5 Change of UPV value overF cycles for different curing periodstror bars represent
0Ne StaNdard AeVIAtION...........ooiiiiieeeeeeei e e e e e e e e e e snnnr e as 28
Figure 2 6 Change of SR value overTFcycles for different curing periods, error bars represent
ONE StANAAId EVIALION.......uuiiiiiiiiiiiiiie ettt e e e e e e e e e s smr e e e e e e e e e e e e e s e s e s mnne e e e e e e e e 31
Figure 2 7 (a) Compressive strength, and (b) modulus of rupture of different concrete groups for
different curing periods befond after FT CYCleS........oovvviiiiiiiiiiii e 34
Figure 2 8 Concentration profiles for the following concrete samples before undergeing F
cycles: (a) GA-PW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GBPW-14d.................... 35
Figure 2 9 Concentration profiles for the followingpncrete samples after 125TFcycles: (a)
GA-PW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GEPW-14d...........ccvvvrverrerreeeeenee 38
Figure 2 10 Concentrigon profiles for the following concrete samples after 250 éycles: (a)
GA-PW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GEPW-14d..........ccvvvvveeeeeiiiiieenee. 40
Figure 2 11 Concentration profiles for the following concrete samples after 37syeles: (a)
GA-PW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GEPW-14d..........ccvvverereeiiiiniienee. 42
Figure 2 12 Concentration profiles for the following concrete samples after 5D@yeles: (a)
GA-PW-70d and (D) GBPW-700.........uuuiriiiiiiiiiiiiiesceeeeeeieeeeeaaaaaaaaa e e e e e e s smmmraaaaaaaaae s s s e e ennnnnnnd 43
Figure 2 13 Changes of Pover FT cycles for different curing periods..............cccoeeviiiiees 44
Figure 3 1 Schematic illustration of the TXM SYStemM..........cciviiiiiiiicend 6.1
Figure 3 2 Subtraction of radiographs within a specified area of interest........................ 62
Figure 3 3 Change of UPV value overFcycles in seawater for different curing periods, error
bars represent one standard deViation.............ooovuuiieeeiiii e 64
Figure 3 4 Change of SR value oveflFcycles in seawater for different curing periods, error bars
represent one standard deVviatiQn.............oooviiiiiieen e e 67
Figure 3 5 Change of (a) mass and (b) RDME value ov@r ¢ycles in seawater for different
curing periods, error bars represent one standard deviation..............ccccccceeeeeeeeveveveeennnnn O

Xiii



Figure 3 6 (a) Compressive strength, and (b) modulus of rupture of different concrete groups for

different curing periods before and afteMEycles in seawater.................ovvvvvviicceeeeeennnns 74
Figure 3 7 Concentration profiles for the following concrete samples before undergeing F
cycles: (a) GASW-70d, (b) GBSW-70d, (C)GA-SW-14d, and (d) GBSW-14d.................... 75
Figure 3 8 Concentration profiles for the following concrete samples after 1Pxy¥eles: (a)
GA-SW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GESW-14d...........cccvvvveviveiirrreeenee. 78
Figure 3 9 Concentration profiles for the following concrete sta@fter 250 H cycles: (a)
GA-SW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GBSW-14d...........cccovverreeriiiriennnee. 80
Figure 3 10 Concentration profilefor the following concrete samples after 379 Eycles: (a)
GA-SW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GBSW-14d...........ccccvverreeeiiiriennnee 82
Figure 3 11 Concentration profiles for the following concrete samples after 5D@yeles: (a)
GA-SW-70d and (D) GBSW-700.........uuuiiiiiiiiiiiiieiisceeeieeeeeeeeaaaaaaaea e e e e e s smmraaaeeaaaaa e e s e e nnnnnnnn 83
Figure 3 12 Changes of Dc overF cycles for different curing periods.............ccccvvvvvennen. 84

Figure 4 1 Potentiometric titration curves of blank, CNF extracted from sugarcane bagasse,

(o= 1o] o= To [T Uo I 11 1= P PPPRPRRP 100
Figure4- 2 FTIR spectra of extracted carboxycellulose nanofibers.............ccccccoiveees 101

Figure 4 3 TEM image of CNFs extracted from baga@st), cabbage (middle), and jute (right).
........................................................................................................................................ 102

Figure 4 4 LT-DSC heat flow curve of determination of freezing point; and MH, tibe amount
o327 TP 104

Figure 4 5 Schematic diagram of the TXM SYStemL.............uuuuiiiiiiiieemiiiiiiiiieiieeeee e ea 106

Figure 4 6 Photographs of specimens coated in hydrophobic wax (a) and specimens immersed in
the ponding SOIULION (D) ....ooo oo 107

Figure 4 7 Radiographic subtraction in a designated area of interest.....................cc..... 108

Figure 4 8(a) Dispersed CNF suspensions from before mixing, and (b) paste samples from
different groups after the flow table teSt.........cccoooiiiiiii e 110

Figure 4 9 Isothermal calorimetry resuktshermal power and total heat versus time.......111
Figure 4 10 Freezing points of different cement paste samples for different curing peridd.
Figure 4 11 (a) MH (J ¢) and (b) FW (%) of cement paste samples for different curing periods.

........................................................................................................................................ 115
Figure 4 12 XRD pattern of different cement paste samples for 14.d.............ccevvvvieenes 116
Figure 4 13 TGA results of CNF suspensions (dashed lines represent the % weight loss profiles,
and solid lines represent the DTA CUINVES)......ccoiiiiiiiie e eeee e eeeee e e 117
Figure 4 14 TGA results and DOH values of varying paste samples cured for 3 days (dashed lines
represent the % weight loss profiles, and solid lines represent the DTA curves)........... 118
Figure 4 15 TGA results and DOH values of varying paste samples cured for 14 days (dashed
lines represent the % weight loss profiles, aokil lines represent the DTA curves)......... 118
Figure 4 16 Dynamic modulus of elasticity versus number of freeze/thaw cycles......... 119

Xiv



Figure 4 17 Percent change in the dynamic modulus of elasticity versus the number of freeze/thaw

(0 0] [ PSSP 119

Figure 4 18 Ultrasonic pulse velocity (UPV) results versus number of freeze/thaw cyclEx)
Figure 4 19 Percent change in UPV versus number of freeze/thaw cycles................... 121

Figure 4 20 Percent mass loss versus number of freeze/thaw cycles............cccevveeeen... 122

Figure 4 21 Percent lentdecrease versus number of freeze/thaw cycles.................... 122

Figure 4 22 Compressive strength of paste samples before and after exm$B®@ T cycles.
........................................................................................................................................ 124
Figure 4 23 Concentration profiles for (a) CP, (b) CiF(c) CNF2, and (d) CNR3............ 125
Figure 5 1 Schematic VieW Of TXM SYSEEM.........cuuuiuuueiiiiiis it e e e e e e e e e e e eneesa e e e eas 138
Figure 5 2 (a) Cored prepared specimens for the TXM system; (b) TXM system; and (c) specimen
on the stage ready for-Pay IMagiNg.......ccouieiiiiiiiiiii e e 139

Figure 5 3 Subtracted Radiograph for different moisture conditions in a specific region of interest.
........................................................................................................................................ 140
Figure 5 4 Compressive strength of the concrete mix before and afteakd (b) flexural strength
Defore and after-. ... . ... ————————— 141
Figure 5 5 (a) 3day concentration profile beforeTcycle, and (b) ®lay concentration profile
(oL=Y (0] (=Tl 0y [T PSSP 144
Figure 5 6 (a) 3day concentration profile after 125TFcycle, and (b) 7day concentration profile
AMLEN 125 FT CYCIO .. ittt 145
Figure 6 1 Process of preparing repaubstrate SPeCiMen..........ccccuvvvviviriimmeriiiiiierneneee 157
Figure 6 2 Specimens prepared for evaluating water absorption along the interface of repair
U] 01 (= L L oo (o (= = RSP 158
Figure 6 3 (a) Schematic illustration of the TXM system, (b) procedure of core cutting and sample
preparation for TXM @XPEIMENL.......ccciiiii i eeeei e 160
Figure 6 4 Subtraction of radiographs within a specified area of interest at an interface of repair
S0 Y=t (ol oo (o £ (ST oo ] = T 162

Figure 6 5 Water absorption results of different repaubstrate concrete specimens........ 163
Figure 6 6 RCPT results of different repasubstrate concrete specimens; error bars represent one

51tz 10 =T o o [V = 11 o] o 165

Figure 6 7 Change of (a) mass and (b) RDME, and (c) DME value ovecycles for different
concrete groups. The error bars represent one standard deviation..............cccccccevvvenn... 168

Figure 6 8 (a) Percent change in UPV and (b) UPV value ové&rdycles for different concrete
groups. The error bars repees one standard deviation..............cccceeeeiiiiieeeeiceicee e, 170

Figure 6 9 (a) Compressive strength, and (b) modulus of rupture of different concrete groups for
before and after-H cycles, error bars represent one standard deviatian....................... 172

Figure 6 10 Concentration profiles for thfellowing concrete samples before undergoing F
cycles: (a) Substrate, (b) Repair(c) Repai2, and (d) RepaiB..........cccoevveeeieeeeeiiiieeeeeeennn. 173

XV



Figure 6 11 Concentration profiles for the following concrete samples after undergeing F
cycles: (a) Substrate (300TFcycles), (b) Repail (240 FT cyclesS)......ccevvvvvvvveiiiviiniieeee. 175

Figure 7 1 LT-DSC heat flow curve of determination of freezing point; and MH (i.e., the amount

(o) Y U PUOPPPP 190
Figure 7 2 (a) Schematic of experimental setup, and (b) experimental setup for neutron
radiography at MARS DEAMIINE............uiiiiiiiiiiii e 194
Figure 7 3 Location of embedded thermocouple and RH sensar..............ccceovvveeeeeennn 195

Figure 7 4 Neutron imaging during freezing: (a) Temperature profiles from upper and lower
thermocouples over time; (b) schematic of image processing normalization, registration, and
division by a reference image aboveefzeng processed radiographs at selected image index
numbers (13) showing water redistribution during freezing.............ccccvvvvviieeen e, 196

Figure 7 5 Isothermal calorimetry resultsthermal power and total heat versus time (solid lines
represent the thermal power curves, and dashed lines represent the total heat curves)97

Figure 7 6 Freezing points of different cement paste samples for different curing periods (error

bars represent one standard deviatiQn)...................ueiccrireeeeiiii s 198

Figure 27 (a) MH (J g ), and (b) FW (%) of cement paste samples for different curing periods
(error bars represent one standard deviation)..........cccooeeeeeieeeeiiiiiii e 200

Figure 7 8 TGA results of paste samples cured for 3 and 14 days (dashed lines represent the %
weight loss profiles, and solid lines repraistie DTA CUIVES)........ccuuvvviiiiiireeeiieeniiiiieeeeee 202

Figure 7 9 XRD pattern of different cement paste samples cured for (a) 3 days, and (b) 14 days.
........................................................................................................................................ 203

Figure 7 10 Compressive strength of paste samples (error bars represent one standard deviation).
........................................................................................................................................ 206

Figure 7 11 Divided neutron radiographs above the freezing point as a function of time; the bottom
refers to thechiller plate; the listed temperature for each ROI is from Thermocouple 1, located
62.5 mm from the left edge and 35 mm above the chiller plate, aligned with the RQI..208
Figure 7 12 Relative change in ROl intensity over time................vviiiicceeeeevieivieeen, 208

XVi



List of Tables

Table 2 1 Chemical composition Of CEMENL..............uviiiiiiiiireeee e 17
Table 2 2 PVA fIDEI PIrOPEITIB........uuiiiiiiiiiiiieiie ittt 17
Table 2 3 MixX deSign Of CONCIELE.........oiiiiiiiieeee e 18
Table 2 4 Details Of the XrayY SOUICE.........eiiiiiiiiiiiie e 20
Table 2 5 Hardened aivoid system data for concrete Specimens...........cccoeevvvvvvccceeeeeenn. 22
Table 2 6 Mass (kg) measurements for concrete capdis in both concrete groups before and
AFEEI T CYCIES ... e e e e e e erem e e e e e e e e e e e e e e e e eeaannnaaaeaeaeeeaeeeesnsannnes 25
Table 2 7 Fundamental transverse frequency (higasurements for norete replicates in both
concrete groups before and afteT IEYCIES..........ooevvviieiiiiii e 26
Table 2 8 UPV (m $§') measurements for concretplicates in both concrete groups before and
AIEE T CYCIES... et 29
Table 29 S R-cn) kngasurements for concrete replicates th lsoncrete groups before and
AFEE T CYCIES...eteeeeeeeeee e e 32
Table 2 10 Average R(x 102 m?s'?) values for concrete samples befof& Bycles............ 36
Table 2 11 Average R(x 102 m?s'1) values for concrete samples after 125 &ycles......... 37
Table 2 12 Average R(x 102 m?s'1) values for concrete samples after 250 &ycles......... 39
Table 2 13 Average R(x 102 m?s'1) values for concrete samples after 375 &ycles......... 41
Table 2 14 Average R(x 102 m?s'1) values for concrete samples after 560 &ycles......... 43
Table 3 1 Chemical compositioNs Of CEMENT.............ccciiiiiiiieer e 57
Table 3 2 Physical properties of coarse aggregate and fine aggregate...............ccceeeeeee. 58
Table 3 3 CONCrete MIX UESIGIL.......uuuuiiiiiiiiiiii et e e e e e e e e e e e st e e e e e e e e e e e e nees 58
Table 3 4 Hardened aivoid system data for concrete specimens.............cccceevvvieeeeeeeennn. 58
Table 3 5. Chemical composition of seawater and stock BmBL............cccooeeeeiiiiiiceeinnnn. 59
Table 3 6 X-ray source detalilS...........ooooiiiiiiiiiieee e e e eeeas 61
Table 3 7 UPV (m $1) data of concrete replicates for both groups of concrete................ 65
Table 38 Av er ag-em) Bor folurkide measurements of concrete replicates for both
0 0 0] 13 68
Table 3 9 Mass (kg) data of concrete replicates for both groupsrdrete............cccceeennn.... 71
Table 3 10 Fundamental transverse frequency (Hz) data of concrete replicates for both groups of
(070 [0 1 <] (PP 72
Table 3 11 Average R(x 10?2 m? 1) values for concrete samples befof& Eycles............ 76

Table 3 12 Average Dc (x 1€ m? ') values for concrete samples after 125 &ycles........ 77
Table 3 13 Average R(x 10?2 m2 $1) values for concrete samples after 250 €ycles........79
Table 3 14 Average R(x 10> m2 %) values for concrete samples after 375 Eycles.......81
Table 3 15 Average R(x 10> m2 $1) values for concrete samples after 560 &ycles.......82

Table 4 1 Chemical compositions Of CEMENL.........ccooiiiiiiiiiii e 102
Table 4 2 Mixture compositions with different CNF SUSPENSIONS...........cccovvvviiiiccceeennn. 103



Table 4 3 X-ray source details for TXM eXperiments...........cccouvvviiviiiimemneeeeeeeeeeeeeeeennnnnnns 106
Table 4 4 Total heat at various time intervals for all mixtures compared to that of the CP sample.

........................................................................................................................................ 112
Table 4 5 Time and value of thermal power peaks..............ooviiiiiiieemiiiiiiiiiieee e 112
Table 4 6 D. (1012m2 $1) values of different paste Samples..........cccccceeeveiveeeecrecreennnnn. 126
Table 5 1 CONCrete MIX AESIGIN.......uuuuiiiiiiiiiiiii ettt et e e e e e e e e e e e e e e e e e e e e e e e e e anaes 136
Table 5 2 Fracture properties of different moisture conditions specimens..................... 143
Table 5 3 Dc (n?s?) values for the OTZ and substrate SPeCimENS............cccveevreeeennens 145
Table 6 1 Chemical composition Of CEMENL..............vvuuiiiiiiie e 156
Table 6 2 MixX deSign Of CONCIELE.........cuiiiiiiieee e 156
Table 6 3 X-ray SOUICE etaIlS........cccoiiiiiiiiiittiree e e e e e e e e e e e e e e e e e e 161
Table 6 4 Summary of initial and secondary sorptivity data (¢ 1@m $¥2)..................... 164
Table 6 5 Average R (x 102 m?s'?) values for concrete samples befor& Eycles............. 173
Table 6 6 Average R (x 102 m?s'1) values for concrete samples aftef Eycles............... 175
Table 6 7 Dc (x 1012 m2 1) values before H CYCIES.......cccveivvieeeeeeceeeecee e, 177
Table 6 8 Dc (x 1012 m2 1) values after AT CYCIES.........coveeueieeeeeeeeceeeee e 178
Table 7 1 Chemical composition Of CEMENL..........cooiiiiiiiii e 189
Table 72 MixX deSign Of MOITAL. ........coviiiiiiiiie e 189
Table 7 3 Total heat at various time intervals for all mixtures compared to A@eskimple. 197
Table 7 4 Time and value of thermal power peaks..............ciiiiiieemiieieiiiieeeee 198
Table 7 5 Hardened aivoid system data for mortar Specimens.............oooveviiciceeeeeeeeeenns 204

Table 7 6 Specific surface area, specific pore volumes, and pore radius of paste samps

XViii



Chapter 1. Introduction

Climate change is driving rapid environmental changes in-laiifande regions, where warming

rates are approximately twice the global average, especially in the Arctic [1,2]. As sHaguren

1- 1, the Arctic experienced recehdgh temperatures iBummer 2023, with a clear upward trend

in summer warming from 1940 to 2023 [3]. These changes have significantly reduced sea and land
ice [4,5], leading tcheightened coastal erosion [6] and accelerated permafrost thaw [7]. This
complex interplay between climate systems and environmental stability underscores the need for
comprehensive strategies to mitigate further damage. As the only Arctic region inited Un
States, Alaska is experiencing especially severe impacts, with projected -chitaste
infrastructure expenses potentially reaching $5.5 billion by 2099; proactive adaptation, however,
could reduce these costs to $2.9 billion1[8].

Widespread warmth across 2023 brought Arctic’s
the Arctic in summer 2023 hottest summer on record
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Figure 1 1. Surface temperatures in Arctic regions during B#ptember 2023 compared to the
1991-2020 average (map); summer temperatures-{Saptember) each year from 192023

(graph) [3].

Concrete is widely used in construction matisrdue to the abundance and affordability of its raw
materials [11]. Due to its remarkable strength, concrete is crucial for building infrastructure that
can withstand a variety of climates [12,13], including Arctic regions that face harsh environmental
conditions [14,15]. However, concrete is prone to deterioration from external factors and the
effects of weathering, which can lead to structural damage and cracking, ultimately compromising
mechanical strength and durability [12,16]. In particular, coas®tictures in Arctic regions are
vulnerable to damage from recurrent fredzaw (FT) cycles [17,18]. During H cycling,
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concrete deterioration arises from multiple mechanisms, including volume expansion of water as
it transitions from liquid to ice, ydraulic and osmotic pressures of pore water, pressure from
cryosuction and crystallization of ice, and miice lens formation, all of which contribute to
internal stresses leading to cracking and degradation, as illustrafeggline 1 2 [191 21]. This
deterioration reduces structural lifespan and increases maintenance needs. The exient of F
damage depends on specific geographic and climatic conditions, makingial ¢o understand
various factors, such as cycle frequency, minimemgeratures, and freezing rates, for effective
maintenance planning [22,23].

The effects of climate change, including rising sea levels and thawing permafrost, have heightened
the vuherability of concrete infrastructure in Arctic coastal regions, where chloride ingress from
seawater poses a significant threat [24,25]. Concrete structures exposed to seawater face an
increased risk of steel rebar corrosion from chloride penetrationcags worsened by Fcycles

that create microcracks and increase penetrability [26,27]. In northern climates, deicing salts pose
a similar risk to concrete durability, as chloHo@sed chemicals used on concrete pavements and
bridges further accelerakeT and corrosion processes [28].

Salt scaling is surface deterioration in concrete due to freezing cycles when saline solutions (i.e.,
seawater or deicing salts) areprege@t 9] . Ac c or dsipnag Itoo mohdee Ifi,g | sucea | i
tensilestresses caused by a mismatch in thermal expansion between the concrete and the ice layer
that forms on its surfad80]. Salt scaling occurs when pure ice formation concentrates salts into
unfrozen saline pockets that act as stress concentrators. Tuueseck strength and causes cracks

that penetrate and detach concrete surface flakes at intermediate salt concej#gaB80hsHigh

porosity and permeability in concrete amplify these effects,-ascicles expand pores and
facilitate greater chloridegress [31,32]. The combined impacts of Eycles and chloride ingress

not only compromise durability but also alter chloride distribution within the concrete, as freezing
can concentrate chloride ions at the ice boundary, leading to more profoundp@Emeturing

thawing [33,34]. Chlorides from seawater and deicing salts contribute to steel reinforcement
corrosion, causing dpassivation, reduced lodmbaring capacity, and cracks in the concrete cover
[35,36].
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While extensive research has been conducted -@naRd chloridenduced degradation, the
synergistic effects of these mechanisms, particularly ruedatinuous submerged seawater
conditions and subzero temperatures, remain inadequately studied [35436,8derstanding

these combined mechanisms is essential to developing strategies that ensure the resilience and
durability of concrete structures arctic, chlorideexposed environments. Existing solutions are
limited in fully addressing the intricate mechanisms &f Eycles and chloride ingress, as they

rely primarily on empirical rather than mechanistic approaches. Although it is known that water
expansion during freezing contributes to damage, five additional mechanisms have been proposed,
and their exact relationships remain unresolved in the literature [BBB6r herefore, to gain a
comprehensive understanding of the intricate processesothiaibute to FT damage in concrete,

it is essential to monitor the movementpafre water and potentially the crystallization of ice
within the concrete during exposure to subzero temperatures, both qualitatively and non
destructively, in reatime. However, there are still significant challenges and gaps in our
understanding of the complex interactions betweeh d¢ycles, chloride ingress, pore water
movement, and concrete repair strategies.



1.1 Researchobjectives

The goal of this dissertation is to enhance concrete resilience and durability in arctic regions by
addressing degradation mechanisms and improving performance strategies. To achieve this, the
dissertation pursues three malrjectives (1) investigating the damagnechanisms of-F cycles

and chloride ingress in concrete, (2) investigating the role of advanced additives and repair
strategies to improve durability, and (3) developing-tea¢ methods for observingorewater
movement in concrete macropores unddr €ycles. These objectives will be met by achieving

the following researchims:

1. Determining damage mechanisms in arctic regidinss aim hypothesizes that exposure 10 F
T cycles in chlorideich environments, such as seawater, accelerates concretdatiegray
inducing microcracks, facilitating chloride ingress, and initiating corrosion. Utilizing PVA
fibers and extended <curing durations wil/
microstructural integrity, minimizing microcrack formation, andueing chloride diffusion,
as verified through transmissionrdy microscopy (TXM) analysis.

2. Evaluating advanced additives and repair strategies for enhanced concrete durability in Arctic
regions.This aim hypothesizes that incorporating cellulose nanofl®RF) suspensions from
biowaste sources will significantly enhancel Fesistance and reduce chloride diffusion in
cementitious materials by densifying microstructure. Additionally, optimizing moisture
conditions and wateio-cement (w/c) ratios in repamaterials will improve the durability of
the overlay transition zone (OTZ), enhancing bonding and resistance to chloride ingress in
cold-region concrete repairs

3. Monitoring pore water movement through concrete macropores duriigdycles.This aim
hypohesizes that reagime monitoring ofporewater movement within concrete macropores
during FT cyclesusing neutron radiography, with its high sensitivity to hydrogen and superior
contrast, will reveal critical insights into temporal water redistribution. These observations are
expected to iderfif the specific temperature and timing of water movement that lead to internal
stress and damage initiation, providing a mechanistic understanding essential for designing
durable concrete infrastructure in arctic regions.

The intellectual merit of this disertation is that it advances the understanding of concrete
durability in Arctic regions by addressing fundamental mechanismsTofl&mnage and chloride
ingress, which areritical for infrastructure resilience. Upon completion, this dissertation will
contibute to intellectual merit by (1) conducting the first comprehensive investigation of the
combined effects of # cycles and seawater on chloride ingress in concrete using TXM,-a non
destructive technique capable of tracking chloride ion diffusion;n@amcing concrete durability
through advanced materials like CNF gel suspensions and optimized repair methods; and (3)
providing realtime monitoring for the first time opore water movement within concrete
macropores under-F cycles using neutron imagjndelivering insights into a primary damage
mechanism for H degradation.

The broader impact of this dissertation lies in its potential to enhance resilient and sustainable
concrete infrastructure in Arctic regions. This work is critical for Alaskantabasmmunities
thatface severe risks from accelerated permafrost thaw, rising sea levels, and coastal erosion,
which disrupt daily life, force community relocations, and compromise essential infrastructure like
roads, airports, and seawdH&i 44]. Upon completion, this dissertation will contribute to broader
impacts on climate resilience apdblic safety by:



Informing the design of more durable concrete, utilizing optimized curing durations and PVA
reinforcement to withstand-F cycles andseawater exposure, thus extending the lifespan of
Arctic coastal infrastructure.

Incorporating CNF suspensions to reduce chloride ingress and improwedistancevill
support resilient and sustainable infrastructure.

Advancing pavement repair practidasoptimizing OTZ durability through moisture control
and adjusting repair materials wi/c ratios, thereby reducing maintenance needs and enhancing
the performance of repaired pavements.

Providing reaitime insights intgporewater movement within concreteagropores under-F
cycles, which aids in designing infrastructure better adapted to climate stressors.

1.2 Researchtasks

As discussed earlier, this dissertation is comprised of three specific research aims. This dissertation
will be comprised of six main tasks that correspond to six manuscripts to meet the three aims:

1)

2)

3)

4)

5)

Task 1 (Aim 1) investigates the effects of PVA fiberd aaring duration on chloride ingress
in concrete during H cycles. The study utilizes TXM to quantify thpparent chloride
diffusion coefficient () in conventional and PVA fiberinforced concrete with different
curing periods. The results providesights into the role of PVA fibers and curing duration in
enhancing concrete durability in arctic regions.

Task 2 (Aim 1)focuses on evaluating the combined effects &f Eycles and seawater
exposure on chloride ingress in concrete. This study also u@dsd quantify the apparent
chloride 3 in conventional and PVA fibereinforced concrete under varying curing durations.
The research explores how seawater exposure acceleratdarRage and impacts concrete
durability, particularly in arctic andoastalenvironments.

Task 3 (Aim 2) investigates the effects of CNF gels on cement pasteduFability and

chloride ingress. Paste specimens are created by replacing water witbxidized CNF
suspensions, which form hydrogels in the presence of metal @g., Na’", Ca). CNF
suspensions from three biowaste sources (sugarcane bagasse, cabbage, jute) are used in this
task, prepared at concentrations of 1% and 2% by mass of water. TXM is used to determine
diffusion coefficients and identify the CNF gel cheteristics that enhanceTFresistance and

reduce chloride diffusion in cement paste.

Task 4 (Aim 2) investigates the effects of substrate moisture conditions on the overlay
transition zone (OTZ) in concrete pavement repairs undecyeles. Mechanicalnd fracture
propertiesas well as chloride diffusion kinetics, will be assessed. TXM is used to quantify
theapparent chloride £before and after-H cycles. The goal is to understand how different
moisture conditions impact OTZ durability and bond perfance in concrete repairs in arctic
regions.

Task 5 (Aim 2) investigates the effects of varying w/c ratios in repair mixtures on the OTZ in
concrete pavement repairs. Repair mixtures with w/c ratios of 0.38, 0.40, and 0.45 are batched
against a substmatwith a fixed moisture condition. The goal is to understand how different
w/c ratios influence the bond and durability performance of concrete repairs in Arctic regions.
This involves using advanced experimental techniques, including TXM, to investigate t
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diffusion mechanism, mechanical properties, chloride ion penetration, water absorption, and
freezethaw resistance, specifically at the interface between repair materials and concrete
substrates.

6) Task 6 (Aim 3) investigates thpore water movement wiih macropores at subzero
temperatures. Neutron radiography is conducted to pac&water movement as concrete
samples are cooled from the bottom of the sampiel®5 °C. Embedded sensors monitor
temperature changes, while 2D radiographic images atarea at 96second intervals. The
study aims to refine experimental methods to understandffects on concrete better, leading
to improved infrastructure resilience in arctic regions.

1.3Dissertation organization

The dissertation comprises six manuscripts within eight chapters covering all the above
mentioned tasks. The arrangement of the dissertation is as follows:

A Chapter 1: Introduction. This chapter highlights the challenges in maintaining concrete
durability in arctic environments, focusing onTFcycles and chloride ingress. It provides
essential background on concrete performance in arctic climates, followed by the problem
statement and research objectives. Finally, this chapter outlines the dissertajamzation.

A Chapter 2: Effects of polyvinyl alcohol fibers and curing duration on chloride ingress in
concrete during FT cycles.This chapter covers Task 1 to investigate the influence of PVA
fibers and curing duration on chloride penetration in concrete exposet tydtes. Two ai
entrained concrete are studied, conventional concrete and PVAdib&rced concrete, with
curing durations of 70 and 14 days. Performance metrics such as ultrasonic pulse velocity,
surface resistivity, mass loss, relative dynamic modulus of elasticity, and apparent choride D
are also evaluated to validate the influence of PVA fibers and curirsgiahs on thé-T
resistance of concrete materialkhis chapter was published in ti®urnal of Building
Engineering

A Chapter 3: The combined impact of A cycles and seawater on chloride ingress in concrete.
This chaptercovers Task to investigate theffects of FT cycles and seawater exposure on
chloride ingress in concrete. Two types ofetrained concrete are studied: conventional
concrete and PVA fibereinforced concrete, each with curing durations of 70 and 14 days.
Both concrete groups undgres FT cycles in simulated seawater. Performance metrics,
including ultrasonic pulse velocity, surface resistivity, mass loss, relative dynamic modulus of
elasticity, and apparent chloride,[@re evaluated to assess the synergistic impaetTafy€les
and seawater exposure on the durability of concrete matdriasschaptemwaspublishedin
Construction and Building Materials.

A Chapter 4: Effects of cellulose nanofiber gels on the chloride ingress and freeze/thaw
properties of cement pastds outlinedin Task 3, this study utilizes CNF gels to assess
improvements in H durability and chloride ingress resistance in cement paste. This chapter
explores the impact of CNF gels orTFresistance and reduction of chloride diffusion in
cement paste. Paste sjppeens are prepared by replacing water with CNF suspensions, which
form hydrogels in the presence of metal ions. CNF suspensions from three biowaste sources
(sugarcane bagasse, cabbage, and jute) are used in this task, prepared at concentrations of 1%
and2% by mass of water. TXM is employed to determine the apparent chleyiggresults
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expected to show thdurability of CNFcontaining specimens compared to contrdlsis
chapter was published @onstruction and Building Materials.

A Chapter 5: Effect of freeze/thaw and substrate moisture condition on the concrete repair
substrate interfaceAs outlined in Task 4, this study investigates the impact of substrate
moisture conditions on the OTZ in cemdyasised concrete pavement repairs. This chapter
examires how substrate moisture influences bond formation and evaluates its mechanical and
fracture properties, along with chloride diffusion underF Eycling along the OTZ. TXM is
used to quantify apparent chloride Within the OTZ before and afterF cycles Findings
provides a deeper understanding of how moisture anayeling influence OTZ durability,
contributing to more effective pavement repair strategies. This manuscript was published in
the Proceedings of th&3" International Conference on Concrete Pavemén2024

A Chapter 6: Impact of waterto-cement ratios of repair mixes on the durability of concrete
repair-substrate interfaces during freezbaw cycles As outlined in Task 5, this study
examines the effedf varying w/c ratios of repair mixtures on the OTZ, the critical bonding
area in concrete pavement repairs. Repair mixtures with w/c ratios of 0.38, 0.40, and 0.45 are
prepared against a substrate at relative humidity (RH) 98%, with mechanical anditdurabi
properties (Rapid chloride ion permeability, water absorptiehgcicle) of the OTZ assessed.

TXM is used to quantify apparent chlorideiD the OTZ. Insights of this chapter provide the
influence of w/c ratios in repair materials on OTZ performandaich will inform better
pavement repair practicenis chapter is under review in theurnal of Building Engineering

A Chapter7.1 n situ neutron radiography for real ti
in portland cement remperatureAsoxtlipen g &atk 6t tlus sdyb z er
aims to improve understanding ofTFdamage by monitoringore water movement within
concrete micropores at subzero temperatures, aiding the design of resilient infrastructure for
arctic regions. Preliminary avk has been completed, including planning at nindtimodal
advanced radiography statiMARS) in high flux isotope reactdiFIR beamline C&GLD at
Oak Ridge National Laboratoand optimizing sample thickness. Samples are prepared using
deuteated water(D-O) and then driedand vacuumsaturated to fill the micropores with
regular water (£O) for better contrast in pore water imaging. Neutron radiographyed to
track porewater movement as the samples cool frdnat-12.5°C, with embedded sensors
monitoring temperature. The experimental setup invabealing samples, embedding sensors,
temperature control via an external chiller, and capturing 2D imad¥#ssscond intervals.

Additional characterizatios are conducted to understand hydration kingti pore water
freezing point, pore structure, and air voids in the hardened concrete using isothermal
calorimetry, Xray diffraction, thermogravimetric analysis, ldamperature differential
calorimetry, andrunauer Emmeti Teller (BET)surface area anais. This chapter provides
fundamentalin-situ insights into the timing and movement of water within concrete
microstructures under-F cycles, aiding future research and the design of more resilient
concrete structurehis chapter is under review @RREL.

A Chapter 8: Conclusions and recommendationghe purpose of this chapter is to summarize
the six manuscripts included in this dissertation, along with recommendations for future
research and th@ractical implications of the findings.

Finally, this dissertation presents a comprehensive practical framework for enhancing the
durability of cementitious materials in Arctic environments. Chapters 1 and 2 providel@ptim

7



understanding of H damage mechanisms under different environmemptaditions (plain water

and seawater), laying the foundation for targeted interventions. Chapters 3 through 5 introduce and
evaluate innovative improvement of cementitious materials and concrete repair techniques to
support and enhance the resilience oflaeéather concrete materials. Finally, Chapter 6 employs
neutron radiography to monitporewater movement into concrete macropores intiea, which

can initiate microstructural damage due to theraytic pressure, offering criticah-situ insights

to drive more durable design.



References

[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

R. V Bekryaev, I. V Polyakov, V.A. Alexeev, Role of polar amplification in lbegn
surface air temperature variations and modern Arctic warming, J Clim 23 (2010) 3888
3906https://doi.org/10.1175/2010JCLI3297.1

T.F. Stocker, D. Qin, GK. Plattner, L. V Alexander, S.K. Allen, N.L. Bindoff,-K. Bréon,

J.A. Church, U. Cubasch, S. Emori, Technical summary, in: Climate Change 2013: The
Physical Science Basis. ContributiohWorking Group | to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change, Cambridge University Press, 201B: pp. 33
115.

L.R. Mudryk, A. Elias Chereque, C. Derksen, K. Luojus, B. Decharme, NOAA Arctic Report
Card 2023Terrestrial Snow Cover, (2023).

E. Berthier, E. Schiefer, G.K.C. Clarke, B. Menounos, F. Rémy, Contribution of Alaskan
glaciers to sedevel rise derived from satellite imagery, Nat Geosci 3 (201Q) 92

95 https://doi.org/10.1038/ngeo737

J.H. Morison Contributor Type Dynamic Model Type Arctic Extent Antarctic Extent Alaska
Extent Hudson Bay Extent Median Range Standard Deviation Estimate Summary Executive
Summary Method Summary Sea Ice Concentration Data Sea Ice Thickness Data

B.M. Jones, C.D. #, M.T. Jorgenson, K.M. Hinkel, J.A. Schmutz, P.L. Flint, Increase in
the rate and uniformity of coastline erosion in Arctic Alaska, Geophys Res Lett 36
(2009)https://doi.org/10.1029/2008GL036205

V.E. Romanovsky, S.L. Smith, H.H. Christiansen, Perosdfthermal state in the polar
Northern Hemisphere during the international polar year 28009: a synthesis, Permafr
Periglac Process 21 (2010) 1086 https://doi.org/10.1002/ppp.689

K.M. Hinkel, F.E. Nelson, W.P.C. Change, Permafrost, and ImpacGivil Infrastructure

In: US Arctic Research Commission, Permafrost Task Force Report (2003).

A.C.I. Assessment, Impacts of a warming Arglicctic climate impact assessment, 2004.

A.M. Melvin, P. Larsen, B. Boehlert, J.E. Neumann, P. Chinowskigspinet, J. Martinich,

M.S. Baumann, L. Rennels, A. Bothner, Climate change damages to Alaska public
infrastructure and the economics of proactive adaptation, Proceedings of the National
Academy of Sciences 114 (2017) EL1E231https://doi.org/10.107phas.1611056113

M. Rabi, R. Shamass, K.A. Cashell, Structural performance of stainless steel reinforced
concrete  members: A  review, Constr Build Mater 325 (2022).
https://doi.org/10.1016/j.conbuildmat.2022.126®f®s://doi.org/10.1016/j.conbuildmat.
022.126673

W.L. Baloch, H. Siad, M. Lachemi, M. Sahmaran, A review on the durability of concrete
to-concrete bond in recent rehabilitated structures, Journal of Building Engineering 44
(2021). https://doi.org/10.1016/j.jobe.2021.103315.

Y. Yi, D. Zhu, S. Guo, Z. Zhang, C. Shi, A review on the deterioration and approaches to
enhance the durability of concrete in the marine environment, Cem Concr Compos 113
(2020). https://doi.org/10.1016/j.cemconcomp.2020.103695.



[14] C.J. Korhonen, Antifreeze Adriures for Cold Regions Concreting A Literature Review,
(1990).

[15] J. Khan, G.S. Kumar, Influence of binary antifreeze admixtures on strength performance of
concrete under cold weather conditions, Journal of Building Engineering 34 (2021).
https://doi.@g/10.1016/}.jobe.2020.102055.

[16] M.Z.Y. Ting, K.S. Wong, M.E. Rahman, S.J. Meheron, Deterioration of marine concrete
exposed to wettinglrying action, J Clean Prod 278 (2021).
https://doi.org/10.1016/}.jclepro.2020.123383.

[17] C. Marketing, K. Nmai, Cld Weather Concreting Admixtures, Cem Concr Compos 20
(1998) 21 128https://doi.org/10.1016/S095®165(97)00062

[18) R. DemirboYa, F. Karag®°l, Ri. Polat, M.A. K
of fresh concrete under the cold weather @woas, Constr Build Mater 64 (2014) 11120.
https://doi.org/10.1016/j.conbuildmat.2014.04.008.

[19] H. Lin, Y. Han, S. Liang, F. Gong, S. Han, C. Shi, P. Feng, Effects of low temperatures and
cryogenic freez¢haw cycles on concrete mechanical properéelgerature review, Constr
Build Mater 345 (2022). https://doi.org/10.1016/j.conbuildmat.2022.128287.

[20] J. Guo, W. Sun, Y. Xu, W. Lin, W. Jing, Damage Mechanism and Modeling of Concrete in
Freezé Thaw Cycles: A Review, Buildings 12 (2022).
https://da.org/10.3390/buildings12091317.

[21] M. Sun, C. Zou, D. Xin, Pore structure evolution mechanism of cement mortar containing
diatomite subjected to freetleaw cycles by multifractal analysis, Cem Concr Compos 114
(2020) 10373Mttps://doi.org/10.1016/j.ceconcomp.2020.103731

22 Y. kahin, Y. Akkaya, M. A. Taxkxdemir, Effects
and  microstructure  of concrete, Constr Build Mater 270 (2021).
https://doi.org/10.1016/j.conbuildmat.2020.121458.

[23] J ac obsen,D.K&Selle8ddt En) erost testing of high strength concrete: Frost/salt
scaling at different cooling rates. Mat. Struct. 30, 1483 (1997).
https://doi.org/10.1007/BF02498738

[24] X.J. Gao, X.Y. Wang, Impacts of globalwarming and sea level rise oeséfe of chloride
exposed concrete structures, Sustainability (Switzerland) 9 (2017).
https://doi.org/10.3390/su9030460.

[25] M. Siegert, R.B. Alley, E. Rignot, J. Englander, R. Corell, Twdmgf century sedevel rise
could exceed IPCC projectionsrfstrongwarming futures, One Earth 3 (2020) 6903.
https://doi.org/10.1016/j.oneear.2020.11.002.

[26] A. Dousti, M. Moradian, S.R. Taheri, R. Rashetnia, M. Shekarchi, Corrosion Assessment of
RC Deck in a Jetty Structure Damaged by Chloride Attack,ndbwf Performance of
Constructed Facilities 27 (2013) 5828. https://doi.org/10.1061/(asce)cf.1943
5509.0000348.

10



[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Z.Lu, Z. gang Feng, D. Yao, X. Li, H. Ji, Freebaw resistance of Ultreligh performance
concrete: Dependence on concrete compositi€onstr Build Mater 293 (2021).
https://doi.org/10.1016/j.conbuildmat.2021.123523.

C.W. Chung, C.S. Shon, Y.S. Kim, Chloride ion diffusivity of fly ash and silica fume
concretes exposed to freethmw cycles, Constr Build Mater 24 (2010) 1v3®945.
https://doi.org/10.1016/j.conbuildmat.2010.02.015.

Z. Sun, G.W. Scherer, Effect of air voids on salt scaling and internal freezing, Cem Concr
Res 40 (2010) 26@70. https://doi.org/https://doi.org/10.1016/j.cemconres.2009.09.027.

J.J. Valenza, QV. Scherer, A review of salt scaling: Il. Mechanisms, Cem Concr Res 37
(2007) 10221034. https://doi.org/https://doi.org/10.1016/j.cemconres.2007.03.003.

C. Tennakoon, A. Shayan, J.G. Sanjayan, A. Xu, Chloride ingress and steel corrosion in
geopolymer concrete based on long term tests, Mater Des 116 (201729287
https://doi.org/10.1016/j.matdes.2016.12.030.

X. Wang, I. Rhee, Y. Wang, Y. Xi, Compressive strength, chloride permeability, and freeze
thaw resistance of mwnt concretes undéferent chemical treatments, Scientific World
Journal 2014 (2014). https://doi.org/10.1155/2014/572102.

L.F. Sun, K. Jiang, X. Zhu, L. Xu, An alternating experimental study on the combined effect
of freezethaw and chloride penetration in concre@onstr Build Mater 252 (2020).
https://doi.org/10.1016/j.conbuildmat.2020.119025.

M. Dabas, B. MartirsPérez, H. Almansour, Combined Effects of Fre€haw and Corrosion

on Performance of RC Structures: Statéhe-Art Review, Journal of Performanazf
Constructed Facilities 35 (2021). https://doi.org/10.1061/(asce)ct39d3.0001637.

S. Kessler, C. Thiel, C.U. Grosse, C. Gehlen, Effect of figbkaer damage on chloride
ingress into concrete, Materials and Structures/Materiaux et Constru&iorf2017).
https://doi.org/10.1617/s1152¥16-0984-4.

A. Sarsembayeva, A. Zhussupbekov, Experimental study of deicing chemical redistribution
and moisture mass transfer in highway subsoils during the unidirectional freezing,
Transportation Geotechni@$ (2021). https://doi.org/10.1016/j.trge0.2020.100426.

J.J. Valenza ll, G.W. Scherer, Mechanism for Salt Scaling, Journal of the American Ceramic
Society 89  (2006) 1161179. https://doi.org/https://doi.org/10.1111/j.1551
2916.2006.00913.x.

X.Rong, L. Li, S. Zheng, F. Wang, W. Huang,
for concrete considering a nonuniform temperature field, Journal of Building Engineering 72
(2023) 106747. https://doi.org/https://doi.org/10.1016/).jobe.2023.106747.

P. Zhang, F.H. Wittmann, M. Vogel, H.S. Mller, T. Zhao, Influence of fréleae cycles

on capillary absorption and chloride penetration into concrete, Cem Concr Res 100 (2017)
60i 67. https://doi.org/10.1016/j.cemconres.2017.05.018.

H.S. Shang, T.HYi, Freezethaw durability of ai¥entrained concrete, The Scientific World
Journal 2013 (2013). https://doi.org/10.1155/2013/650791.

11



[41]

[42]

[43]

[44]

A.J.K. Komar, A.J. Boyd, Evaluating Freetbaw Deterioration with Tensile Strength, in:

IOP Conf Ser Mater Sci Eng, ndtitute of Physics Publishing, 2017.
https://doi.org/10.1088/175899X/216/1/012024.

Schwoerer, T., Berry, K., Rasmus, S.M. et al. Climate policy must account for community
specific socieeconomic, health, and biophysical conditidresvidence from cadtal Alaska.

Reg Environ Change 23, 90 (2023). https://doi.org/10.1007/s10238208G9

M.J. Brown, P. Passalacqua, K. Faust, Exposure of rural Alaskan infrastructure to coastal
erosion and permafrost subsidence, Environmental Research: Infrastruahd
Sustainability 4 (2024) 035011ittps://doi.org/10.1088/2634505/ad6bbe

R.C. Creel, J. Guimond, B. Jones, D.M. Nielsen, E.M. Bristol, C.E. Tweedie, P.P. Overduin,
Permafrost thaw subsidence, $ea v e | rise, and erosiAmtit ar e
coastal zone, (2024)\tps://doi.org/10.1073/pnas.2409411121

12



Chapter 2. Effects of polyvinyl alcohol fibers and curing duration on chloride
ingress in concrete during freezehaw cycles

The contributions of the authors to this manusairptescribeds follows:

Md Hasibul Hasan Rahat: Conceptualization, Methodology, Formal analysis, Investigation,
Writingi' review and editing, Writinigoriginal draft.

Thien Q. Tran: Methodology, Formal analysis, Investigation.
Dip Banik: Methodology, Formal analysis, Investigation.

Alexander S.Brand: Conceptualization, Writing review and editing, Writing original draft,
Supervision, Project administration, Methodology.

I Rahat, M.H.H., Tran, T.Q.Banik, D.,& Brand, A.S. 2025. Effects of polyvinyl alcohol fibers and curing duration
on chloride ingress in concrete during fre¢tzaw cyclesJournal of Building Engineerin@025, 112930, ISSN 2352
7102, https://doi.org/10.1016/].jobe.2025.112930

13


https://doi.org/10.1016/j.jobe.2025.112930

Effects of polyvinyl alcohol fibers and curing duration on chloride ingress in
concrete during freezethaw cycles

Md Hasibul Hasan Rahat’, Thien Q. Tran?, Dip Banik! and Alexander S. Brand-%%

! The Charles E. Via, Jr. Department of Civil and Environmental Engineering, Virginia
Polytechnic Institute and State University, Blacksburg, Virginia

2 Department of Materials ®mnce and Engineering, Virginia Polytechnic Institute and State
University, Blacksburg, Virginia

3 Myers-Lawson School of Construction, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia

* Corresponding authorsahatm21@vt.edu (M.H.H.R.) and asbrand@vt.edu (A.S.B.)

2.1 Abstract

This study investigates the influence of polyvinyl alcohol (PVA) fibers and curing duration on
chloride penetration in concrete exposed to frebaes (FT) cycles. Two akentrained cocretes

were studied, conventional concrete (Group A) and PVA-fiesrforced concrete (Group B), with

curing durations of 14 and 70 days. Performance metrics such as ultrasonic pulse velocity, surface
resistivity, mass loss, relative dynamic modulus afgtity, and chloride diffusion coefficient

(Dc) were also evaluated. Notably, this study introduces the first application of transmission X
ray microscopy (TXM) to quantify chloride ingress in concrete subjectedTtacycles using

iodide as a tracer, f&fring a novel notdestructive method for-F durability assessment. The
results revealed that, Group A demonstrated better resistane€ tydtes than Group B, which

was likely due to the fact that Group A had a higher entrained air content. Spgci&ftall 500

F-T cycles, the Group A samples cured for 70 days exhibited a 62 % increase in diffusion
coefficient, while Group B samples showed a 93 % increase. Furthermore, the samples cured for
70 days consistently outperformed those cured for 14 daydl iexperiments, with the latter
showing a higher increase in Dc value of 84 % for Group A and 109 % for Group B afteiT300 F
cycles. These findings underscore the significant role of extended curing periods and higher
entrained air content in improvingpncrete durability in cold regions againsi Flamage and
mitigating chloride ingress in concrete duringl Feycles. This study adds value to the field by
offering valuable insights into how curing duration, fiber reinforcement, ahdyeles are relate

and how they affect the chloride ingress into concrete. This can guide the development of stronger
concrete structures in cold climates.

Keywordsfreezethaw resistance, transmissiorr&y microscopy, polyvinyl alcohol fiber, curing
period, chloride ingess, diffusion coefficients

2.2Introduction
The susceptibility of concrete infrastructure in cold regions to frdeme (FT) damage is a
primary concern for their durabilitfLin et al., 2022) Moreover, climatenduced changes, such
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as rising se&evels and permafrost thawing, could simultarsdpexpose concrete structures to F

T damage and chloride ingress. This combined exposure is especially relevant in cold regions
where chloridebased deicing agents are applied to concrete surfaces, inchraigg decks and
pavements. Despite extensive studies on each factor separately, the synergistic degradation effect
arising from both F cycles and chloride ingress into concrete has not been comprehensively
examined in the existing literature.g, Suret al., 2020

The repetitive nature of-F cycles poses a significant threat to concrete due to its porous
composition. The freezing of the pore solution and the subsequent localized expansion lead to
cracking and spallingHao et al., 2021; Wang et a2022) Cracking and spalling facilitate the
ingress of deleterious materials, further exacerbating the damage. Factors such as osmotic pressure,
water ejection, and crystallization within the pores also contribute to internal cracking and surface
spalling in concrete subjected teTFcycles(Qin etal., 2019; Sang et al., 2022)n in-depth
understanding of the development of concrete damage unbeyéling is essential to formulate

an effective maintenance strategy for infrastructure. Several performance metrics have been
identified to evaluatthe extent of damage Fcauses in concrete structures, including the relative
dynamic modulus of elasticity (RDME), compressive and tensile strengths, mass loss (ML), and
ultrasonic pulse velocity (UPMBao et al., 2022; Dabas et al., 2021; Liu et &16a, 2016h)

Using these metrics allows engineers to make-imédkmed decisions about the maintenance and
safety of concrete infrastructure, thus helping to assess the severilly @afRage and preserve
structural integrity and safety.

Researchers have underscored the efficacy of fiber integration in augmenting both the
microstructural integrity and functional resilience of concrete undeitéowperature conditions
(Affan and Al i, 2022; tavdar, @DTasetal)2022y et a
Polyvinyl alcohol (PVA) fibers, an affordable and hitgmsile synthetic fiber that bonds strongly

with the cement matrix, are widely used in various concrete strudtufee | ek oYl u et al
Noushini et al., 2013; Thong et ,aR016; Yew et al., 2015Previous studies have shown that

adding PVA fibers to concrete enhances mechanical performance during repeatethaweze

cycles by improving the microstructure, minimizing the decrease in relative dynamic elastic
modulus, redcing crack propagation, and slowing the rate of concrete degradaiioet al.,

2023; Tan et al., 2022; Wang et al., 20ZIHerefore, this investigation aims to investigate the

effects of PVA fibers on concrete's vulnerability to chloride ingresgjcpkarly under the

influence of FT cycles, thereby offering insights into protective strategies against environmental
degradation.

Reinforced concrete infrastructure is notably susceptible to damage induced byckes, as

such deterioration can eaxpe the embedded steel reinforcement to conditions conducive to
corrosion(Diao et al., 2012; Rabi et al., 2022; Shi et al., 200R)reover, the ingress of chloride

ions significantly exacerbates the corrosion rate, posing a heightened risk to dtintggray

(Zhang et al., 2017)n cold regions, the application of-tteng salts on roadways and bridges is

a prevalent method for preventing ice formation, subsequently leading to the ingress of chloride
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ions into concrete structures. These ionsaag through the concrete upon contact due to existing
concentration gradients. The mobility of ions within the concrete infrastructure is quantitatively
assessed by the diffusion coefficient)Dvhich provides a metric for evaluating the rate of ion
movement through the materiéikang et al., 2021, Li et al., 2023; Pilvar et al., 20IR)e D
elucidates the rate and facility of ion diffusion through concrete structures. To evaluate this rate,
D. can be quantified following ASTM C1556. However, owtnghe destructive, timmtensive

nature of ASTM C1556, there is a marked preference for rapid, economical, addstarctive
methodologies to assess. N this context, transmission-bay microscopy (TXM) has recently
emerged as an innovative imagiteghnique for cemesidiased materials, proposed to avoid the
limitations inherent in destructive or comparative testing mettidtsadllo and Ley, 2017a,
2017b) This technique affords direct and applicable observations of ion transport within
cementitios compositions on a practical scale, offering the advantages of expeditiousness and
non-destructiveness. Quantifyingch such materials is achievable by analyzing alterations in
gray-scale values facilitated by TXMBehravan et al., 2023, 2021; Darmalkt 2013; Moradllo

et al., 2017)

The significance of this study lies in its strategic utilization of a-aestructive approach to
examine the effects of PVA fibers and curing periods on the ingress of chloride into concrete
during freezehaw (FT) cycles. Two airentrained concretes were prepared, each subjected to
different curing periods: (a) conventional concrete and (b)-fibiaforced concrete. This research
introduces a novel application of TXM to quantifyiB concrete, a methodology thatshaot been
previously utilized in the context ofF cycles, thus providing fresh insights into the behavior of
both conventional and fibeeinforced concrete under extreme weather conditions. Additionally,

a holistic evaluation incorporating mechanidaésgths, UPV, surface resistivity (SR), ML, and
RDME was conducted to comprehensively assess the cumulative impadt oydfes on the
integrity of concrete specimens. By integrating these methods, this study significantly contributes
to the body of knovedge on concrete durability and resilience, offering valuable data that can
inform future research and practical applications in infrastructure development.

2.3 Materials and methodologies

2.3.1Materials and mix design

This study evaluated two a@ntrained concretes: Group A (conventional) and Group B {fiber
reinforced). The mix design adhered to tA€I 211.11 volumetric procedure for concrete
proportioning with a wateto-cement ratio of 0.4. Type I/ll portland cemgwith a specific

gravity of 3.15, was used. A natural sand fine aggregate (FA), with a fineness modulus of 2.6, and
crushed limestone coarse aggregate (CA), with a maximum particle size of 19 mm, were used. The
absorption capacity of both FA and CA wia$%. Before mixing, the aggregates were egtgad

and cooled to room temperature. The mixing water was adjusted to account for their absorption
capacity, ensuring the aggregates reached a saturated surface dry (SSD) condition. The chemical
composition othe cement used in this study are listedable 2- 1. An air-entraining admixture
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(AEA) was incorporated into both concrete batches at a dosage of 46 mL per 100 kg of cement, in
accordance with ACI 211.1 recommendations foreatrained concrete with9lmm nominal
maximum aggregate, which specify a target air content of 4% to 6% for concrete exposed to mild
to severe H conditions. The fibereinforced batch included PVA fibers, each 12.5 mm long and
100 pum in diameter, at a concentration of 0.4 %H®y tbtal mixture volume. This dosage was
selected based on prior studies, which recommend PVA fiber contents in the range of 0.1% to
3.0% for concrete applications (M K Yew et al., 2015), with optimum levels for improving
mechanical and fracture propertigpically reported between 0% and 1.5%(Ling et al., 2019).
Table 2- 2 and Table 2- 3 list the properties of PVA fibers and mixture proportions for both
concrete groupsThe air content of fresh concrete was measured using the pressure method in
accordancevith ASTM C231. The concrete was prepared in two batches for todayldnd 70

day curing periods. Although the mix design remained consistent, slight variations in measured air
content were observed: 5.5% and 5.7% for Group A, and 4.6% and 4.9% forBs>(sep Table

3). These differences are likely due to normal variability in mixing conditions, such as ambient
temperature and admixture incorporatidntotal of 24 Beam prisms (400 mm by 100 mm by
75mm) and 24 cylinders (75 mm diameter by 150 mm heigbtg prepared for experimental
analysis. These specimens were subjected to different curing moist periods (14 and 70 days) and
further categorized into subgroups: @AV-14d and GAPW-70d for Group A specimens
undergoing 14 and 70 days of curing, respebtjvend GBPW-14d and GBPW-70d for Group

B specimens subjected to the exact curing durations.

Table 2 1 Chemical composition of cement

Component CaO SiO, Al20s3 FeOs SO MgO NaO

Content (%) 62.77 20.80 4.73 3.57 4.08 1.87 0.52

Table 2 2 PVA fiber properties

Specific Gravity 1.3
Melting Point 200¢C
Tensile Strength 1235 MPa
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Table 2 3 Mix design of concrete

Groups Cement FA CA Water  wi/c P_VA Fresh Air
(kgin)  (kgim)  (kgim) (kg (omy - omen

%)

GA-14d 541.4 628.6 914.2 227.9 0.4 0 55
GB-14d 541.4 618.0 914.2 227.9 0.4 5.2 4.6
GA-70d 541.4 628.6 914.2 227.9 0.4 0 57
GB-70d 541.4 618.0 914.2 227.9 0.4 5.2 4.9

2.3.2Characterization of the air-void system in hardened concrete

In this study, the aivoid system in hardened concrete was characterized using the point count
method following ASTM C457 Procedure B. The samples were polished and then scanned using
a digitalscanner. The scanned images were processed using ImageJ software, where a grid was
applied for manual evaluation. The pixel size was estimated to be 10.6 um, and the total imaged
areawas 5.4 cm by 3.6 cm. Based on this analysis, the air catgragteair ratio p/A), average

chord length ¢, void frequencyf), specific surfacell), and spacing factob) of the hardened

Group A and Group B concrete specimens were determifigdre 2 1 (a) and (b) show
representative images of the polished concrete surfaces usedvioidaanalysis in Group A and

Group B, respectively.

(b)

Figure 2 1 Air-void structure of (a) Group A and (b) Group B concrete showing differenc
void distribution; the field of view for each image is approximately 5.4 cm x 3.6 cm.
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2.3.3 Replicate testing procedure

Both concrete specimen groups were subjected teday4nd 7@lay moist curing in a fog room.
Subsequently, the specimens were exposedTlta@ycles in plain water, following the guidelines
specified in ASTM C666 Procedure A. In this study, the expoduration of one H cycle was
4.5 hours. During a freezing half cycle, the temperature rapidly decreases from 44182
within 1 hour and remains constant 48 °C for 2 hours. Subsequently, in the thawing half cycle,
the temperature rises froni8 °C to 4.4 °C within 0.5 hours and remains stable at 4.4 °C for 1
hour. The combination of these two half cycles constitutes a sirgley€le. ML and RDME
were detemined every 28 to 36-F cycles following Equations 1 and 2, whengis the mass of
the specimens at O-F cycles,m, represents the mass of the specimens affel cycles,aems

the percentage (%) of the ML of the concrete specimensrafir cycles no is the fundamental
transverse frequency of the specimens atT0dycles,n, represents the fundamental transverse
frequency of the specimens afteff-T cycles, andP, is the RDME of the concrete specimens after
n F-T cycles.

L. G a 1)

YOO @)

€
In addition, longitudinal UPV (ASTM C597), SR (AASHTO T358) from all four sides of the
prisms, and fundamental transverse frequency (ASTM C215) were measured bE&foyel€s
and at least every 28 to 36TFcycles. Furtermore, both the compressive stren@8TM C39)
and flexural strengthASTM C293 were evaluated before theTFcycles began and afterTF
cycling was ended exposure for all concrete samples.

2.3.4 Testing procedure using TXM

A custombuilt TXM was utlized to evaluate the {bf concrete specimens for p&nd post--T
cycles.Figure 2 2 (Rahat et al., 2024) depicts the schematic of the TXM setup, which was
designed based on the designother researchers (Behravan et al., 2021, 2023; Ley et al., 2023;
Moradllo and Ley, 2017a, 201)brhis TXM setup offers a nedestructive and swift mea of
conducting diffusion experiments, with the capability to acquire aayXradiograph in roughly

10 secondsTable 2- 4 shows the Xray source and detector details. For the experimental
procedure using the TXM, two concrete cores of 19 mm diame5 bym height were cut from

all groups of specimens before and after undergo#igciycles, specifically from the top and
bottom faces of the beam prisms. The samples were then sealed by applying a layer of hydrophobic
wax on the sides and bottom surfacéslevkeeping the top surface uncoated to allow for solution
ponding, facilitating 1D diffusion. This study evaluated concrete samples that underwent 70 days
of curing for up to 500 H cycles. Samples that were cured for 14 days were assessed for up to
375 F-T cycles, as the surface scaling caused by theckcles prevented further analysis for

additional FT cycles.
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Figure 2 2 Schematic illustration of the TXM system.

Table 2 4 Details of theX-ray source

Sensor Resolution (line pairs per mm) 33.78
Pi xel Size (e 19
Voltage (keV) 65
Current (¢A) 7000
Exposure Time (S) 0.25

Previous studies have focused on chloride diffusion in con@ajeKlorea and Brouwers, 2012;

Jasielec eal., 2020), yet there is limited research on iodide diffusion. In this study, potassium
iodide (KI) was utilized as a tracer for NaCl, taking advantage of its chemical stability and
diffusion properties that are similar to those of chloride ions (Behmetaln 2023, 2021; Moradllo

and Ley, 2017) . Bot h iodide (I ) and chl ori
characteristics, which makes iodide an appropriate alternative (Jin et al., 2024). In contrast to
chloride, iodide shows very low reactiviyithin the alkaline conditions of concrete, resulting in

only a few minor reaction products, such as 3CagDALCak-8H.0, with unhydrated ¢A (Jin et

al., 2024), which helps to maintain a limited effect on the cement matrix.

A 0.6 M KI solution was usefibr ponding the cored specimens, selected for its ability to enhance
contrast in Xray imaging, facilitating the observation of iodide ingress into the concrete matrix.
Given the comparable ionic radii of iodide and chloride, and the fact that iodide'siatif
coefficient is 24% higher than chloride's, iodide diffusion serves as a more stringent benchmark
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for evaluating chloride transport in concrete (Behravan et al., 2023, 2021; Moradllo and Ley,
2017).

In this study, all core samples were initially scad to serve as reference images. Subsequently,

the samples were immersed in the Kl solution and rescanned after 3 days, 14 days, and 28 days.
This process facilitates a straightforward comparison of these images against a reference image,
enabling the evaation of alterations in gray values by subtracting the reference image. A
reference image was captured followingT Fcycles for specimens exposed terl Fcycles.
Subsequently, these samples were subjected to an identical procedure involving immeision in a
solution and subsequent-rdy imaging. For the radiographic analysis, a software program
matched the radiographic images captured at 3 days, 14 days, and 28 days with their respective
reference images for each specimen. This matching process entakedyrocal adjustments,
including shifts and rotations, to ensure that the later radiographs were aligned accurately with the
initial reference radiograph. The red box in the subtracted image shéwguie 2- 3. represents

the penetrated depth of iodidie the sample after 3 days of ponding in the KI solution. To
determine the mean gray values at different depths in each sample, a region was determined
approximately 7.37 mm wide (equivalent to approximately 280 pixels in the TXM radiographs),
as shown irFigure 2- 3. This was performed to minimize the occurrence of cupping artifacts
(Behravan et al., 2023, 2021; Khanzadeh Moradllo and Ley, 2@ath line represents a
grayscale value corresponding to a specific depth, and the final/gita profile vas computed

by averaging the values from 280 individual lines. Behravan et al. (2023) suggested using
radiographs from various angles to estimadédd concrete specimens, advocating for presenting
these findings as the mean. Given the composite natuoé concrete, analysis limited to the
central section of radiographs might be influenced by the heterogeneity of the aggregates.
Consequently, in this study, radiographs were captured at angles of 0°, 60°, 120°, and 180° for
every sample to determine thgparent .

0 Day 3 Days Subtracted Image

E’

Figure 2 3 Subtraction of radiographs within a specified area of interest.
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Finally, employing nonlinear regression, the appareyis@etermined based on a solution from
Fick's second law of diffusion, as is usedA\®TM C1556 Equation 3 defines the solution for the
1D diffusion problem, wherg is the distance from the sample surfaCeis the surface iodide
concentrationCx, is the iodide concentration at depthxdfom the surface after time anderf

is the Gaussian error function. The \&lue in this study combines the impact of fluid transport
mechanisms such as diffusion, absorption, convection, and chemidalgaim one term.

o 3)
0 j 6 p Qi "&—
¢ Oo

24 Results and discussions

2.4.1 Hardened airvoid system characterization results

Table 2- 5 shows the results of the hardenedvaiid system for Group A and Group B. The-air

void system resulte@monstrates that Group A has an improvediaid system than Group B, as

reflected in its lower spacing factor (0.07masn 0. 08 mm) , hi gher vspeci fi
20 mm T ), and greatervsv di.d 0f2r ergru & n) c. e BOOMh2 JYr om
C457 requirement for moderateTF ex posur e (spacing factor < 0.
refined and evenly distributed void structure suggests superior durability. The fresh air content of
Group A (5.7%) and Group B (4.9%) decreased after hardewiith final values of 4.3% and

4.0%, respectively, which agrees with Khayat and Nasser (1991), who suggested that the reduction

in air content was due to air loss during consolidafidre inclusion of PVA fibers in Group B

may have influenced the fortm@n and stability of air voids. It is hypothesized that reduced
workability and potential fiber clustering hindered uniform bubble distribution, resulting in a
coarser void structure. Additionally, although no direct studies were found, one plausible
hypahesis is that AEA may sorb onto the surfaces of PVA fibers, reducing its effectiveness in
stabilizing air bubbles. This interaction may have contributed to the lower air content observed in
Group B.

Table 2 5 Hardened a#void system data for concrete specimens

A (%) n (mm'Y) p/A H mm) U(mm? 0 (mm)
Group A 4.3 0.239 7.636 0.182 22 0.07
Group B 4.0 0.202 8.333 0.198 20 0.08

2.4.2 ML and RDME results

Figure 2- 4 (a) and (b) depict the changes in ML and RDME values for concrete samples from
Groups A and B, which underwent-tldy and 76day curing periods over-F cycles. The degree

of deterioration of concrete samples is directly related to the changes in their mass andiRDME.
Figure 2- 4 (a), Group A samples experienced a ML of 1.4 %, while Group B samples showed a
slightly higher ML of 1.7 % after undergoing 1000TFcycles for 76day cured samples. This
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difference in ML aligns with the findings @&fl-Kheetan et al., (2020jor concrete with a w/cm
ratio of 0.40. Both groups exhibited enhanced resistance to HJ0€yEles despite the slightly
higher ML in Group B for 7@lay cured samples.

However, samples cured for 14 days underwent 300cicles and exhibited higher Mialues

than 70 days cured samples. Group A displayed a 1.0 % ML, while Group B showed a slightly
higher reduction of 3.2 % after 300Trcycles. This result is consistent with the findings of Liu et

al. (2021). For the samples cured for 70 days, GroupddGroup B experienced an ML of 0.5 %
after 300 FT cycles, highlighting the impact of the curing period eh Fesistance.

As shown inFigure 2- 4 (b), Group A samples exhibited an RDME of 95 %, while Group B
samples showed 95 % after completing 100D ¢ycles for 76day cured samples. This RDME
value for concrete samples with a w/cm ratio of 0.40 aligns with the findin§harig & Yi,
(2013). Concrete with a lower w/cm ratio displays reduced porosity, limiting the exposure of
capillary water to froséction, which in turn lowers its susceptibility to frasiated damage.

Nevertheless, samples that were cured for 14 days were subjected toT3@9ckes and
demonstrated lower RDME values than those that were cured for 70 days. Group A exhibited a 73
% RDME, while Group B showed a lower value of 65 % after 300 dycles. This result is
consistent with the findings of Liu et al. (2021). In the case of samples that were cured for 70 days,
Group A and Group B experienced RDME of 98 % and 96 % after 3D@yEles, respectively,
emphasizing the influence of curing duration off Fesistance. According to ASTM C666
Procedure A, testing should be carried out on each specimen until it has been subjected to 300
cycles or until its relative dynamic modulus tdsticity reaches 60 % of the initial modulus. This
study's 14day cured samples were close to the 60 % threshold value. Compared to Group B, Group
A exhibited superior resistance telFcycles due to its higher air content. This was evident from

the lowerML, and RDME results observed when introducing PVA fibers. The betteomir
system, as reported Bection 2.4.1n Group A, significantly improved its ability to withstand F

T cycles, highlighting the critical role of air entrainment in preservingcrete durability in
challenging conditions. Furthermore, prolonged curing leads to increased resistaiiceytds.

Table 2- 6 outlines the mass (kg) measurements of various replicates before and after undergoing
F-T cycles for two groups of concretengales cured for 70 days and 14 days. Similarghle 2-

7 presents the fundamental transverse frequency (Hz) values measured prior to and foldwing F
cycles for both groups, corresponding to the exact curing durations.

After subjecting the samples to@B6-T cycles, a statistically significant difference was observed
in both ML and RDME at a significance level 0.05 when comparing thé>@/A70d sample with

the GAPW-14d and GBPW-14d samples. However, there is insufficient evidence to conclude a
statisti@lly significant difference between the @GAV-14d and GBPW-14d samples after 300 F

T cycles and between the @GAN-70d and GBPW-70d samples at 300 and 1000 cycles for both
ML and RDME.

23



0 36 72 100 136 172 200 236 272 300 425 550 675 800 1000

| | L Il 1 1 1 1 1 | 1

0.0%
05% ¢
10% | N

15% ¢ l\vl\l -
2.0% f 3

2.5% | ~

-3.0% F AN }
35% |
-4.0%

Percent Mass Loss

No of F-T Cycles
==GA-PW-14d ==GB-PW-14d ==GA-PW-70d ==GB-PW-70d

(@)

0 36 72 108 144 164 200 236 272 300 425 550 675 800 1000
100.0%
95.0% k&b M

90.0% 1 \‘""'\
85.0% — Qk
80.0% N

75.0%
70.0%
65.0%
60.0%
55.0%
50.0%

Percent Change in RDME

No of F-T Cycles
«=GA-PW-14d «==GB-PW-14d «=GA-PW-70d «=GB-PW-70d

(b)

Figure 2 4 Change of (a) mass and (b) RDME value ovér &ycles for different curing
periods, error bars represent one standard deviation



Table2- 6 Mass (kg) measurements for concrete replicates in bothetergroups before and
after FT cycles

70 days curing period

Group A Group B
F-T cycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 7.652 7.808 7.411 7.624 0.163 7.587 7543 7.418 7.516 0.072
36 7651 7.808 7.411 7.623 0.163 7.585 7.543 7.418 7.515 0.071
72 7651 7.808 7.411 7.623 0.163 7.585 7.543 7.418 7.515 0.071

100 7.651 7.808 7.411 7.623 0.163 7.585 7.543 7.418 7.515 0.071
136 7.650 7.800 7.410 7.620 0.161 7.584 7.542 7.417 7.514 0.071
172 7.650 7.800 7.410 7.620 0.161 7.584 7.542 7.417 7.514 0.071
200 7.648 7.790 7.408 7.615 0.158 7.583 7.541 7.416 7.513 0.071
236 7.648 7.790 7.408 7.615 0.158 7.583 7.541 7.416 7.513 0.071
272 7.648 7.790 7.408 7.615 0.158 7.583 7.541 7.416 7.513 0.071
300 7.648 7.790 7.408 7.615 0.158 7.583 7.541 7.416 7.513 0.071
425 7640 7.770 7.400 7.603 0.153 7.580 7.530 7.400 7.503 0.076
550 7620 7.750 7.380 7.583 0.153 7.570 7.510 7.370 7.483 0.084
675 7600 7.750 7.360 7.570 0.161 7.560 7.490 7.340 7.463 0.092
800 7570 7.720 7.320 7.537 0.165 7.520 7.460 7.290 7.423 0.097
1000 7570 7.700 7.320 7.530 0.158 7.510 7.430 7.270 7.403 0.100

14 days curing period

Group A Group B
F-T cycle R1 R2 R3 Average STD R1 R2 R3  Average STD
0 6.501 6.620 6.469 6.530 0.065 6.920 6.940 6.899 6.920 0.017
36 6.501 6.620 6.469 6.530 0.065 6.920 6.940 6.899 6.920 0.017
72 6.501 6.620 6.469 6.530 0.065 6.920 6.940 6.899 6.920 0.017

100 6.490 6.610 6.460 6.520 0.065 6.840 6.860 6.820 6.840 0.016
136 6.480 6.600 6.450 6.510 0.065 6.810 6.820 6.790 6.807 0.012
172 6.470 6.600 6.440 6.503 0.069 6.790 6.800 6.760 6.783 0.017
200 6.450 6.580 6.440 6.490 0.064 6.760 6.790 6.730 6.760 0.024
236 6.450 6.580 6.440 6.490 0.064 6.750 6.760 6.710 6.740 0.022
272 6.440 6.560 6.420 6.473 0.062 6.715 6.720 6.680 6.705 0.018
300 6.430 6.550 6.410 6.463 0.062 6.700 6.713 6.680 6.698 0.014

*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2, and Replicate 3; STD stands for standard deviation
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Table 2 7 Fundamental transverse frequency (RiBasurements for concrete replicates in both
concrete groups before and aftef [Eycles

70 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3 Average STD
0 2350 2360 2260 2320 45 2240 2260 2320 2270 34
36 2340 2350 2250 2310 45 2280 2250 2250 2260 14
72 2340 2350 2250 2310 45 2280 2250 2250 2260 14

100 2340 2350 2250 2310 45 2280 2240 2240 2250 19
136 2340 2350 2250 2310 45 2280 2240 2240 2250 19
172 2340 2340 2250 2310 42 2270 2240 2240 2250 14
200 2340 2340 2250 2310 42 2270 2240 2240 2250 14
236 2330 2340 2250 2310 40 2260 2240 2230 2240 12
272 2330 2340 2250 2310 40 2260 2240 2230 2240 12
300 2320 2320 2240 2290 38 2270 2220 2230 2240 22
425 2320 2320 2230 2290 42 2260 2210 2220 2230 22
550 2320 2320 2230 2290 42 2260 2210 2220 2230 22
675 2300 2320 2240 2290 34 2260 2200 2220 2230 25
800 2330 2340 2250 2310 40 2280 2270 2240 2260 17
1000 2330 2330 2240 2300 42 2280 2260 2240 2260 16

14 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3  Average STD
0 2220 2200 2240 2220 16 2250 2380 2380 2340 61
36 2200 2180 2140 2170 25 2250 2250 2350 2280 47
72 2220 2180 2130 2180 37 2220 2220 2320 2250 47

100 2220 2160 2130 2150 15 2210 2200 2310 2260 55
136 2220 2160 2130 2150 15 2210 2200 2310 2260 55
172 2170 2160 2110 2140 25 2200 2190 2220 2210 15
200 2160 2120 2100 2110 10 2170 2160 2190 2180 15
236 2090 2060 2030 2050 15 2100 2090 2120 2110 15
272 1960 1930 1900 1920 15 1970 1960 1990 1980 15
300 1910 1890 1860 1880 15 1890 1880 1900 1890 10

*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2, and Replicate 3; STD stands for standard deviation

2.4.3UPV results
The variations in UPV values duringTrcycles for Groups A and Group B are depicteBigure
2- 5. It is apparent that Group A consistently maintained higher UPV values compared to Group
B throughout the cycles. The initial UPV values for shenples cured for 70 days were 4500 m s
1 and above, whereas those cured for 14 days exhibited UPV values of 428@nd above.
Group B, reinforced with PVA fibers, experienced a 10 % reduction in UPV after 10@y&les
for the samples cured for 7@y, while Group A experienced a 6 % reduction. Despite the higher
decrease in Group B, both groups exhibited enhanced resistance againsir1€ads.
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After 300 FT cycles, the UPV results showed that samples cured for 14 days degraded more than
thosecured for 70 days. GARW-14d had a 28.7% reduction, while GB\V-14d showed a 33 %
reduction after 300 H cycles. In contrast, samples cured for 70 days (Groups A and B)
experienced only a 5 % and 5 % decrease after 3D¥cles, respectively, highlighg the

impact of the curing period onFresistance. This result is consistent with a previous study by
El-Mir and EFZahab (2022). The lower air content across all Group B samples, compared to Group
A, indicates that the reduced performance undé&rdycles may be more related to the low air
content rather than the influence of PVA fibers. Thal@® cured samples demonstrated superior
performance, indicating the benefits of a more extended curing period in enhailciegiftance.

The differing UPV redction suggests that including PVA fibers in Group B may not effectively
combat the effects of-F cycl es on concretebs UPV,voidvi th p
system likely playing pivotal roles.

The evidence suggests a statistical difference bettveeGAPW-70d sample and the GRW-

14d and GBPW-14d samples after 300 Fcycles at a significance level of 0.05. However, when
comparing the GAPW-14d and GBPW-14d samples after 300 F cycles, there is insufficient
evidence to conclude that the ditface in percent change in UPV is statistically significant at the
0.05 significance level. Similarly, when comparing the-BW-70d samples with GBW-70d
samples at 300 and 1000 cycles oF Eesting, there is insufficient evidence to conclude that the
difference in percent change in UPV is statistically significant at the 0.05 significance level.

Table 2- 8 outlines the UPV (m'$) measurements of various replicates before and after
undergoing FT cycles for two groups of concrete samples cured f@andd14 days.
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Table 2 8 UPV (m $') measurements faoncrete replicates in both concrete groups before and
after FT cycles

70 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3 Average STD
0 4590 4690 4570 4620 52 4560 4410 4560 4510 71
36 4580 4670 4550 4600 51 4540 4390 4540 4490 71
72 4570 4650 4540 4590 46 4520 4370 4520 4470 71

100 4550 4640 4510 4570 54 4500 4350 4500 4450 71
136 4540 4630 4500 4560 54 4480 4320 4480 4430 75
172 4530 4600 4480 4540 49 4470 4300 4470 4410 80
200 4520 4590 4470 4530 49 4450 4280 4450 4390 80
236 4500 4570 4420 4500 61 4410 4240 4440 4360 88
272 4490 4530 4410 4480 50 4390 4220 4420 4340 88
300 4490 4530 4410 4480 50 4390 4220 4420 4340 88
425 4490 4520 4390 4470 56 4380 4200 4390 4320 87
550 4470 4500 4350 4440 65 4340 4150 4340 4280 90
675 4360 4480 4300 4380 75 4070 4000 4080 4050 36
800 4440 4580 4390 4470 80 4190 4130 4270 4200 57
1000 4360 4430 4260 4350 70 4050 4000 4080 4040 33

14 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3  Average STD
0 4190 4290 4170 4220 52 4260 4210 4260 4240 24
36 4110 4180 4030 4110 61 4220 4200 4210 4210 8
72 4000 4100 3960 4020 59 4110 4080 4020 4070 37

100 3880 4070 3880 3940 90 4010 3690 4100 3930 176
136 3850 3920 3820 3860 42 3990 3520 4010 3840 226
172 3720 3840 3770 3780 49 3970 3490 3910 3790 214
200 3400 3510 3730 3550 137 3820 3230 3310 3450 261
236 3230 3530 3650 3470 177 3580 3190 3100 3290 208
272 2970 3240 3350 3190 160 3260 2910 2850 3010 181
300 2810 3010 3220 3010 167 3070 2760 2670 2830 171

*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2, and Replicate 3; STD stands for standard deviation

2.4.4 SR results
The measurement of SR has become the preferred method for assessing concrete susceptibility to
chloride ion penetration, replacing the rapid chloride penetratio(®Gésish and Tran, 2015)
Figure 2- 6 shows how the SR values changed during €&ycles for Groups A and Group B.
Group A consistently had higher SR values than Group B. The initial SR values for the samples
cured f or 70 -cdany aboves énrcantradt,zhode qured for 14 days Véere icim
and above, indicating goegliality concrete samples, lower permeability, and low to moderate risk
of corrosion (Lim et. al, 2011).
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After 1000 FT cycles, the samples in Group B, which had PVA fibers, experienced a 53 %
decrease in SR after 70 dayfscuring, while Group A had a slightly lower reduction of 46 %.

Both groups showed decreased resistance to 10D@yeles, with Group B showing a more
significant decrease. This decrease in SR can be attributed to surface scaling catiBegdgs;

which disrupts the contact between the electrodes and the concrete, resulting in inconsistent or
lower resistivity readings. Scaling can also increase surface permeability, further decreasing the
SR values (Sasanipour et al., 2022).

The samples that wereired for 14 days could not withstand more than 300 cycles and showed
significant degradation in the SR test results. Specifically, Group A experienced a 51 % reduction,
while Group B had a slightly higher reduction of 52 % after 300dycles. On the otleéhand,

for the samples that were cured for 70 days, Group A and Group B experienced a decrease of 17
% and 27 % after 300-F cycles, underscoring the impact of the curing period-dinrésistance.

The lower air content across all Group B samples thangz#osuggests that PVA fibers may not
significantly mitigate the effects of-F cycles. Furthermore, the samples cured for 70 days
demonstrated superior performance, indicating the benefits of a more extended curing period in
enhancing FT resistance. Thalifference in SR reduction between the groups implies that
including PVA fibers in Group B may not effectively counter the effects bitlicles on SR, with

proper curing and the improved-ainid system likely playing pivotal roles.

After 300 FT cycles, a statistically significant difference in SR values was observed at a
significance level of 0.05 when comparing the-B¥/-70d sample with the GRW-14d and GB
PW-14d samples. However, there is insufficient evidence to conclude a statistically significant
difference in SR values between the - G¥W-14d and GBPW-14d samples after 300 Fcycles

and between the GRW-70d and GBPW-70d samples at 300 and 1000 cycles.

Table 2- 9 outlines the SRneasurements of various replicates before and after undergding F
cycles for two groups of concrete samples cured for 70 and 14 days.
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Table 29S R (cin)gneasurements for concregplicates in both concrete groups before and
after FT cycles

70 days curing period

Group A Group B
F-T cycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 26.0 254 256 25.7 0.2 23.0 240 244 23.8 0.6
36 255 25.0 250 25.2 0.2 222 226 227 22.5 0.2
72 250 241 250 24.7 04 214 213 210 21.2 0.2

100 249 240 24.8 24.6 04 213 212 209 21.1 0.2
136 24.0 233 245 24.0 05 205 198 193 19.9 0.5
172 23.3 23.0 24.0 23.5 04 20.1 194 189 195 0.5
200 220 221 233 22.5 06 189 179 171 17.9 0.7
236 22.1 216 225 22.1 04 186 17.6 16.8 17.7 0.7
272 220 216 220 21.9 02 184 174 16.6 175 0.7
300 219 215 218 21.7 0.2 182 17.2 165 17.3 0.7
425 21.1 20.7 21.0 20.9 02 175 16.6 159 16.7 0.7
550 204 199 20.2 20.1 0.2 169 16.0 153 16.0 0.7
675 182 17.8 17.9 18.0 0.2 151 143 13.7 14.3 0.6
800 148 145 144 14.5 0.2 12.3 116 111 11.7 0.5
1000 14.0 13.7 13.6 13.8 0.2 11.7 11.0 105 11.1 0.5
14 days curing period

Group A Group B
F-Tcycle RI1 R2 R3 Average STD R1 R2 R3 Average STD
0 140 146 150 14.5 04 139 142 149 14.3 0.4
36 13.1 127 13.2 13.0 0.2 124 126 127 12.6 0.1

72 123 135 125 12.8 05 118 116 13.6 12.3 0.9
100 88 87 8.2 8.6 0.3 8.6 8.1 8.2 8.3 0.2
136 75 7.4 7.2 7.4 0.1 7.6 7.2 7.1 7.3 0.2
172 75 7.4 7.2 7.4 0.1 7.6 7.2 7.1 7.3 0.2
200 75 7.4 7.2 7.4 0.1 7.6 7.2 7.1 7.3 0.2
236 7.2 7.3 7.2 7.2 0.0 6.9 7.0 7.2 7.0 0.1
272 71 7.2 7.1 7.1 0.0 6.8 6.9 7.1 6.9 0.1
300 70 7.1 7.0 7.0 0.0 6.7 6.8 7.0 6.8 0.1

*Note: R1, R2, and R3 stand for ReplicatdReplicate 2, and Replicate 3; STD stands for standard deviation

2.4.4 Strength testing results

Figure 2-7 presents the compressive strength and modulus of rupture results for the different
concrete samples before (7 days, 14 days, 28 days, and 70 daydjear800 FT (for 14-day

cured samples) and 1000THfor 70-day cured samples) cycles.

During the 7day curing period, the compressive strength values for Group A and Group B were
28.2 MPa and 30.6 ph, respectively. Additionally, the modulus of rugwalues for Group A
and Group B were 8.3 ph and 9.4 Nda, respectively. The samples from Group A exhibited lower
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compressive strength and rupture modulus than Group B. This difference in strength is attributed
to the reinforcement of Group B with PVA éh

Unpaired, twetailed ttests for the -@ay results indicated there is insufficient evidence to conclude
a statistically significant difference between Group A and Group B compressive strength and
modulus of rupture values at a significance level of 0.05.

After 7 days, 14 days, 28 days, and 70 days, the compressive strength and modulus of rupture
increased for all samples. Similar to tha&lay results, the Group A samples exhibited lower
compressive strength and modulus of rupture compared to Group B, iwhatinibuted to the
reinforcement of Group B with PVA fiber.

Unpaired, twetailed ttests for the -tay, 14day, 28day, and 7@lay results showed insufficient
evidence to conclude a statistically significant difference between Group A and Group B
compessive strength and modulus of rupture values at a significance level of 0.05.

After enduring 300 H cycles, both Group A and Group B samples, which had been cured for 14
days, displayed notable differences. Group B showed the lowest percentage changg@ssive
strength (10 %) and modulus of rupture (14 %), while Group A exhibited the highest percentage
change in both compressive strength (14 %) and modulus of rupture (24 %). It is apparent that
although PVA fiber did not significantly improve the dbility properties, it did contribute to
enhancing the mechanical performance of the concrete samples when subjeciedyolds

during the 14day curing process.

In contrast, after subjecting the samples from Group A and Group B, cured for 70 d&@0 to 1
F-T cycles, both demonstrated significant resistance agaimsty€les for compressive strength

and modulus of rupture. Group A experienced a reduction in compressive strength of 4 %, while
Group B experienced 2 %. Group A showed a decrease of 7 thefonodulus of rupture, and
Group B exhibited an 11 % reduction in values. The results indicate-thatyEles had a more
significant negative impact on concrédlexural strength than compressive strength. However,
PVA fiber enhanced the mechanicalfpemance of all concrete groups. Given that thed@Q

cured samples displayed substantial resistance against I06gdies, it is clear that the extended
curing period plays a crucial role in improving the concrete performance agdirestding.

An unpaired, twetailed ttest was performed on the -tldy cured samples following 30GTF

cycles and the 7#@ay cured samples following 1000-TF cycles. The findings suggested
insufficient evidence to establish a statistically significant variance in theressiype strength

and modulus of rupture values between Group A and Group B at a significance level of 0.05 after
1000 FT cycles for 70 days of cured samples. For 30D ¢ycles, the findings suggested that
there is insufficient evidence to establish distigally significant variance in the compressive
strength values between Group A and Group B at a significance level of 0.05. However, there is a
statistically significant difference in modulus of rupture values between Group A and Group B
after 300 FT cycles for 14 days of cured samples.

33



300 F/T-PW-14d

—| After F-T

1000 F/T-PW-70d

|

70 day

—

— | Before F-T

28 day

14 day

7 day

Compressive Strength (MPa)
Group A ®GroupB

(@)

300 F/T-PW-14d

—| After F-T

1000 F/T-PW-70d

70 day -
28 day
— | Before F-T
14 day
7 day

0 5 10 15 20
Modulus of Rupture (MPa)

Group A ®mGroupB

(b)

Figure 2 7 (a) Compressive strength, and (b) modulus of rupture of different concrete g
for different curing periods before and aftem eycles.

2.4.5Time-dependent Dc and concentration profile

Figure 2- 8 depicts the average concentration profiles apdobthe concrete samples in both
Groups A and B after 3 days, 14 days, and 28 days of ponding beford theckes for 70 days
and 14 days of curingeriods.
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Figure 2 8 Concentration profiles for the following concrete samples before undergéing
cycles: (a) GAPW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GBPW-14d.

Based on the data froRigure 2- 8 (a), (b), (c), and (d) both sets of concrete samples exhibited
very low Ix values before undergoingFcycles, regardless of whether they were cured for 70
days or 14 days. These findings are consistent with the results of the SRlbdst2- 10 shows

the average Pvalues for GAPW-70d, GBPW-70d, GAPW-14d, and GBPW-14d sanples after

3 days, 14 days, and 28 days of ponding befefeckcles.
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Table 2 10 Average R (x 102 m2s'1) values for concrete samples befor& Eycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28Days
Angle S1 §S2 S$S1 S$S2 S$S1 S22 S1 S22 S1 S22 S1 S2
0 0.70 0.89 0.22 0.28 0.30 0.35 0.28 0.80 0.21 0.19 0.29 0.42
60 0.80 0.80 0.85 0.23 0.31 0.22 0.81 0.97 0.09 0.66 0.35 0.37
120 0.32 0.67 0.30 0.30 0.30 0.40 0.70 0.87 0.99 0.87 0.32 0.56
180 0.53 0.50 0.31 0.20 0.20 0.22 0.50 0.86 0.28 0.28 0.29 0.25

Average 0.65 0.34 0.29 0.72 0.45 0.36
STD 0.18 0.20 0.07 0.21 0.32 0.09
GA-PW-14d GB-PW-14d

3 Days 14 Days 28 Days 3 Days 14 Days 28 Days

Angle S1 S22 S1 S22 S1 S2 S1 S2 S1 S22 S1 S2

0 245 476 1.20 0.55 0.35 0.32 2.50 3.97 0.82 055 0.54 0.32

60 243 2.45 0.60 0.20 0.25 0.32 3.80 3.11 0.25 0.66 0.29 0.25

120 254 3.44 0.70 0.80 0.45 0.62 555 533 0.64 0.86 0.49 0.68

180 243 498 0.84 055 0.60 053 4.22 261 0.7/ 0.71 0.70 0.51
Average 3.19 0.68 0.43 3.89 0.66 0.47
STD 1.02 0.27 0.13 1.07 0.18 0.16
Note: S1 and S2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

These Rvalues for concrete with a 0.4 w/cm ratio support the findingdavadllo et al., (2017)

These R values confirm that samples cured for 14 days exhibit highérdd those cured for 70

days, consistent with other experimental findings. Extendedg-periods lead to lowerdYalues,
indicating enhanced resistance to chloride ingress. This improvement is attributed to the higher
degree of hydration in the concrete with extended curing, which results in a denser and more
compact matrix, reducing paity and permeability. However, PVA fibeginforced samples
demonstrated highercIvalues than conventional concrete for each curing condition, suggesting
that including PVA fibers did not significantly improve resistance to chloride ingress. This might
be due to potential microstructural changes introduced by the fibgrsKim et al., 1999; Tran

et al., 2022), which could result in increased porosity or microcracking.

It can be seen from th&gure 2- 8 (a), (b), (c), and (d) over the 2&lay pondingoeriod, that the
iodide concentration reached its peakd{f of 3.9 % in GAPW-70d and 3.8 % in GBPW-70d

within the surface | ayers just bel ow the surf
depths. In contrast, the iodide concentration peéaltes.2 % in GAPW-14d and 4.7 % in GB
PW-14d within ax. This rise is |ikely attribut

initial solution penetration (Beharavan et al., 2023; Moradllo et al., 2017).

Figure 2- 9. Depicts the average condsation profiles and DPfor the concrete samples in both
Groups A and B after 3 days, 14 days, and 28 days of ponding afterL.2ydtes for 70 days
and 14 days of curing periodBable 2- 11 shows the averagecDalues for GAPW-70d, GB
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PW-70d, GAPW-14d, and GBPW-14d samples after 3 days, 14 days, and 28 days of ponding
after 125 FT cycles.

Table 2 11 Average R (x 102 m?s'1) values for concrete samples after 125 &ycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28Days 3 Days 14 Days 28 Days
Angle S1 S2 $1 S2 S1 S2 S1 S22 S1 S22 S1S2
0 0.16 0.22 0.01 0.49 0.44 0.19 2.00 1.00 0.20 0.42 0.58 0.16
60 0.13 0.42 0.61 0.12 0.51 0.32 3.15 0.60 0.60 0.70 0.94 0.41
120 0.83 1.02 0.46 0.55 0.26 0.35 1.00 1.02 0.48 0.53 0.48 0.11
180 2.21 1.60 0.03 0.71 0.14 0.31 2.94 0.49 0.47 0.70 0.24 0.25
Average 0.82 0.37 0.32 1.53 0.51 0.40
STD 0.71 0.26 0.11 0.97 0.15 0.25
GA-PW-14d GB-PW-14d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S2 S$1 S2 S1 S2 S1 S22 S1 S22 S1S2
0 3.16 2.22 0.87 0.79 0.74 0.59 5.21 2.76 1.20 1.42 0.88 0.76
60 413 4.42 161 092 0.81 0.72 3.15 2.63 1.60 0.81 0.74 041
120 3.83 3.02 1.46 0.75 0.66 0.65 3.41 3.77 0.88 0.93 0.98 0.61
180 421 2.60 1.03 0.81 0.54 0.61 2.94 449 0.77 1.01 1.24 0.25
Average 3.45 1.03 0.67 3.55 1.08 0.73
STD 0.76 0.30 0.08 0.84 0.28 0.29

Note: S1 and S2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

On the other hand, over the-88y ponding period after 125-F cycles, the iodide concentration
reached its peak () of 4.2 % in GAPW-70d and 4.5 % in GBW-70d within the surface layers

j ust

bel ow

t he

surface
concentration peaked at 5.5 % in (PAV-14d and 5.2 % in GBPW-1 4 d

(ex),

foll owed
within

g a
&X .
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Figure 2 9 Concentration profiles for the following concrete samples after IPS¥eles: (a)
GA-PW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GB°W-14d.

Figure 2- 10 depicts the average concentration profiles and diffusion coefficients for the concrete
samples in both Groups A and B after 3 days, 14 days, and 28 days of ponding aftér@&les

for 70 and 14 days of curing period@able 2- 12 shows the averagecMalues for GAPW-70d,
GB-PW-70d, GAPW-14d, and GBPW-14d samples after 3 days, 14 days, and 28 days of ponding

after 250 FT cycles.
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Table 2 12 Average R (x 102> m?s'1) values for concrete samples after 250 &ycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §S2 S$S1 S$S2 S$S1 S22 S1 S22 S1 S22 S1 S2
0 1.06 0.34 0.94 0.19 0.38 0.19 1.98 1.30 198 2.38 0.58 0.81
60 0.62 2.08 0.31 0.29 0.92 0.12 1.11 249 0.26 1.00 0.53 0.51
120 0.70 455 0.46 0.35 0.40 0.15 154 1.02 1.02 1.96 0.64 0.60
180 3.73 7.18 0.34 0.71 0.35 0.41 1.34 196 0.12 0.98 0.68 0.45
Average 2.53 0.45 0.37 1.59 1.21 0.60
STD 2.27 0.24 0.24 0.47 0.77 0.10
GA-PW-14d GB-PW-14d
3 Days 14 Days 28 Days 3 Days 14Days 28 Days
Angle S1 §$S2 S$S1 S2 S$S1 S22 S1 S22 S1 S22 S1 S2
0 406 454 1.24 1.19 0.88 0.79 4.68 4.30 1.90 1.55 0.88 0.91
60 462 3.58 1.31 0.89 0.59 0.62 4.11 4.69 1.26 1.79 0.93 0.71
120 3.70 455 1.16 1.42 0.75 0.95 454 402 170 1.83 1.22 0.67
180 473 3.18 094 1.71 053 0.81 584 4.96 1.32 1.39 0.75 0.55
Average 4.12 1.23 0.74 4.64 1.59 0.83
STD 0.54 0.24 0.14 0.54 0.23 0.19

Note: S1 and S2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

Based orFigure 2- 10, it can befound that for the 28lay ponding period after 250 Fcycles,
the iodide concentration reached its peaka{Cof 4.4 % in GAPW-70d and 5.2 % in GBPW-

70d wi

PW-14d

thin the

within a&ax.

sur face

| ay er agrgdualdecredsedt greatert h e
depths. In contrast, the iodide concentration peaked at 6.1 % 4RAV&A4d and 6.5 % in GB
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Figure 2 10 Concentration profiles for the following concrete samples after Zb@yeles:
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(a) GA-PW-70d, (b) GBPW-70d, () GAPW-14d, and (d) GEPW-14d.

Figure 2- 11 shows the average concentration profiles and diffusion coefficients for the concrete
samples irGroups A and B after 3 days, 14 days, and 28 days of ponding following Begdtes
for curing periods of 70 and 14 dayisable 2- 13 shows the averagecDalues for GAPW-70d,
GB-PW-70d, GAPW-14d, and GBPW-14d samples after 3 days, 14 days, and £8 diponding

after 375 FT cycles.
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Table 2 13 Average R (x 10> m?s'1) values for concrete samples after 375 &ycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §S2 S$S1 S$S2 S$S1 S22 S1 S22 S1 S22 S1 S2
0 242 0.10 0.25 0.38 0.74 0.19 0.98 3.95 0.90 0.85 0.58 0.16
60 0.69 0.10 0.34 0.42 0.83 0.15 1.85 0.83 0.26 0.90 0.94 0.69
120 6.90 2.51 0.41 0.55 0.28 0.32 0.98 1.72 0.70 0.83 0.48 0.51
180 6.73 2.87 0.15 0.71 0.35 0.29 2.94 0.45 0.32 0.90 1.42 0.25

Average 2.79 0.40 0.39 1.71 0.71 0.63
STD 2.54 0.16 0.23 1.12 0.25 0.38
GA-PW-14d GB-PW-14d

3 Days 14 Days 28 Days 3 Days 14 Days 28 Days

Angle S1 S22 S1 S22 S1 S2 S1 S2 S1 S22 S1 S2

0 242 210 155 1.38 0.94 059 598 395 1.18 158 1.58 1.16

60 4.69 4.10 1.34 142 0.73 0.95 485 483 1.26 1.39 1.14 0.60

120 6.90 3.51 0.81 0.75 0.68 0.70 4.98 3.72 0.82 2.96 0.48 0.45

180 6.73 3.87 1.15 1.71 0.85 0.89 6.94 4.45 0.92 3.98 142 1.05
Average 4.29 1.26 0.79 4.96 1.76 0.99
STD 1.66 0.32 0.13 0.99 1.04 0.40
Note: S1 and S2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

Figure 2- 11 also shows that for the a8y ponding period after 375 F cycles, the iodide
concentration reached its peakn& of 5.1 % in GAPW-70d and 5.4 % in GBPW-70d within
the surface | ayers just bel ow t he trdepthaloe ( &&x
contrast, the iodide concentration peaked at 7.0 % wP®AL4d and 7.1 % in GBW-14d within

&X .

It is worth noting that the samples subjected to 37b &ycles experienced severe scaling,
preventing further investigation otDalues in etended FT cycles. The RDME data fro®ection
2.4.3indicates that the tday cured samples were severely damaged after-30€yEles. The D

values corroborate the results of thd experiments, indicating a significant increase in both
Group A and Grop B samples after 375 cycles. Higheradd iodide concentration values indicate
faster ingress of ions, which is detrimental to concrete. Further discussion on the changes in D
and the influencing factors will be presented in greater detkibure 2-13.
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Figure 2 11 Concentration profiles for the following concrete samples after 3V syeles:
(a) GAPW-70d, (b) GBPW-70d, (c) GAPW-14d, and (d) GBPW-14d.

Figure 2- 12 shows the average concentration profiles and diffusion coefficients for the concrete
samples in Groups A and B after 3 days, 14 days, and 28 days of ponding followinrd 890l&s

for 70 days of curing period$able 2- 14 shows the average:Dalues forlGA-PW-70d, and GB
PW-70d samples after 3 days, 14 days, and 28 days of ponding aftesToo¢cles.
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Table 2 14 Average R (x 10> m?s'1) values for concrete samples after 560 &ycles

GA-PW-70d

GB-PW-70d

3 Days 14 Days 28 Days

3 Days

14 Days 28 Days

Angle S1 §2 S1 S22 &1 &2 S1 S2

S1 S§2

S1 S2

0 0.58 1.59 0.82 0.61 0.89 0.31 2.50 5.85
60 3.38 3.01 0.83 0.64 0.33 0.38 3.15 4.01
120 4.48 5.26 0.74 0.75 0.28 0.44 0.60 3.02
180 2.00 2.10 0.77 0.71 0.48 0.61 2.94 0.95
2.88

Average 2.80 0.73 0.47
STD 1.45 0.07 0.19

1.55

1.00
0.07

1.10 0.92 0.58 0.26
0.96 0.97 0.84 0.31
0.90 1.03 0.48 0.11
1.10 0.99 1.42 1.50

0.69
0.49

Note: S1 and $2 refer to Sample 1 and Sample 2, respectively; STD standtafutard deviation

In addition, fromFigure 2-12, it can be observed that for the-88y ponding period after 500 F
T cycles, the iodide concentration reached its peaky©f 5.8 % in GAPW-70d and 5.9 % in

GB-PW-70d within the surface layers justbelo t h e

sur f

ace

(ex),

f ol

| O we

at greater depths. It can be observed from the TXM results that both sets of concrete exhibited a

gradual increase infax for both curing periods, consistent with the trend of increasig D
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Figure 2 12 Concentration profiles for the following concrete samples after 50@ycles:
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The results fronfigure 2- 8 to Figure 2- 12 demonstrate that thecDalues stabilized when the
ponding periods were extended, which is consistent with findings from previous $Betezsvan

et al., 2023, 2021; Rahat et al., 20B4ure 2- 13 displays the percent change ofdata for 28
days of ponding periods, theawimum considered in this study. Fgure 2- 13, GA-PW-70d
samples showed a 62 % increase after 5UC¥cles, while the GBPW-70d samples experienced
a 93 % increase ind¥alue. After 375 FT cycles, the GAPW-14d samples demonstrated an 84
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% increase, whereas the GBV-14d samples experienced an increase of 109 %P®A/0d
experienced a 37 % increase, and-BB-70d experienced a 77 % increase after 35dycles.

An andysis of the changes in Dvalues before and afterF cycles reveals that both sets of
concrete exhibit significant increases after consecutiVeckcles, highlighting the influence of

F-T cycles on chloride ingress in concrete. For botlddy and 76day cured samples, Group A
shows better resistance than Group B, suggesting that the PVA fibers did not have the expected
impact on improving H resistanceAlthough not directly quantified, the presence of PVA fibers

may have influenced the pore structare interfacial transition zone (ITZ), likely enhancing the
connectivity of microstructural pathways. This could contribute to the elevated chloride diffusion
coefficient observed in Group B and the reduced air corftenthermore, the results depicted in
Figure 2- 13 indicate that samples cured for 14 days demonstrate a higher increase compared to
the 70day cured samples in both concrete groups. Notably, even after undergoingd 8ybl€s,

the GBPW-14d samples exhibit the lowest performance. The supserformance of the 70ay

cured samples provides compelling evidence that an extended curing period can enhance the
chloride ingress properties of concrete #i Eycling, surpassing the influence of PVA fibers.

120% [
—e—GA-PW-70d 109%
100% | GB-PW-70d 93.0%
a i GA-PW-14d 84%
g 80% I GB-PW-14d
£ : 62%
S 60% |
= [
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0 125 250 375 50C
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Figure 2 13 Changes of Bover FT cycles for different curing periods.
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The results from unpaired, twailed ttests suggest that there is insufficient evidence to support
a statistically significant difference in the Balues between GARW-70d and GBPW-70d at 3
days, 14 days, and 28 days of ponding, both before and afterb@9dtes. Similar findings were
observed for the Pvalues between GRW-14d and GBPW-14d before and after 375Fcycles.
However, there was a statistically significant difference betweendhelies for the samples that
were cured for 70 days and 14 days for both Group A and Group B, both befofeeaB@&FT
cycles, at a significance level of 0.05.

At a 5 % significance level, there was not enough evidence to conclude that there is a difference
between the Pvalues of the 3 days, 14 days, and 28 days of ponding specimens of the same
mixture before and after 500 Fcycles (for GAPW-70d and GBPW-70d) using unpaired, two

tailed ttests. However, there is a statistically significant difference between tredu@s of the 3

days, 14 days, and 28 days of ponding specimens of the same mixture before and af€r 375 F
cycles (for GAPW-14d and GBPW-14d).

2.5 Conclusionsand recommendations

This study aimed to evaluate the combined effects of PVA fiber inclusibicw@ing duration on

the FT durability of airentrained concrete by analyzing key durability parameters, such as mass
loss, RDME, UPV, and SR, and employing TXM to quantify chloride ingress urti@xiposure
norrdestructively.

1 The results showed thattleoncrete without fibers (Group A), which had a more favorable
air-void system (lower spacing factor, higher void frequency), exhibited better overall
resistance to H cycles compared to the fibeginforced concrete (Group B) despite
identical mix propdaions.

1 Longer curing duration (70 days) significantly improved performance across all measured
parameters (mass loss, RDME, UPV, SR, and Dc), indicating that extended hydration
enhances microstructural integrity and reduces susceptibilityTtal&mage ah chloride
ingress.

1 The Dc, quantified using a novel ndestructive TXM method, demonstrated that Dc
increased by 62% in Group A and 93% in Group B after 100Q¥«cles, reinforcing the
role of entrained air and microcrack control in mitigating chlotidasport.

1 While PVA fibers are known to provide crabkidging benefits in cementitious
composites, their presence in this study did not result in significant improvements in F
durability. This is likely due to the overriding influence of a less faverailr-void system
in Group B than in Group A.

1 Overall, the findings suggest optimizing the-amid structure and ensuring adequate
curing duration are more <critical-Tandan f i I
chloride resistance in colegion applications. The study also establishes TXM as a
promising technique for future research on transport phenomena in cementitious materials.
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Recommendations.To build upon the findings of this study, the following future research
directions are recommended:

V For future research, an -gdepth microstructural analysis of concrete samples is
recommended to evaluate the fiber dispersion and the interfacial transition zone to better
understand the factors influencingflklamage or resistance.

V Future studies shouldlso investigate using lower or optimized PVA fiber dosages to
determine whether reduced contents could improvevaag stability while providing
mechanical performance benefits HTFeonditions.

V In addition, conducting controlled experiments in whible air content is equalized
between fibereinforced and nofiber-reinforced concretes would help more accurately
isolate the specific effects of fiber inclusion on durability performance.

V Future studies should also investigate using lower or optinf2éd fiber dosages to
determine whether reduced contents could improveaad stability while still providing
mechanical performance benefits HTFEonditions.

Future research should also aim to develop mix design strategies that explicitly addrestethe
off between fiber reinforcement and-awid system stability to ensure mechanical performance
and FT durability.
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3.1 Abstract

This studyinvestigates the effects of freetteaw (FT) cycles and seawater exposure on chloride
ingress in concrete. Two concrete groups, conventional (Group A) and polyvinyl alcohol (PVA)
fiber-reinforced (Group B), were tested for-ddy and 76day curing periodsThe results showed
that | onger curing durations si gn-Tdamagaand | y en
chloride ingress, particularly for Group A. Despite previous studies suggesting that PVA fibers
improve durability, Group B exhibited highehloride penetration and diffusion coefficients (Dc)
value than Group A. A transmissionrdy microscope (TXM) was used to quantify Dc, revealing
that the Dc value increased significantly aftefl Feycles in seawater conditions. Group A
consistently outprformed Group B, particularly after 70 days of curing, with lower Dc values and
lower change in percent relative dynamic modulus of elasticity (RDME). Seawater exposure
worsened the damage caused by €ycles, accelerating deterioration compared-tdycles in

plain water. The findings suggest that salts in seawater amplify internal stresses through
crystallization pressure and osmotic effects, accelerating microcracking and material deterioration.
These findings highlight the pivotal influence of cgrishuration and environmental conditions on
concretés resistance to-F damage, emphasizing the need for tailored strategies to mitigate
combined seawater andTFeffects.

Keywordsfreezethaw resistance, transmissiorrXy microscopy, polyvinyl alcohoilfer, curing

period, chloride ingress, diffusion coefficients, coastal environment, cold region.

3.2Introduction

Concrete is a fundamental building material known for its affordability and versatility, making it
indispensable in construction projects e diverse environmental conditions (Imbabi et al.,
2012; Qaidi et al., 2021; Rabi et al., 2022; Sang et al., 2022a). Moreover, concrete has become the
top choice for construction in harsh environments. However, concrete is susceptible to damage
and detepration caused by external durability factors. The adverse effects of structural damage
and cracks in concrete can significantly compromise its mechanical strength and longevity (Baloch
et al., 2021; Brandt, 2008; Ting et al., 2021). Specifically, coagtetictures in loviemperature
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areas are prone to damage from fredmav (FT) cycles, leading to reduced lifespan and
degradation (Lin et al., 2022a; Skripkiunas et al., 2013) . In addition, global warming and climate
change contribute to the rise ofaskevels (Gao and Wang, 2017; Siegert et al., 2020), which
increases the risk of submerging concrete structures in coastal areas of cold regions. As a result,
seawater intrusion into concrete structures can cause significant damage through chloride ingress
In cold regions, this damage can be further compounded due to the combined eff€atyaliés

and seawater intrusion (Dousti et al., 2013; Lu et al., 2021; Mdfadani et al., 2010; Costa and
Appleton, 2002; Sun et al., 2020; Wang et al., 2022; 4i.e2020). However, the effect of F

cycles on concrete in seawater has not been extensively explored in literature, despite significant
research on each mechanism individually.

The extent of damage caused byT Feycles is influenced by the specific geaphic and
atmospheric conditions of the st-Taydes,conoeefes | oc.
experiences both internal and surface damage (Gao et al., 2023). Previous studies have shown that
F-T cycles cause three main internal damagsgures in cement mortar: hydraulic pressure from
water expansion during freezing, cryosuction pressure from water movement into freezing zones,
and crystallization pressure from salt or ice crystal growth (Coussy and Monteiro, 2008; Gong and
Jacobsen, 2®; Liu et al.,, 2014, 2011). These pressures significantly degrade mechanical
properties. On the other hand, deicing salts, widely used to melt snow on concrete pavements and
bridges in cold regions (Valenza and Scherer, 2007), cause significant sudiaug &nlike F

T cycles with plain water, which primarily induce internal damage through microcracking and
reduced stiffness (Scherer, 1993; Sun et al., 2019),clcles combined with deicing salts
exacerbate surface scaling by removing surface layerexposing coarse aggregates (Nili and
Zaheri, 2011). While scaling can occur without deicing salts under extreme conditions, such as
excessive H cycles or mechanical loading (Mu et al., 2002), deicing salts can cause severe scaling
within a few FT cycles (Nili and Zaheri, 2011). This damage facilitates the ingress of aggressive
species like chlorides and carbon dioxide, promoting reinforcing steel corrosion and further
compromising durability (Valenza and Scherer, 2007).

Therefore, it is imperative tgain a thorough understanding of the various damage mechanisms,
including the number of cycles, minimum temperature, and freezing rate, to develop an effective
mai nt enance plan for the structure (Jawcsobsen
have been identified in the literature as effective means for assessing the degfegamh&ge in
concrete structures (Wang et al., 2022; Xiao et al., 2013). These indicators include, but are not
limited to, the relative dynamic modulus of elastidiBDME), decreases in compressive and
splitting tensile strength, mass loss (ML), durability factor, length change in percent, and ultrasonic
pulse velocity (UPV) (Bao et al., 2022b; Dabas et al., 2021; Liu et al., 2016). By utilizing these
parameters to eéuate the extent of-F damage, engineers and maintenance personnel can make
informed decisions regarding the necessary remedial actions to ensure the longevity and safety of
concrete structures. One of the most used methods for designing concretet tesistadamage

is the addition of an aentrained admixture (AEA). These admixtures reduce surface tension and
stabilize air bubbles through surfactant adsorption and electrostatic repulsion (Du and Folliard,
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2005; Li and Sun, 2024; Shah et al., 202These mechanisms create a stabkvaid system that
accommodates (Chu et al., 2022; Qin et al., 2019; Sang et al., 2022b; Zhang et al., 2019). Dosage
and timing of the AEA are critical to maintaining the optimal air content and stability of the air
bubd es wi thin the concrete (kahin et al., 2023
consider the fatigue characteristics of concrete under freezing and thawing conditions in the design
and maintenance of concrete structures. The availableiggrgal data on this topic remains
insufficient. According to existing research (Yan et al., 2000), the inclusion of fibers in concrete

is known to have a positive impact on its dynamic properties, particularly by increasing the
damping ratio of plain camete. Moreover, fiber reinforcement is widely acknowledged as an
effective strategy for improving brittle materi@ktrength, ductility, and toughness (Noushini et

al., 2013a; Noushini et al., 2013b). Furthermore, there is limited research examinmpabeof
synthetic fibers on the flexural fatigue durability of concrete subjected to freezing and thawing
cycles. Jang et al., (2014) investigated that incorporating PVA-fddeforcement into concrete
subjected to freezing and thawing cycles enharesistance against these actions and improves
flexural fatigue strength, thereby mitigating the risk of failure. Other strategies, such as optimizing
cementitious material content, use of supplementary cementitious materials, mix water content,
carbon nancellulose fiber gel, etc., can also enhance the durability of concrete structures against
F-T cycles (Chung et al., 2010; Tennakoon et al., 2017; Tikalsky et al., 2004; Wang et al., 2022,
2019; Zhang et al., 2018).

With climate change, sea level rise ahdwing permafrost can introduce combined freeze/thaw
with chloride ingress to concrete infrastructure that had previously not experienced either
deterioration mechanism. These two mechanisms can also be experienced in northern climates that
use chloridebased deicing chemicals on concrete bridge decks and pavements. Various factors,
such as the concréieporosity, permeability, moisture availability, and the duration and severity

of F-T conditions, affect its vulnerability to chloride ingress (Chung eRall0; Tikalsky et al.,

2004). Concrete with higher porosity and permeability tends to be more vulnerable to chloride
ingress during H cycles (Tennakoon et al., 2017; Wang et al., 2019; Zhang et al., 2018, 2017a,
2017b). The process of chloride ingr@ssoncrete during H cycles is a complex phenomenon
influenced by multiple factors. Freezing of water within concrete pores leads to expansion and
generates internal pressure, inducing microcracks or widening existing cracks, which act as
pathways for cloride ions to penetrate in the concrete (Hao et al., 2021; Wang et al., 2022).
Furthermore, the combined effect of chloride ingress afdcizcles can result in changes in the
concentration of pore solution (Farnam et al., 2014). During ice formatiooridghlions are
pushed toward the remaining liquid phase, leading to an elevated chloride concentration near the
freezing front. Subsequently, during the thawing phase, the concentrated chloride ions are
transported more profoundly into the concrete by thewed water (Sarsembayeva and
Zhussupbekov, 2021). Chloride ions present in seawater or deicing salt have the potential to
infiltrate concrete, leading to the-gassivation of steel reinforcement and subsequent corrosion
(Kessler et al., 2017). Chloridegress corrosion has a detrimental impact on concrete structures,
leading to reductions in the cressctional area of steel reinforcement, decreased loading
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resistance, and cracking of the concrete cover (Gao and Wang, 2017; Tian et al., 2023). Numerous
investigations have explored the corrosion resulting from chloride ingress in seawater concrete
(Bai et al., 2003; Bao et al., 2022a; Andrade, 2009; De Weerdt et al., 2019; Lindvall, 2007), as
well as the detrimental effects ofTFcycles on concrete (Kirat al., 2022; Lin et al., 2022b; Luo

et al., 2022; Shang and Song, 2006). While several studies have explored the combined effect of
seawater and-fF damage, it is important to acknowledge a specific limitation in the experimental
methodology employed byelRg et al., (2022) and Diao et al., (2012): in their studies, the
researchers aimed to characterize the behavior of offshore reinforced concrete (RC) bridges,
eccentrically loaded RC columns, and-etrained RC beams duringTFcycles. However, their
appoach involved placing the samples in ail Ehamber and submerging them in a salt solution.

It is worth noting that this procedure, although enabling the assessment of sésawmgtzct during

F-T conditions, does not fully replicate the continuous subimerof seawater throughout the
entirety of the FT cycle. Consequently, this approach may introduce some disparity between the
experimental conditions and reabrld scenarios. Nonetheless, understanding the impacilof F
cycles on concrete submerged @awater is paramount for ensuring the durability and longevity

of coastal concrete structures.

The diffusion coefficient (Dc) measures ion mobility within a material (Pilvar et al., 2015). The
expected ion transport rate in concrete mixtures can be edsaessig ASTM C1202, ASTM

C1556, and AASHTO T358 test methods. However, ASTM C1556 is the only ASTM standard

that quantifies Dc. Since ASTM C1556 is destructive and-tioresuming, a rapid, caesffective,

and noninvasive method is preferred to quantifg.0ransmission ay microscopy (TXM) is a

recent and novel method for imaging cementitious materials owing to the limitations of destructive

or correlative test procedures (Moradllo & Ley, 2017a;2017b). This technique provides direct,
practical insightsnto ion transport in cemeittased materials on a realistic scale and is quick and
nondestructive. The diffusion coefficient of cementitious materials can be determined by
measuring the changes in the gray value using TXM (Behravan et al., 2021, 2023; dDaim

2013) . However, this technique, based on Fi ck
chlorides when determining the Dc. The chemical binding of chlorides in concrete is influenced

by factors such as binder composition, watebinder raio, cement hydration, supplementary
cementitious material reactions, temperature, and pore solution alkalinity (Florea and Brouwers,
2012; Jasielec et al., 2020).The type of salt significantly impacts concrete deterioration (Pruckner
and Gjgrv, 2004). Fanstance, calcium chloride (CaCl2) reacts with portlandite to form calcium
oxychloride, causing leaching of portlandite, pH reduction, and steel corrosion (Pruckner and
Gjarv, 2004; Reiterman and Keppert, 2020; Xu et al., 2011). Magnesium chloride (MgCI2)
exposure produces secondary phases, such as brucite, magsibsateh y d r at e, and Fr
salt, leading to cracking and mechanical degradation. Unlike CaCl2, which lowers pore solution

pH and destabilizes concrete, NaCl maintains high alkalinityandims Fr i edel 6s s al
chloride ions and reducing their free concentration (Jasielec et al., 2020), and this delays steel de
passivation and corrosion, making NaCl less harmful to concrete durability. Although extensive
research has been conductedcbioride transport within concrete., Florea and Brouwers,
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2012; Jasielec et al., 2020), comparatively little attention has been given to the diffusion of iodide.

In this study, potassium iodide (KI) was utilized as a representative tradéa®@y as the TXM

met hod relies on Fickds second | aw and pri mar
accounting for the effects of chloride binding or the chemical interactions occurring within the
cement matrix (Jasielec et al., 2020). Kl wagdias a tracer for NaCl in this study due to its
chemical stability and comparable diffusion behavior to chloride ions (Moradllo and Ley, 2017a,
2017b) . Since both i odi de cr ) and chloride
physicochemical propees, iodide serves as a reliable proxy for studying chloride movement in
concrete (Jin et al., 2024). Unlike chloride, iodide exhibits limited chemical interaction in the
alkaline environment of concrete, producing only a small amount of secondary compsurid

as 3Ca0-Al203-Cal2-8H20, when exposed to unhydrated cement phases like C3A (Jin et al.,
2024). Due to its lower reactivity, iodide has minimal impact on the cement microstructure during
testing, making it a suitable alternative to chloride for @atihg diffusion kinetics in cement

based materials, as suggested by previous studies (Jin et al., 2024, 2022a, 2022b; Liu et al., 2022).

The novelty of this study lies in its systematic investigation of the effectd afyi€les on chloride
ingress in coarete while submerged in seawater using TXM, which has not previously reported
in the literature. The primary objective of this study is to comprehend the mechanisms of concrete
damage caused by the combined effects of theycle and seawater, and thiempact on chloride
ingress in concrete. Two types of-aimtrained concrete were cast for the study: conventional
concrete and fibereinforced concrete. Various mechanical, performance metrics, and durability
parameter assessments, including compressiemgth, flexural strength, UPV, SR, ML, and
RDME, were carried out to assess the damage in both types of concrete for different curing
duration due to H exposure in seawater. Additionally, TXM was used to examine the change in
the Dc value for both gups of concrete resulting from the combined effects-@fdycles and
seawater.

3.3 Experimental design

3.3.1Materials and mix design

Two groups of akentrained concrete were created in this study: Group A is a conventional
concrete and Group B is a fibeeinforced concrete. The mix design followed the volumetric
standard outlined in the American Concrete Institute (ACI) 221, with a wateto-cementitious
materials (w/cm) ratio of 0.4 which is similar to Rahat et el., (2025). The cementitious eateria
used were Type I/ll ordinary Portland cement, possessing a specific gravity oT8hl&.3 1
provides the chemical compositions of the cement used.

Table 3 1 Chemical compositions of cement

Component  CaO SiOz Al203 FeOs SGs MgO NaO

Content (%) 62.8 20.8 4.7 3.6 4.1 1.9 0.5
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For the aggregates, natural silica sand with a fineness modulus of 2.6 was utilized as the fine
aggregate (FA), and crushed limestone with a maximum size of 19 mm served as the coarse
aggregate (CA). Before mixing, the aggregates were-dvied and allowe to cool to room
temperature. The required amount of water was added to the mix to adjust the moisture content to
account for their absorption capacity, ensuring the aggregates reached a saturated surface dry
(SSD) condition. During the mixing processc@mmercially available AEA was added to both
concrete groups at a dosage of 46 mL per 100 kg of cement. PVA fibers, measuring 12.5 mm in
length and 100 microns in diameter, were incorporated into theréi@orced concrete at a
content of 0.4 % of theotal volume. To achieve a uniform mixture of PVA filseinforced
concrete, the FA was first blended thoroughly with the fibers prior to its addition into the concrete
mixer. The air content of the freshly mixed concrete was determined using the volunettroci

outlined in ASTM C173 for both concrete groups. The hardenedoalr system was further
evaluated foll owing ASTM C457, as reported by
more refined auvoid distribution and enhanced freetaw resisince. The results ihable 3 4

indicate that Group A exhibited a lower spacing factor, higher specific surface, and greater void
frequency than GrouB, reinforcing its superior durabilityflable 3 2 andTable 3 3 provide the

physical properties of aggregates, amxture proportions for both groups of concrete
correspondingly.

Table 3 2 Physical properties of coarse aggtegand fine aggregate

Physical property Fine aggregate Coarse aggregate

Specific gravity 2.61 2.72
Moisture content (%) 0 0
Absorption (%) 1.1 1.1

Table 3 3 Concrete mix design

Groups Cement FA CA Water wi/c PVA Fresh Air
(kg/m3)  (kg/m3)  (kg/m3)  (kg/m?3) Fibers Content
(kg/m?) (%)
GA-14d 541.4 628.6 914.2 227.9 0.4 0 55
GB-14d 541.4 618.0 914.2 227.9 0.4 5.2 4.6
GA-70d 541.4 628.6 914.2 227.9 0.4 0 5.7
GB-70d 541.4 618.0 914.2 227.9 0.4 5.2 4.9

Table 3 4 Hardened aivoid system data for concrete specimens

A (%) n (mm' %) p/A H mm) U(mm? 0 (mm)
Group A 4.3 0.239 7.636 0.182 22 0.07
Group B 4.0 0.202 8.333 0.198 20 0.08

*Note: here A = air contentp/A = pasteair ratio, o= average chord length,= void frequencylJ= specific surface,
and 0 = spacing factor
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Samples were created for experimental evaluation, consisting of 24 beam prisms with dimensions
of 400 mmby 100 mm by 75 mm and 24 cylinders with a diameter of 75 mm and a height of 150
mm. These samples were metsired for different periods (14 days and 70 days) in a fog room.
Samples are divided into subgroups:-SW-14d and GASW-70d for Group A specimercaured

for 14 and 70 days, respectively, and-SB/14d and GBSW-70d for Group B specimens cured

for 14 and 70 days, respectively.

3.3.2Preparation of seawater

This study utilized simulated seawater prepared according to ASTM D1141 forTtheydte
exposire. The seawater was created using two stock solutions: Stock No. 1 and Stock No. 2. The
chemical composition for preparing the stock solutions is provid&dbie 3 5. Deionized water

was used to prepare the stock solutions. To create a 10 L substitute seawater solution, 245.34 g o
sodium chloride and 40.94 g of anhydrous sodium sulfate were dissolved in 9.5 L deionized water.
Then, 200 mL of Stockolution No. 1 was added with vigorous stirring, followed by 100 mL of
Stock Solution No. 2 to prepare the solution. The final volume was adjusted to 10 L by dilution.
A pH of 8.2 was achieved using a pH meter (APERA PH400S), with a few milliliters &f 0.1
sodium hydroxide solution.

Table 3 5. Chemical composition of seawater and stock solutions

Stock no. 1
Component gL't
MgCl..6H,0 556.6
CaCb 57.9
SrCh.6H0 2.1
Stock no. 2
Component gL't
KCI 69.5
NaHCG 20.1
KBr 10
H3BOs3 2.7
NaF 0.3
Seawater solution
Component gL't
NacCl 24.5
NaSQO 4.1

3.3.3Testing procedures

In this study, both groups of concrete specimens were subjecteeitty @nd 14day curing in a
moisture curing room. After the curing period, the samples underw&nty€les in seawater
environments, following the specifications outlined in ASTM C66&cPdure A. Before initiating

the FT cycles, a comprehensive assessment of both sets of concrete specimens was conducted to
determine their compressive strength, flexural strength, UPV, RDME, ML, and SR following
ASTM and AASHTO standards. Following thithe specimens were placed in water tanks
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containing seawater inside an environmental chamber and subjected {0 tyelEs. During this
study, the duration of one-F cycle was 4.5 hours. In a freezing half cycle, the temperature
dropped rapidly from 44 to i 18°C within one hour and remained constartl&°C for two
hours. Subsequently, in the thawing half cycle, the temperature increased &@ro 4.4°C in
thirty minutes and remained stable at 4.4°C for one hour. The combination of these twyolbalf
constituted a single-F cycle.

After every 28 to 36 H cycles, all the specimens from both groups were removed from the
environmental chamber. The surface water was wiped off, and then the mass, resonant frequency,
UPV, and SR were measured imtlorder. Equations (1) and (2) were subsequently employed to
calculate the ML and RDME, respectively. It is important to highlight that the RDME value
represents the speciméaisirability factor (DF). The ML percentage is:

o a a

wheremp refers to the mass of the specimens atD ¢ycles,m, represents the mass of the
specimens after F-T cycles, and/O is the percentage of the ML of the concrete specimens after
N FT cycles.The RDME is:

. & 2)
Y —

wheren, is the fundamental transverse frequency of the specimens-atdyétes,n. represents
the fundamental transverse frequency of theispats aftec F-T cycles, andP. is the RDME of
the concrete specimens aftdf-T cycles.

Following numerous H cycles that led to the failure of specific specimens, the specimens were
removed from the environmental chamber. Following ASTM and AASHT@datas, the
specimens were comprehensively evaluated to determine their compressive strength (ASTM C39),
flexural strength (ASTM C293), longitudinal UPV (ASTM C597), SR (AASHTO T358) from all
four sides of beam prisms, and fundamental transverse freq(&8TW C215).

3.3.4TXM procedure

A customdeveloped TXM system quantified Dc in concrete samples from both groups across all
curing durations before and aftefTFcycles. This system was constructed following the design
from other researchers (Behravan et al., 2021, 2023; Ley et al;, K02&dllo and Ley, 2017a,
2017b; Moradllo et al., 201 7igure 3 1 shows the schematic of the system (Rahat et al., 2024b).
Images were taken in aw@sistent orientation to track the gray value changestioner The xray
exposure time was 0.25 s.

Table 3 6 shows the details of the-pay source
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Figure 3 1 Schematic illustration of the TXM system.

Table 3 6 X-ray source details

Sensor resolution (line pairs per mm) 33.78
Pixel size (. 19
Voltage (keV) 65
Current (¢A) 7000
Exposure time (S) 0.25

In the TXM experimental procedure, 19 mm diameter concrete cores were extracted from all
specimen groups before and after being subjectedtoy€les. The two cores were obtained from

the top and bottom surfaces of the beam mwiwm each group of concrete samples, sealed with
hydrophobic wax on the sides and bottoms, and left uncoated on the top surface to facilitate 1D
diffusion. The study assessed concrete samples that had been cured for 70 days and exposed to up
to 500 FT cycles, as well as those cured for 14 days and subjected to a maximum ofT375 F
cycles due to surface scaling resulting from the cycles. A 0.6 M potassium iodide (KI) solution
was utilized to improve the differentiation between the tracer and the specintErexamination

in concrete. Xray imaging was employed to record the penetration of iodide ions into the concrete
structure. The diffusion coefficient of iodide surpasses chloride by 24 %, serving as a robust
standard for evaluating the diffusion praes of chloride ions in concrete (Behravan et al., 2023,
2021; Moradllo and Ley, 2017a).

In this study, all core samples underwent an initial scanning to create reference images. The
samples were then ponded in the Kl solution arscesned after 3 day14 days, and 28 days,
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allowing for a direct comparison with the reference image. By subtracting the reference image,
changes in gray values were evaluated. Additionally, a reference image was captured after the
cycles for specimens exposed tel Feycles mirroring the other samplésubsequent process.

Using a software program, therdy images obtained at 3 days, 14 days, and 28 days for each
specimen were aligned with their respective reference images through local adjustments, such as
shifts and rotabns. The subtracted image in Fig. 2 indicates the depth of iodide penetration in the
sample after 3 days in the Kl solution. To determine the average gray values at different depths in
each sample, a region approximately 7.4 mm wide was identified, a shd-igure 3 1, to
minimize cupping arfacts. Each line in the grayscale value corresponds to a specific depth, and
the final grayvalue profile was derived by averaging the values from 280 individual lines.
Behravan et al., (2023) recommended usingays from various angles to estimate the Dc for
concrete specimens and suggested presenting the findings as the mean Dc. The irreduleities o
aggregates may affect therXy analysis of concrete due to their uneven nature. Therefasg;sX

were captured at angles of 0°, 60°, 120°, and 180° for each sample to determine the apparent Dc.

0 Day 3 Days Subtracted Image

280 lines J e

Figure 3 2 Subtraction of radiographs within a specified area of interest

The apparent Pis determined using regression and is based on a solution obtained fram Fick
second law of diffusion, which is employed in ASTM C1556. The solution for the 1D diffusion
probdem is defined in Equation 3, whexegepresents the distance from the sample surtags,

the surface iodide concentrati@@jy ) is the iodide concentration at a depfinom the surface after
timet, anderf denotes the Gaussian erfonction.

o 3)
0r O p Qi @@=
¢ Oo

3.4 Results anddiscussion

3.4.1UPV results

UPV tests were conducted in this study to assess the uniformity and relative quality of concrete
due to FT cycles in seawater. Group A consistently exhibited higher UPV values throughout the
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F-T cycles than Group B, as shown kigure 3 3 After 70 days of curing, both groups
demonstrated better resistance to 100D d¢ycles, with GASW-70d showing a 13 % reduction

and GBSW-70d a 19 % reduction in UPkésults. In contrast, samples cured for 14 days showed

a significant reduction in UPV, with GBW-14d experiencing a 30 % decrease andS¥iB14d

a 44 % decrease after 30d0rFeycles. However, samples cured for 70 days{&#70d and GB
SW-70d) only expeenced a 6 % and 10 % reduction, respectively, after the same numbér of F
cycles. The lower air content across all Group B samples than Group A suggests that PVA fibers
may not have significantly mitigated the effects of [Eycles. Furthermore, this iradites that a

more extended curing period enhances resistancd toyEles.

However, it was found by Rahat et al., (2025) that when subjected to 100y dtes in plain

water under the same mix design andda9 curing period, Group A samples exhibite@ &b
reduction and Group B showed a 10 % reduction. In contrast, after-BGfy¢les, 14day cured
samples from Group A showed a 29 % reduction, and Group B showed a 33 % reduction, while
70-day cured samples experienced only a 5 % and 5 % reduction¢treslye These results
emphasize the greater impact of seawater compared to plain water diricyrles.

The data indicates a statistical difference between the&s®A0d sample and the GBW-14d

and GBSW-14d samples after 300 Fcycles at asignificance level of 0.05. However, there is

not enough evidence to conclude that the difference in percent change in UPV is statistically
significant at the 0.05 significance level when comparing theS®A14d and GBSW-14d
samples after 300-F cycles.Similarly, when comparing the GAW-70d samples with GEBW-

70d samples at 300 and 1000 cycles -df testing, there is insufficient evidence to support the
conclusion that the difference in percent change in UPV is statistically significant at the 0.05
significance levelTable 3 7 presents UPV (m'$ data for different replicates before and after F

T cycles for both groups of concrete samples cured for 70 days and 14 days.
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Figure 3 3 Change of UPV value over-F cycles in seawater for different curing periods
error bars represent one standard deviation
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Table 3 7 UPV (m $Y) data of concrete replicates for both groups of concrete

70 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3  Average STD
0 4590 4690 4570 4620 52 4560 4410 4560 4510 71
36 4560 4660 4520 4580 59 4500 4380 4500 4460 57
72 4530 4640 4480 4550 67 4450 4340 4450 4410 52

100 4510 4610 4430 4520 74 4390 4310 4390 4360 38
136 4480 4580 4390 4480 78 4340 4270 4340 4310 33
172 4450 4550 4340 4450 86 4290 4240 4290 4270 24
200 4430 4530 4300 4420 94 4240 4200 4240 4220 19
236 4370 4470 4220 4350 103 4090 4180 4100 4140 40
272 4350 4440 4170 4320 112 4090 4100 4090 4100 5

300 4350 4440 4170 4320 112 4090 4100 4090 4100 5

425 4320 4420 4130 4290 120 4040 4070 4040 4060 14
550 4270 4370 4050 4230 134 3940 4010 3940 3980 33
675 4100 4200 4090 4130 50 3880 3760 3880 3820 57
800 4320 4410 4300 4340 48 3970 3850 3970 3910 57
1000 3980 4070 3960 4000 48 3690 3570 3690 3630 57

14 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3 Average STD
0 4370 4400 4330 4370 29 4290 4250 4190 4240 41
36 4280 4200 4220 4230 34 4260 4240 4140 4210 52
72 4090 4140 4200 4140 45 4200 4180 4020 4130 81

100 3940 3970 3820 3910 65 3920 4000 3810 3910 78
136 3900 3820 3840 3850 34 3820 3490 3560 3620 142
172 3740 3580 3940 3750 147 3470 3320 3420 3400 62
200 3730 3450 3830 3670 161 3190 3200 3270 3220 36
236 3530 3380 3800 3570 174 2860 2730 2890 2830 69
272 3020 3270 3350 3210 141 2580 2460 2610 2550 65
300 2950 3090 3130 3060 77 2370 2260 2410 2350 63

*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2Ramdicate 3; STD stands for standard deviation

3.4.2SR results

SR tests were conducted in this study to assess concrete resistance against chloride ingress and the
probability of corrosion due to-F cycles in seawater. IRigure 3 4, the SR values faall the

concrete sample groups drastically change ové&rdycles. After being subjected to 1000TF

cycles, GASW-70d displayed a 57 % reduction, and-SB/-70d showed a 6% reduction in SR

results. For samples subjected to add4 curing period, theneas a significant reduction in SR

results, with GASW-14d experiencing a 52 % decrease andS¥B14d showing a 62 % decrease

after 300 FT cycles. In contrast, samples cured for 70 days-8%70d and GBSW-70d) only
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experienced a 33 % and 29 % decreat #ie same number of Fcycles, implying that a more
extended curing period improves resistance-fodycles.

Rahat et al. (2025) found that, with the same mix design and curing periddy-tdred samples
immersed in plain water showed reduction§Dbf6 in Group A and 52 % in Group B after 360 F

T cycles, while 7&day-cured samples showed significantly lower reductions of 17 % and 27 %,
respectively. For 1000-F cycles, Groups A and B experienced 46 % and 53 % reductions,
respectively.

The reducthn in SR is primarily attributed to the combined effects of seawater exposureTand F
cycles. Chloride ions from seawater infiltrate the concrete and intensify microcracking (Ma et al.,
2023), scaling, and corrosion. It is likely true that these effecsease permeability and
potentially reduce resistivity. The more significant SR decline in seawapased samples
highlights the amplified damage caused by chloride ingress dufingy€les, emphasizing the
need for enhanced durability strategies instalastructures. The results suggest that PVA fibers
may not significantly mitigate-ff cycle effects.

The data indicate a statistical difference when comparing th& WA 0d sample with GAAW-

14d and GBSW-14d samples after 308 Fcycles at a signifiaezce level of 0.05. However, there

is insufficient evidence to conclude that the difference in percent change in SR is statistically
significant at the 0.05 significance level when comparing theS®A14d and GBSW-14d
samples after 300-F cycles. Similag, when comparing the GAW-70d samples with GEBW-

70d samples at 300 and 1000 cycles -df testing, there is insufficient evidence to support the
conclusion that the difference in percent change in SR is statistically significant at the 0.05
significancelevel. Table 38p r e s e n t-em) &R fo( dkfeyent replicas before and after F

T cycles for both groups of concrete samples cured for 70 days and 14 days.
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Table 38A v e r a g e-cng RRom(fokirgide measurements of concrete replicates for both

groups
70 days curing period
Group A Group B
F-T cycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 240 255 258 25.1 08 242 239 235 23.9 0.3

36 229 236 232 23.2 03 227 220 221 22.3 0.3
72 219 218 221 21.9 0.1 220 20.1 20.8 20.9 0.8
100 205 211 215 21.0 04 219 20.0 20.7 20.9 0.8
136 209 20.0 214 20.8 06 20.0 19.0 19.2 194 0.1
172 21.0 20.0 20.9 20.6 05 199 183 1838 19.0 0.3
200 19.8 18.7 194 19.3 05 179 170 17.1 17.4 0.1
236 185 184 19.1 18.7 0.3 169 170 17.1 17.0 0.1
272 17.3 17.0 17.7 17.4 0.3 170 170 17.0 17.0 0.0
300 17.1 17.1 16.7 17.0 0.2 16.8 165 17.0 16.8 0.3
425 175 16.2 15.0 16.2 1.0 165 157 16.1 16.1 0.2
550 158 155 154 15.6 0.2 16.3 145 156 154 0.5
675 146 142 135 14.1 04 151 13.0 136 13.9 0.3
800 109 112 121 11.4 05 119 105 113 11.3 0.4
1000 11.6 109 10.0 10.8 0.7 95 92 85 9.1 0.4
14 days curing period

Group A Group B
F-Tcycle RI1 R2 R3 Average STD R1 R2 R3 Average STD
0 150 142 149 14.7 04 138 135 15.0 14.1 0.6
36 12.0 129 127 12.5 04 127 123 119 12.3 0.3

72 124 10.2 11.9 11.5 0.9 96 109 10.7 104 0.6
100 7.9 8.2 8.2 8.1 0.1 7.8 7.7 7.4 7.6 0.2
136 7.8 7.7 8.0 7.8 0.1 6.8 6.7 6.4 6.6 0.2
172 7.8 7.7 8.0 7.8 0.1 6.8 6.7 6.4 6.6 0.2
200 7.8 7.3 7.7 7.6 0.2 6.8 6.7 6.4 6.6 0.2
236 7.0 7.4 7.0 7.1 0.2 6.3 54 53 5.7 0.4
272 6.9 7.1 7.1 7.0 0.1 6.2 5.3 5.2 5.6 0.4
300 6.9 7.2 6.7 6.9 0.2 6.1 5.2 51 55 0.4
*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2, and Replicate 3; STD stands for standard deviation

3.4.3ML and RDME results

Figure 3 5(a) and (b) illustrate the changes in ML and RDME for concrete samples from Groups
A and B, subjected to-F cycles in seawater after 140 days of curing. The deterioration
level of the oncrete is related to change in both ML and RDME, specifically RDME can give us
the idea of severity of internal damage. In Fig. 5(a), after 160@¥<cles, 76day cured samples
from Group A showed an ML of 2.5 %, while Group B had a slightly higher M3.®%6.
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On the other hand, iday cured samples subjected to 360 &ycles exhibited higher ML values,
with Group A losing 3.0 % of its mass and Group B losing 5.5 %. After 3D@¥cles, the 70
day cured samples from Group A had an ML of 0.5 %, andu® had an ML of 0.5 %,
underscoring the impact of curing duration oifl Fesistance.

However, Rahat et al. (2025) found thaT Eycles in plain water led to better performance than
seawater, with Group A and Group B showing ML values of 1.4 % and &fi€#d.000 FT cycles

for 70-day cured samples. The-tldy cured samples had higher ML values, with Group A at 1.0
% and Group B at 3.2 %, compared to 0.5 % for both groups afey’6uring.

Fig 5(b) shows that after 1000TFcycles, 76day cured saniges from Group A had an RDME of
95 %, while Group B had 91 %. The-tldy cured samples subjected to 360 Eycles showed
lower RDME values, with Group A at 69 % and Group B at 55 %. In contrast, afterBa@Qdes,

the 70day cured samples had RDME veduof 96 % and 95 % for Groups A and B, respectively,
emphasizing the importance of extended curing for enhandeck§istance.

However, Rahat et al. (2025) found that Eycles in plain water resulted in higher RDME values
compared to seawater, with@ip A and Group B showing RDME values of 95 % and 95 %,
respectively, after 1000-F cycles. For 14lay cured samples, RDME values were 73 % for Group
A and 65 % for Group B, while #@ay cured samples showed improved values of 98 % for Group
A and 96 % fo Group B.

According to ASTM C666 Procedure A, testing continues until each specimen undergoes 300
cycles or its RDME falls to 60 % of the initial modulus. In this studyday cured samples were

close to the threshold value; Group B samples exceedegDtke threshold. Group A showed
better resistance to-F cycles than Group B. The prolonged curing improvdsrEsistance. The

lower RDME values observed in this study demonstrate that seawater exacerbates concrete
degradation during-f cycles more thanlgin water. This heightened impact is attributed to the
salts in seawater, which amplify internal stresses through crystallization pressure and osmotic
effects, accelerating microcracking and material deterioration (Guo et al., 2024). These findings
highlight the pivotal influence of curing duration and environmental conditions on cdscrete
resistance to H damage, emphasizing the need for tailored strategies to mitigate combined
seawater and-F effects.

After 300 FT cycles, a statistically significawlifference in ML and RDME was observed at a
significance level of 0.05 when comparing the-S@/-70d sample with the G&SW-14d and GB
SW-14d samples. However, there was no statistically significant difference between-B&/GA
14d and GBSW-14d samples afte800 FT cycles or between the GBW-70d and GBSW-70d
samples after 300 and 1000 cycles for both ML and RDME.

Table 3 9 presents mass (kg) values different replicates before and afteif Feycles for both

groups of concrete samples cured for 70 days and 14 days. Sinilablg, 3 10 displays the

fundamental transverse frequency (Hz) values before and aftecyEles for both groups of
concretesamples following 70 days and 14 days curing periods.
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Figure 3 5 Change of (a) mass and (b) RDME value ovar éycles in seawater for differer
curing periods, error bars represent one standard deviation
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Table 3 9 Mass (kg) data of concrete replicates for both groups of concrete

70 days curing period
Group A Group B

F-T cycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 7.712 7.613 7.410 7.578 0.126 7.557 7.421 7.463 7.480 0.057
36 7.696 7.605 7.398 7.566 0.125 7.539 7.406 7.438 7.461 0.057
72 7.695 7.604 7.397 7.565 0.125 7.538 7.405 7.437 7.460 0.057
100 7.695 7.604 7.397 7.565 0.125 7.538 7.405 7.437 7.460 0.057
136 7.693 7.602 7.396 7.564 0.124 7.535 7.403 7.436 7.458 0.056
172 7.693 7.602 7.396 7.564 0.124 7.535 7.403 7.436 7.458 0.056
200 7.691 7.601 7.395 7562 0.124 7.533 7.402 7.433 7.456 0.056
236 7.690 7.601 7.394 7562 0.124 7.532 7.400 7.433 7.455 0.056
272 7.690 7.600 7.393 7.561 0.124 7.531 7.400 7.432 7.454 0.056
300 7.690 7.600 7.393 7.561 0.124 7.531 7.400 7.432 7.454 0.056
425 7.680 7.590 7.393 7.554 0.120 7.527 7.380 7.425 7.444 0.061
550 7.660 7.550 7.360 7.523 0.124 7.500 7.340 7.400 7.413 0.066
675 7.580 7.480 7.300 7.453 0.116 7.410 7.250 7.300 7.320 0.067
800 7.520 7.450 7.270 7.413 0.105 7.350 7.200 7.270 7.273 0.061
1000 7.490 7.420 7.240 7.383 0.105 7.290 7.170 7.210 7.223 0.050

14 days curing period

Group A Group B
F-Tcycle RI1 R2 R3 Average STD R1 R2 R3 Average STD
0 6.568 6.670 6.732 6.657 0.068 7.045 6.950 7.092 7.029 0.059

36 6.565 6.640 6.714 6.640 0.061 7.028 6.930 7.072 7.010 0.059
72 6.565 6.640 6.714 6.640 0.061 7.028 6.935 7.070 7.011 0.056
100 6.515 6.610 6.680 6.602 0.068 6.960 6.882 6.905 6.916 0.033
136 6.510 6.591 6.659 6.587 0.061 6.899 6.821 6.871 6.864 0.032
172 6.489 6.591 6.648 6.576 0.066 6.861 6.789 6.810 6.820 0.030
200 6.452 6.548 6.611 6.537 0.065 6.810 6.719 6.735 6.755 0.040
236 6.405 6.541 6.591 6.512 0.079 6.752 6.649 6.711 6.704 0.042
272 6.355 6.510 6.549 6.471 0.084 6.682 6.611 6.668 6.654 0.031
300 6.349 6.492 6.545 6.462 0.083 6.678 6.585 6.662 6.642 0.041

*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2, and Replicate 3; STD stands for standard deviation
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Table 3 10 Fundamental transverse frequency (Hz) data of concrete replicates for both groups of
concrete

70 days curing period

Group A Group B
F-T cycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 2340 2380 2230 2320 63 2290 2260 2280 2280 12
36 2320 2390 2220 2310 70 2280 2240 2270 2260 17
72 2320 2380 2220 2310 66 2280 2240 2260 2260 16

100 2320 2380 2220 2310 66 2280 2240 2260 2260 16
136 2320 2380 2210 2300 70 2280 2240 2260 2260 16
172 2310 2370 2210 2300 66 2280 2230 2260 2260 21

200 2300 2360 2210 2290 62 2270 2220 2250 2250 21
236 2300 2360 2200 2290 66 2260 2220 2250 2240 17
272 2300 2360 2200 2290 66 2260 2220 2250 2240 17
300 2290 2330 2190 2270 59 2260 2220 2230 2240 17
425 2290 2320 2190 2270 56 2250 2210 2230 2230 16
550 2290 2320 2190 2270 56 2250 2210 2230 2230 16
675 2280 2320 2180 2260 59 2240 2200 2210 2220 17
800 2310 2350 2200 2290 63 2220 2210 2200 2210 8

1000 2230 2320 2200 2250 51 2200 2190 2200 2200 5
14 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3  Average STD
0 2330 2340 2310 2330 12 2400 2400 2420 2410 9

36 2200 2200 2240 2210 19 2320 2320 2340 2330 9
72 2200 2180 2200 2190 9 2300 2320 2320 2310 9
100 2180 2170 2170 2170 5 2280 2290 2300 2290 8
136 2180 2170 2170 2170 5 2280 2290 2300 2290 8
172 2130 2140 2180 2150 22 2260 2230 2230 2240 14
200 2110 2120 2140 2120 12 2120 2220 2130 2180 45
236 2070 2080 2150 2100 36 2080 2170 2020 2100 75
272 1920 1930 1990 1950 31 1900 1990 1840 1920 75
300 1830 1850 1910 1860 34 1780 1860 1720 1790 70

*Note: R1, R2, and R3 stand for Replicate 1, Replicate 2, and Replicate 3; STD stands for standard deviation

3.4.4Strength testing results

Figure 3 6(a) and (b) depict the results for the compressive strength and modulus of rupture of
various concrete samples at different stages: befdredfter 300 FT cycles (for 14day cured
samples)and after 1000 H cycles (for 76day cured samples) in seawater.

After 7 days of curing, Group A exhibited a compressive strength of 2832 While Group B had
a compressive strength of 30.68 Additionally, the modulus of rupture values for Groupnél a
Group B were 8.35 lga and 9.45 Ma, respectively. Group & samples showed lower
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compressive strength and rupture modulus than GraéeiplBe difference in strength is attributed
to Group Bs reinforcement with PVA fiber.

Over the 7 days, 14 days, 28/daand 70 days of curing, the compressive strength and modulus
of rupture for all samples consistently increased. Group A samples continued to show lower
strength and modulus of rupture compared to Group B, a trend attributed to the reinforcement of
GroupB with PVA fiber.

Following 300 FT cycles in seawater, both Group A and Group B samples, cured for 14 days,
displayed noticeable differences. Group B showed the lowest percentage change in compressive
strength (14 %) and modulus of rupture (21 %), w@iteup A exhibited the highest percentage
change in both compressive strength (18 %) and modulus of rupture (25 %). Conversely, after
being cured for 70 days, the samples were subjected to XT060yEles in seawater; Group B
showed the lowest percentageanhe in compressive strength (5 %) and modulus of rupture (8
%), while Group A exhibited the highest percentage change in both compressive strength (5 %)
and modulus of rupture (10 %). These data clearly show that extending the curing period
significantlyenhances seawaferresistance to-F cycles. However, the mechanical properties do

not substantially improve when PVA fibers are included aganist¥cles in seawater. It should

be noted that an improved aoid system in Group A helps to enhance tasise against-H

cycles in seawater. When comparing these results with a previous study by Rahat et al. (2025) on
F-T cycles in plain water for the same concrete groups, it is apparentTheydtes in seawater

exert a more severe impact on cona@seteechanical strength than plain water conditions.

An unpaired, twetailed ttest was conducted on the-ddy cured samples following 30GTF

cycles and the #@ay cured samples following 1000TFcycles, and the findings suggested
insufficient evidence to &sblish a statistically significant variance in the compressive strength
and modulus of rupture values between Group A and Group B at a significance level of 0.05 after
1000 FT cycles for 70 days of cured samples. For 300 €ycles, the findings suggedte
insufficient evidence to establish a statistically significant variance in the compressive strength
values between Group A and Group B at a significance level of 0.05. However, there is a
statistically significant difference in modulus of rupture valbesveen Group A and Group B

after 300 FT cycles for 14 days of cured samples.
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Figure 3 6 (a) Compressive strength, and (b) modulus of rupture of different concrete g
for different curing periods befoand after FT cycles in seawater.

3.4.5Time-dependent @ and concentration profile
Figure 3 7 shows the concentration profiles angMalues for the concrete samples in Groups A
and B after 3, 14, and 28 days of ponding, prior to exposureltoy€les in seawater.
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Figure 3 7 Concentration profiles for the following concrete samples before undergding

cycles: (a) GASW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GESW-14d.

As depicted irFigure 3 7, the Group A concrete samples consistently exhibited lowsaDes
than Group B before experiencingTFcycles in seawater, regardless of thed@9 or 14day
curing period. Table 11 shows the averagedues for GASW-70d, GBSW-70d, GASW-14d,
and GBSW-14d samples after 3 days, 14 days, and 28 days of ponelioge FT cycles.
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Table 3 11 Average R (x 102 m? s'Y) values for concrete samples befor& Eycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S$S2 S$1 S22 S1 S22 S1 S22 S1 S2 S1 S2
0 0.93 0.89 0.22 0.38 0.30 0.45 0.28 0.98 0.41 0.19 0.29 0.42
60 0.80 0.80 0.85 0.23 0.31 0.22 0.81 097 0.09 0.66 0.35 0.37
120 0.32 0.67 0.30 0.30 0.30 0.40 0.70 0.87 0.99 0.87 0.32 0.56
180 0.53 050 0.31 0.20 0.20 0.22 0.50 0.86 0.28 0.28 0.29 0.45
Average 0.68 0.35 0.30 0.75 0.47 0.38
STD 0.20 0.20 0.08 0.23 0.31 0.09
GA-SW-14d GB-SW-14d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S22 S$S1 S2 S$S1 S2 S1 S2 S1 S22 S1 S2
0 276 476 129 055 035 052 270 397 082 0.8 0.54 0.82
60 243 245 0.68 0.20 0.25 0.32 3.80 3.11 0.25 0.86 0.29 0.25
120 254 344 0.70 0.80 045 0.62 555 533 064 0.86 0.49 0.68
180 243 498 0.84 055 0.60 053 422 261 077 0.71 0.70 0.51
Average 3.22 0.70 0.46 3.91 0.72 0.54
STD 1.00 0.29 0.13 1.04 0.19 0.18

*Note: S-1 and $2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

Extended curing periods result in loweg {alues, reflecting enhanced resistance to chloride

ingress due to a denser and more compact matrix, reduced porosity, and permeability from a higher
degree of hydration. However, including PVA fibers did not significantly improve resistance to

chloride imgress, as PVA fibereinforced samples demonstrated highes \alues than
conventional concrete for each curing condition. For thal&@8 ponding period, the iodide

concentration reached its peakné of 3.9 % in GASW-70d and 4.0 % in GEBW-70d within
surface

the surface

contrast, the iodide concentration peaked at 5.2 % w88BA14d and 5.7 % in GEBW-14d within

&X .

Figure 3 8 displays the average concentration profiles angdues for the concrete samples in
Groups A and B following 3 days, 14 days, and 28 days of ponding after-T28y€les in
seawater. Table-32 shows the average: Balues for GASW-70d, GBSW-70d, GASW-14d,

|l ayers

just bel

ow

t he

and GBSW-14d samples after 3 days, 14 days, and 28 days of ponding aftefT1@fcles.
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Table 3 12 Average Dc (XLO*? m? s'Y) values for concrete samples after 125 Eycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S$S2 S$1 S22 S1 S22 S1 S22 S1 S2 S1 S2
0 1.16 198 0.72 0.29 032 030 1.21 1.63 0.46 0.20 0.28 0.83
60 0.13 0.82 0.39 0.22 0.37 025 241 180 0.65 0.70 0.44 0.41
120 0.76 1.02 0.36 0.25 0.20 053 0.90 159 0.43 0.83 0.27 0.56
180 221 053 0.23 041 044 0.21 135 1.79 037 035 0.24 0.25
Average 1.08 0.36 0.33 1.59 0.50 0.41
STD 0.66 0.15 0.11 0.42 0.20 0.19
GA-SW-14d GB-SW-14d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S22 S$S1 S2 S$S1 S2 S1 S2 S1 S22 S1 S2
0 4,11 413 0.69 1.02 045 033 396 212 0.74 0.92 0.67 0.78
60 476 252 0.76 134 0.75 056 443 498 181 1.20 092 0.94
120 211 361 1.25 0.82 098 0.65 523 3.32 188 094 0.87 044
180 458 331 1.83 130 0.79 1.12 488 2.88 0.83 0.93 0.79 0.97
Average 3.64 1.13 0.70 3.98 1.16 0.80
STD 0.89 0.36 0.25 1.04 0.42 0.16

*Note: S-1 and $2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

During the 28day pondingperiod after 125 H cycles in seawater,nfaxis 4.0 % in GASW-70d
and 4.53% in GBSW-7 0 d

Cmaxis 5.9 % in GASW-14d and 6.0 % in GBW-1 4 d

wi t hi

n

& X

f ol
W i

| owe d
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n
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gradual
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Figure 3 8 Concentration profiles for the following concrete samples after IRgyeles: (a)
GA-SW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GESW-14d.

Figure 3 9 depicts the average concentration profiles angdlues for the concrete samples in
Groups A and B after 250-F cycles in seawater. Tab& 13 shows the average: Balues for
GA-SW-70d, GBSW-70d, GASW-14d, and GBSW-14d samples after 3 days, 14 days, and 28
days of ponding after 250 F cycles.
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Table 3 13 Average R (x 102 m2 g%) values for concrete samples after 250 Eycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S$S2 S$1 S22 S1 S22 S1 S22 S1 S2 S1 S2
0 290 1.73 058 0.29 0.30 049 1.11 343 0.98 042 042 0.25
60 210 265 031 087 0.22 0.12 3.10 190 0.60 0.73 0.71 0.42
120 1.70 1.12 0.26 0.35 0.33 0.75 1.00 1.99 0.48 0.53 0.88 0.39
180 122 138 0.34 051 065 0.19 090 1.49 047 030 054 0.35
Average 1.85 0.44 0.38 1.87 0.56 0.50
STD 0.61 0.19 0.21 0.89 0.20 0.19
GA-SW-14d GB-SW-14d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S22 S$S1 S2 S$S1 S2 S1 S2 S1 S22 S1 S2
0 3.11 433 1.09 119 0.76 085 492 499 149 1.19 0.97 0.90
60 406 4.02 1.08 189 0.67 096 552 398 278 1.89 0.78 0.86
120 501 587 162 142 0.66 0.83 486 481 162 142 0.96 0.93
180 458 3.16 0.89 198 0.70 1.00 4.88 5.85 0.79 198 0.69 1.19
Average 4.27 1.40 0.80 4.98 1.65 0.91
STD 0.86 0.38 0.12 0.51 0.56 0.14

*Note: S-1 and $2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

After undergoing 250 H cycles in seawater,nfaxis 4.0 % in GASW-70d and 4.6 % in GEBW-
decrease

70d wi

in GA-SW-14d and 6.2 % in GBW-1 4 d

t hin aex, with a

gradual
wi t

hin

observ

gexay donding pegod.tithse 2 8
important to note that a smalbncentration peak is observed at a depth of 5.75 mm after the
gradual decrease frommgx in GB-SW-70d, and at a depth of 5.17 mm in &BV-14d. This
suggests that Group B experienced more damage afterP5ydles in seawater, likely resulting

to the ceation of microcracks at greater depths compared to Group A, which allows for the ingress
of iodide ions at greater depths.
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Figure 3 9 Concentration profiles for the following concrete samples after Zb@ycles: (a)
GA-SW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GESW-14d.

Figure 3 10 depicts the average concentration profiles apdalues for the concrete samples in
Groups A and B after 3 days, 14 days, and 28 days of ponding following-378y€les in
seawater. Tdb 3- 14 shows the average Balues for GASW-70d, GBSW-70d, GASW-14d,
and GBSW-14d samples after 3 days, 14 days, and 28 days of ponding aftefT3@¢cles.
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Table 3 14 AverageD. (x 10 > m2 1) values for concrete samples after 375 Eycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S$S2 S$1 S22 S1 S22 S1 S22 S1 S2 S1 S2
0 321 217 051 042 038 0.39 1.76 0.87 0.70 0.91 0.58 0.88
60 234 187 061 0.66 0.32 050 3.23 290 0.96 0.56 0.83 0.51
120 219 3.10 059 055 040 0.62 1.10 3.10 0.63 0.39 0.34 0.60
180 1.25 1.02 0.71 0.72 035 054 3.10 250 0.30 0.71 0.68 0.45
Average 2.14 0.60 0.44 2.32 0.64 0.61
STD 0.73 0.10 0.10 0.89 0.21 0.17
GA-SW-14d GB-SW-14d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S22 S$S1 S2 S$S1 S2 S1 S2 S1 S22 S1 S2
0 498 498 1.37 143 0.70 188 465 6.62 187 196 0.99 1.78
60 523 5.12 181 197 090 0.71 591 575 198 1.88 1.87 0.95
120 523 6.88 190 145 0.81 0.87 493 6.55 197 237 198 1.20
180 565 592 098 1.70 0.87 0.87 598 576 155 1.79 1.25 1.65
Average 5.50 1.58 0.95 5.77 1.92 1.46
STD 0.61 0.31 0.36 0.65 0.21 0.38

*Note: S-1 and $2 refer to Sample 1 arample 2, respectively; STD stands for standard deviation

During the 28day ponding period after 375Fcycles, Gaxis 4.0 % in GASW-70d and 5.0 %
g r aaslisiea |

iNGB-SW-70d within ex, foll

% in GA-SW-14d and 8.2 % in GBW-1 4 d

observations after 250 cycles. This suggests that microcracks are likely gradcrasing due

owed

wit hi
concentrations of iodide can be observed at greater depths in all concrete samples, similar to the

by a

n

to FT damage with extended cycles across all concrete samples.

It is important to note that the samples subjected to 3Tx¥cles experienced severe scaling,
which hindered further investigation ot Balues in extended-F cycles. The RDM data from

&X . cycldsf higher

decr
350

Section 3.3 indicates that the samples cured for 14 days were severely damaged aff&€r 300 F

cycles. The Pvalues align with the results of theTFexperiments, marking a significant increase
in both Group A and Group B samples after 375 ydiigher R values indicate faster ingress
of ions, which is detrimental to concrete. Further discussion on the changesaimdDhe

influencing factors will be presented in greater detail in Figud3
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Figure 3 10 Concantration profiles for the following concrete samples after 3-15dycles: (a)

GA-SW-70d, (b) GBSW-70d, (c) GASW-14d, and (d) GESW-14d.

Figure 3 11 displays the average concentration profiles apdalues for the concrete samples in
Groups A and B a&ér 3 days, 14 days, and 28 days of ponding following 500ckcles for 70
days of curing periods. Tab& 15 shows the average: Balues for GASW-70d, and GBSW-
70d samples after 3 days, 14 days, and 28 days of ponding afterToé{cles.

Table 3 15Average R (x 102 m2 %) values for concrete samples after 560 Eycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 S2 S$S1 S2 S$S1 S2 S1 S2 S1 S22 S1 S2
0 220 3.10 0.82 0.65 0.72 0.29 240 2.04 122 154 0.75 1.02
60 290 240 0.77 0.87 0.65 0.35 3.67 3.20 2.67 211 1.07 1.10
120 1.23 198 093 0.8 055 092 274 120 154 1.12 098 1.12
180 0.97 290 0.71 0.88 0.43 0.44 197 244 0.97 253 1.01 0.87
Average 2.21 0.81 0.54 2.46 1.71 0.99
STD 0.74 0.09 0.20 0.72 0.61 0.12

*Note: S-1 and $2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation
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Over the 28ay ponding period after 500 Fcycles, the Gaxis 5.4 % in GASW-70d and 6.3 %
inGB-SW-70d within the @e&x, followed by a gradual
TXM indicate a gradual increase inm& for both sets of concrete during the curing periods,
aligning with the trend of increas D.. 1t evident that gax increased after 500-F cycles for

all concrete groups, indicating damage caused by the combined effe€tayidles and seawater.

Group B showed higher «ax values for both curing periods, with the-ddy cured samples
displaying higher Gax than the 76day cured samples after 375TFcycles. This suggests that a

higher AEA content in Group A may have outweighed the effect of PVA fibers in Group B.
Moreover, the extended curing period seems to improve the cdsaedestane to the combined

impact of FT and seawater.

6 (a) 7 (b
6
5 731‘4])33;;5 GA-SW-70d —~:4DS§‘ GB-SW-70d
— i De(x102m?s"!) 5 - Y D(x10-2m2s1)
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3 28 Days| 0.99
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Figure 3 11 Concentration profiles for the following concrete samples after 5D@ycles:
(@) GA-SW-70d and (b) GBSW-70d.

The findings presented in Figure Bto Figure 3 11 indicate that the Pvalues reached a stable
state as the ponding periods were prolonged, which aligns with conclusions from previous research
(Behravan et al., 2023, 2021; Rahat et al., 2024). Figut2 iBustrates the percentage change of

D. data for ponding periods lasting 28 days, the maximum duration considered in this study. In
Figure 3 12, it is observed that the GAW-70d samples showed an 81 % increase after 500 F
cycles, while the GEBBW-70d samples experienced a 160 % rise enDhvalue. Following 375

F-T cycles, the GASW-14d samples displayed a 109 % increase, whereas th8VGBAd
samples experienced an increase of 173 %. Wherea§WsA0d and GBSW-70d saw a 46 %

and 60 % increase, respectively, after 37b¢ycles. Examiing the changes ind¥alues pre and
postF-T cycles reveals significant increases for both concrete sets after conse€ttoyelEs,
underscoring the combined impact e Feycles and seawater on chloride ingress in concrete. For
both the 14day and 7&day cured samples, Group A demonstrates superior resistance compared
to Group B, suggesting that the anticipated impact of PVA fibers on enhangimgsistance did

not appear as expected. However, this could also be attributed to Group A having &ednapro

void system compared to Group B, which may have affected its resistancd toydtes.
Furthermore, the findings depicted in Figurd 3 highlight that samples cured for 14 days exhibit
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a greater increase compared to thed@® cured samples in ttoconcrete groups. Notably, even
after undergoing 375-F cycles, the GESW-14d samples showcase the poorest performance. The
superior performance of the-éldy cured samples presents compelling evidence that an extended
curing period can improve the chide ingress properties of concrete HT FEycling, surpassing

the influence of PVA fibers.

In contrast to the H cycles in plain water conducted by Rahat et al. (2025), thecieased by

32 % for GASW-70d and 72 % for GEBW-70d after 500 H cycles copared to the samples
subjected to H cycles in plain water. After 375F cycles, the Rincreased by 32 % for GA
SW-14d and 60 % for GEBW-14d compared to the plain wateiTFcycles. These results clearly
demonstrate that the combined effect €f Eycles and seawater has a significantly more negative
impact on chloride ingress in concrete.

200%
180%
173%
—e— GA-SW-70d p
0 160%
g 1O GB-SW-70d 2
2 140% ,
- /
Q 120% GA-SW-14d )/ 109%
c
g 100% - © ~GB-SW-14d
£ 80%
o
S 60% -
40% P
20% pad ,
O% v_,’-—4r4.“._—l-’.ﬂ/./. M 1 M M M M 3 M M M M 3

0 100 200 300 400 500
No of T Cycles

Figure 3 12 Changes of Dc over-F cycles for different curing periods.

Analysis from unpaired, twiailed ttestsindicates there is insufficient evidence to support a
statistically significant difference in thec@alues between GSW-70d and GBSW-70d at 3
days, 14 days, and 28 days of ponding, both before and afterb@9dtes. Similar findings were
noted for tle Dx values between GSW-14d and GBSW-14d before and after 375 Fcycles.
However, there was a statistically significant difference betweendhalies for the samples that
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were cured for 70 days and 14 days for both Group A and Group B, both bedattex 375 FT
cycles, at a significance level of 0.05.

At a 5 % confidence level, there is a statistically significant difference between tteuBs of

the 3 days, 14 days, and 28 days of ponding specimens of the same mixture before and after 500
F-T cycles (for GASW-70d and GBSW-70d) using unpaired, twtailed ttests. However, there

is a statistically significant difference between thevBlues of the 3 days, 14 days, and 28 days

of ponding specimens of the same mixture before and after-37&yEles (for GASW-14d and
GB-SW-14d).

3.5Conclusions

This study investigated the combined effects &f Eycles and seawater on chloride ingress in
concrete. Two groups of concrete, regular purpose concrete and PVA fiber reinforced concrete,
were investigated for two different curing periods (70 days and 14 days). TXM analysis was
employed to examine the combined effects of Eycles and seawater ohet D: of different
concrete samples. Additionally, the study also evaluated UPV, SR, ML, and RDME, leading to the
following conclusions:

The addition of PVA fibers did not improveTresistance or decrease chloride ingress in concrete
as anticipated. Intestingly, Group B displayed higher diffusion rates than Group A, which
contradicts earlier studies indicating that fibers enhance durability uAleofditions. However,

the improved aww oi d system in Group A could be a
performance.

Longer curing periods (70 days) significantly improved resistanceTocycles and diffusion
mechanisms compared to -tldy cured samples. With an improved-wid system, Group
A consistently outperformed Group B in performance indicatais as UPV, SR, and mechanical
strengths.

Group A, particularly with extended curing, exhibited lowenBlues, reduced ML, and higher
RDME after 300 and 1000-F cycles. In addition, TXM revealed that Group A had significantly
lower Dx values after expage to FT cycles in seawater, confirming its superior resistance to
chloride ingress compared to Group B.

The study showed that concrete exposed b €ycles in seawater experiences accelerated
deterioration compared to plain water, supporting earheliigs while offering new insights into
thechloride diffusion coefficient. Seawater exposure notably intensified the damaging effects of
F-T cycles, as seen in the marked increase in thealDes, aligning with other experimental
results.

Finally, extenéd curing durations are recommended to enhance the durability of concrete
structures subjected toFcycles in coastal environments. Air entrainment remains crucial for
improving resistance to chloride ingress andl Bamage, while the anticipated bereff PVA

fibers were not observed under these conditions.
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4.1 Abstract

The issues of freeze/thaw and chloride ingress pose key durability concerns for concrete materials.
This study investigated the effects of cellulose nanofiber (CNF) gels on cemett frastee/thaw
durability and chloride ingress. Paste specimens were created by replacing water in the mixture
with nitro-oxidized CNF suspensions, which form hydrogels in the presence of metatigns (

Na*, C&*) in the pore solution. Three different ENsources at concentrations of 1% or 2% by
mass of water were studied. It was found that specimens containing CNF suspensions exhibited
improved freeze/thaw resistance characteristics when compared to specimens without CNF
suspensions. In addition, transsion Xray microscopy was used to determine diffusion
coefficients, and it was found that specimens containing CNF suspensions had lower or
comparable diffusion coefficients compared to those without CNF suspensions. For instance, after
14 days of pondinghe CP specimen exhibited a diffusion coefficient of 0.39 x* @& s'*, while
speci mens with CNF 1 and EnE'andoBaxdiovidsues of
respectively, corresponding to approximately 59% and 15% lower than the valueHd@®er,

CNF suspensions prepared from different feedstocks did not yield similar results, so further study
is required to establish what CNF characteristics are necessary to yield maximum benefit.
Keywords:Freeze/thaw resistance, Transmissiered{ miaoscopy, Cellulose nanofiber gels,
Calorimetry, Diffusion coefficients

4.2 Introduction

In regions subject to temperatures below freezing, freeze/thaw cycling poses a durability issue for
concrete materials {B]. Damage can accumulate with each cycl&edzing and thawing, and,

over time, degradation of the concrete often occurs [1,4]. To mitigate the amount of damage or to
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reduce the rate of damage accumulation, different methods are typically employed. Air
entrainment and the incorporation of supplatagy cementitious materials are two predominant
approaches to improving the microstructural integrity of concrete to address the problem [1].

In addition to freeze/thaw, chloride ingress can also cause degradation in concrete structures as it
contributego the acceleration of steel reinforcement corrosioi][SSpecifically, chloride ingress

IS @ major concern when concretes are exposed to saltwater conditions, such as near the ocean, or
when subjected to deicing salts [1,8]. In order to reduce theofiskinforcement corrosion,
traditional preventative measures, such as partial replacemef¥ atland cement with
supplementary cementitious materials and reducing the water to cementitious material ratio, are
often undertaken to reduce the chloride ion diffusion rate [8].

The combined degradation of freeze/thaw and chlaridaced corrosion in concreteaterials is
typically encountered in northern coastal regions, where deicing chemicals are used and the
environment can be dense with saltwater exposure [9,10]. As a result, infrastructure containing
reinforced concrete can become highly vulnerabledezi/thaw cycles, and the embedded steel

can be exposed and subjected to corrosion [11]. Chloride ion ingress, from sources such as deicing
salts, further accelerates corrosion and jeopardizes structural integrity [12,13].

The diffusion coefficient (Dc)si crucial in quantifying ion mobility within materials [13]. In the
context of concrete mixtures, the ion transport rate is typically evaluated using methods such as
ASTM C1202, ASTM C1556, and AASHTO T358, with ASTM C1556 being one of the few
standards it provides a quantitative measure of Dc. However, the destructive nature and
prolonged duration of ASTM C1556 testing have urged a rapid, more economical, and non
destructive alternative. Transmissionra§y microscopy (TXM) has recently emerged as an
innovative imaging technique for cementitious materials, effectively overcoming the limitations
of traditional destructive or correlational methodsi[16]. By analyzing variations in gray value

of X-ray radiographs, TXM offers direct, practical, and realigtisights into ion transport
behavior, enabling the efficient and tirdependent determination of the Dc in cerdessed
materials [17,18].

In addition to more traditional measures to reduce damage in concrete materials caused by
freeze/thaw action and drlde ingress, other methods have also been suggested. One approach is
the use of nanocellulose products, including cellulose nanofibers (CNF) [19], cellulose
nanocrystals (CNC) and nanofibrils [20,21], and cellulose/polyvinyl alcohol hydrogel [22], as
naroscale additives that can simultaneously enhance the mechanical properties and reduce the
volume change due to ice crystallization. For example, several recent studies have investigated the
inclusion of CNF into the concrete matrix j2Z¥], and the resultsdicated that the inclusion of

CNF in concretes led to improved freeze/thaw performance, such as decreased mass loss, when
compared to specimens that did not contain CNF [24,25]. In addition to the freeze/thaw resistance,
it has also been reported thatntar incorporating CNF was less susceptible to chloride penetration
when compared to mortar without CNF [28]. Furthermore, several studies have examined the
strength of cementitious materials containing CNF and reported the increase in mechanical
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strengtls compared to those without CNF [20,23,24,29]. Some studies also reported that the setting
time of concrete containing nanocellulose could increase compared to those without CNF [23,29].
Additionally, the inclusion of cellulose nanocrystals has been ofddos reduce porosity and
permeability [30], although other studies did not find this to be the case [20,31]. However, none
of these studies considered that nibsadized CNF suspensions, which are negatively charged,
can produce hydrogel in the presentenetal ions, and are promising as dreezing agents [32

34].

Conventional CNFs, typically used in a dry or dispersed state, are relatively longer and more
flexible, yet they may not form a continuous network independently, while CNCs, on the other
hand, are much shorter and rigid, which limits their ability to create the interconnected structure
needed to modify the microstructure effectively [35]. In contrast, a CNF gel is produced when a
nitro-oxidized negatively charged CNF suspension undergoasagethrough metal iotriggered
crosslinking, resulting in a continuous threimensional network [33,34,36]. Although previous
studies have incorporated small amounts (0.1 to 5 weight percent of cement) of CNFs or CNCs to
enhance freeze/thaw resistaacel reduce chloride ingress [20,21,23], they do not separate the
specific impact of nanocellulose on durability. This study completely replaces the mixing water
from the mix design with a nitroxidized CNF suspension that forms a robust gel netwdtkrwi

the cement paste matrix by crdggking in the presence of metal iorsd, Na+, Ca2+) that exist

in the cement paste pore solution. This gel network in the cement matrix can lower the freezing
point of the pore solution, which can better resisiedeéthaw cycles, and improve the
microstructure, which can reduce chloride ingress rate in the matrix.

4.2.1 Significance of the study

The significance of the study lies in its novel approach of completely replacing water in a
cementitious paste withreegatively charged nitroxidized CNF suspension to investigate their
effects on the freeze/thaw durability, an aspect not explored in the literature. By utilizing metal
ion-triggered crosslinking, the CNF suspension rapidly forms a hydrogel within thesntematrix,

which can enhance freeze/thaw durability and reduce chloride ingress, addressing key challenges
in cold region infrastructures. Moreover, TXM for Rdastructive quantification of chloride
ingress provides unique insights into ion transporhiwithese innovative composites. Overall,

this work deepens the understanding of cementitious material behavior and paves the way for
developing more sustainable and resilient concrete solutions.

4.3 Experimental design

4.3.1Preparation and characterizaion of CNF

4.3.1.1 Preparation of CNF

Carboxylated CNF were prepared from three different raw lignocellulose biomass feedstocks using
a zerewaste nitreoxidation process (NOP) according to earlier studies [36,37]. The three
feedstocks were a sugarcanedssg obtained from a farm in Brazil, cabbage obtained from a local
grocery store in Long Island, New York, USA, and jute obtained from Toptrans Bangladesh Ltd,
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Bangl adesh. Briefly, 1 g of the ground feedst
followed by addition of 1 g of NaNO2. Upon addition of NaNO2, the round bottom reactor was
immediately sealed to prevent the loss okfumes created by the reaction. The reactor was held

at 50 for 9 h, then quenched atantwdsdéd@ed?2mL of
to 3 times before being washed by centrifugation at 5000 relative centrifugal force for 10 min to a

pH level equal to or greater than 2.5. The treated fibers were dialyzed using deionized water until
there was no further change in cantivity within 24 h. To yield carboxylate functional groups,

fiber slurries were treated with NaHCO3 until the pH value of the suspension reached 7.5. The
treated carboxylated cellulose microfibers were subsequently dialyzed using deionized water until
there was no longer a change in conductivity within 24 h. The slurry was passed through a
homogenizer at 250 bar for 1 pass to defibrillate the elsgtrdlen microfibers into nanofibers.

4.3.1.2 Potentiometric titration measurements of CNFs

The carboxyla content (COOgroups) and degree of oxidation (DO) in CNF was determined
using the potentiometric titration method. In this method, ~0.5 g of fdzé CNF sample was
dispersed in 70 mL of distilled water. Subsequently, 5 mL of 0.01 M NaCl and 5 tlhD®M

HNOs were added to the suspension and stirred overnight. A blank sample was also prepared at
the same composition but without nanofibers. Both solutions were titrated with 0.05 M NaOH at
a rate of 2 mL mitt. The carboxylate content of CNF was cédted using the following equation:

W  Z0 1
O0 G aetd 3 ZPTITT (1)

wherem Maon is the volumetric consumption of NaOH to neutralize oxidized cellulos€{apn

is concentration of NaOH (mol't), andmsampieis the mass of freezdried sample (g)Figure 4

1 shows the potentiometric titration curves of the blank and CNFs extracted from sugarcane
bagasse, cabbage, and jute. The DO values of CNFs from sugarcane bagasse, cabbage, and jute
biomassesvere 1.39 mmol'd, 1.35 mmol ', and 1.51 mmol'd, respectively.
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Figure 4 1 Potentiometric titration curves of blank, CNF extracted from sugarcane bag
cabbage, and jute.

4.3.1.3 Fourier transformation infrared spectroscopy (FTIR)

The FTIR curves were recorded using a Thermo Fisher Scientific instrument covering the range
from 600 cm to 3500 cm ! For the analysis, freexlried solid samples were used in attenuated
total reflectance (ATR) mod&igure 4 2 illustratesthe FTIR spectra for extracted CNFs. The
spectrum analysis displayed a significant peak around 172%wirich indicates the presence of
carbonyl stretchingi C=0) typically found in oxidized cellulose.
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Figure 4 2 FTIR spectra of extracted carboxycellulose nanofibers.

4.3.1.4 Transmission electron microscopy (TEM)

TEM measurements of CNFs were carried out using a JEOL1¥M LaB 120 kV TEM at the

Center for Functional Nanomaterials at Brookhaven National Laboratory. The TEM was operated

at an accelerating voltage of 120 kV. For sal
homogenized CNF sample was deposited on freshly-discharged carbeooated grids (200

mesh), followed by a 0.5 wt.% aqueous uranyl acetate solution to stain the Jaigunie.4 3

shows TEM imagesf CNFs derived from different feedstocks. The average fiber widths of CNFs

from sugarcane bagasse, cabbage and jute were 4.44 nm £ 0.57 nm, 3.37 nm £ 0.23 nm, and 4.60
nm = 0.80 nm, respectively, based on measurements of 20 nanofibers.
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Figure 4 3 TEM image of CNFs extracted from bagasse (left), cabbage (middle), and
(right).

4.3.2Cement specimen preparation and material properties

In this study, a cement paste using Type I/l ordiridgortland cement with a 0.5 watédo-
cement ratio was employed for all specimérable 4 1 showns the chemical compositions of the
cement used. Four different mixtures were ciat@ater as control and three different
carboxylated CNF suspensions. To investigate the workability of the mixtures, a flow table test
was conducted according to ASTM C¥438].

It is important to note that the CNF is initially prepared as a suspension with abundant carboxylate
groups (as discussed in Section 2.1). However, when thisaxiized CNF suspension is
introduced into the cement mixture, the metal i@ (Na', C&*) released from cement mineral
dissolution interact with the negatively charged carboxylate groups on the CNF suspension. This
ionic interaction induces rapid crosslinkif@,36], causing the CNF suspension to polymerize
into a gel state and form CNFIgeThis transformation is central to our approach, as thitires

gel structure is expected to enhance freeze/thaw resistance in the cemembapéeste?2 displays

the type of CNF suspensions used for each specimen dfoup. each mixture, three 50 mm
diameter by 100 mm height cylinders and one 19 mm diameter by 25 mm height cylinder were
cast. After casting, each specimen was moist cured fday<¢ in a fog room.

Table 4 1 Chemical compositions of cement.

Compon CaO Si0O A}Os F 03 SQ Mg O N a0

Conten 62.7 20.8 4. 73 3.56 4.07 1.86 0.51
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Table 4 2 Mixture compositions with different CNF suspensions

Mi xture | CNF type

CP Control cement with
CNA Mi xture with 1.0 wt. % C»P
CNR Mi xture withl. 02 wt abob&¢
CNR Mi xture of 2.01 wt. % C

4.3.2.1lsothermal calorimetry

The hydration process of paste specimens with varying CNFs, including total heat and thermal
power of each mixture variation were quantifiedisgthermal calorimetry. Samples, weighing
between 5.5 g and 6.5 g, were manually prepared with a w/c ratio of 0.5 in 15 mL in plastic
containers and placed in a CalmetrbCal Flex Calorimeter (Calmetrix Inc., Arlington,
Massachusetts, USA) for 120 hoatsan isothermal temperature of 23 °C.

4.3.2.2Low temperature differential scanning calorimetry (LT-DSC)

A TA DSC Q2500 (TA Instruments, New Castle, Delaware, USA) was used to investigate the
effects of the CNF addition on the freezing point, melting (idat), and amount of frozen water

(FW) of pastes. All paste samples were subjected to 6 hours of sealed curing in aluminum
crucibles. Approximately 40 mg to 50 mg of the paste samples were poured into aluminum
crucibles and subjected to rapid cooling aadting conditions. Crucibles with paste samples were

placed in DSC. The chosen heating rate was 5 °C! [88i 41]. Phase changes in the hydration
products of cementitious materials did not oc
rather tle only phase change observed was associated with the pore $48jtion

Homogenized CNF suspension samples were prepared as mentioned in Section 2.1. Each sample,
weighing approximately 5 mg to 8 mg, was individually sealedzefb pans to prevent amsater

loss during DSC scanning. The pans were then cooled at arate of 52€miom 25 AC t o
AC, then left for an isothermal period of 5 mi
temperature at the same rate. The melting of the Fddfusced an endothermic peak. The melting

point of FW was defined as the temperature at which the tangent line intersects the baseline of the
initial melting curve, as shown figure 4 4. The baseline was drawn by extending the flat; pre

melting segment of the curve before the onset of the thermal event. The endothermic peak
temperature is commonly referred to as the freezing ptl2]
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Figure 4 4 LT-DSC heat flow curve of determination of freezing point; and MH (i.e., tr
amount of FW).

The integral area under the melting curve can be regarded as the quantity of FW in the frozen paste
sampleg43]. Subsequently, Equation 2 was used to determine the percentage of FW by employing
the integral area of the melting pddi8,44] whereQ is the enthalpy (JH is the heat of fusion

of water (333.5 + 2.26T J%, T is the freezing point (°C), amdis the mass of the sample (g).

0 ()

"Ow b —Z
Oa pTm

4.3.2.3 Thermogravimetric analysis (TGA)

TGA was performed both on paste specismand different CNFs. The specimens were initially
finely ground using a mortar and pestle to perform TGA. Grinding was performed in a ventilated
fume hood to minimize carbonation during sample preparation and reduce exposure to atmospheric
COo. Additionaly, the samples were immediately stored in a vacuum oven after grinding to limit
carbonation further. Subsequently, a sample weighing approximately 10 mg to 20 mg was
deposited onto the platinum pan of a discovery TGA 5500 (TA Instruments, New Castl€hBE).
samples were heated in a nitrogen environment to 1000 °C at a rate of 20'2CTimenCNF
samples were heated in a nitrogen environment to 600 °C at a rate of 20' 2CTimindegree of
hydration (DOH) of the paste samples was determined by TGA aftlays and 14 days of
hydration based on the quantification of chemically bound water (CBM]) as shown in
Equation 3, wher& ( i$ the DOH of the sample at tinigWn(t)is the amount of bound water for
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a sample at time(in grams of water per 1a9of anhydrous cement); akdn ( B dhe amount of
bound water for a completely hydrated sample (in grams of water per 100 g of anhydrous cement).

W 0 ®3)

The experimental determination of thié(t) value can be achieved by employing Equation 4,
provided that there is no carbonation present in the cement paste and that the anhydrous cement
experiences minimal weight loss prior to reaching 1000 °C.

Yi i oanpi@u# prdw (4)
Gi oanped®o
Zp T

w 0

To determine th&V,( Pvalue, the National Institute of Standards and Technology provided an
approximate theoretical estimation of the amount of bound water produced after the completion of
hydration of cemen®6,47] This study adopted the methodology proposed by Kadbal: [27]

to simplify the experimental protocol. As the mass loss above 600 °C was primarily due to the
decomposition of calcite in various forms as a result o, @Bs, it was excluded from
consideration as CBW. Therefore, in this study, Equation 4adapted up to 600 °C, deviating

from the original extension to 1000 °C, to determine the DOH of the paste samples.

4.3.2.4 xray diffraction (XRD)

XRD was used to characterize the hydration products of the paste samples after 14 days of curing.
The hydratbn of the samples was stopped after 14 days using ethanol and then samples were
pulverized using a mortar and pestle and a micronizer. The XRD experiments were conducted
using a Bruker D8 Advance XRD (Bruker tgonBil |l er
(40 kV, 40 mA). The scanning range for the sa
per second.

4.3.2.5 Freeze/Thaw testing

After curing for 14 days, freeze/thaw testing was performed following ASTM C666 Procedure A
[48] except that thespecimen dimensions were changed to 50 mm diameter by 100 mm height
cylinders due to limited CNF quantities. Specimens were subjected to freeze/thaw cycles until they
failed. After every 28 cycles to 36 cycles, testing was performed to determine thertsarsvd
longitudinal resonant frequency of each specimen per ASTM @&EI5In addition, ultrasonic

pulse velocity (UPV) testing was conducted on these specimens per ASTM30h%rom this
testing, dynamic moduli, UPV, length change (ASTM C666J, mass loss (ASTM C666) can be
compared between the specimens over the various freeze/thaw cycles.

105



4.3.2.5 Compression strength testing

Before and after performing freeze/thaw testing was completed on the 50 mm by 100 mm
cylinders, the sample ends weravsat, where compression strength testing was subsequently
performed according to ASTM C39 using capping according to ASTM C[BA332]

4.3.2.6 Transmission Xray microscopy (TXM)

A TXM system was used to evaluate the apparerdf@he paste samples. The TXM se{6f]

(Figure 4 5) was designed and constructed based on the methodology proposed by previous
studies[14i 18,54. Table 4 3 shows the Xray source details for this setup. This experimental
system was capable of acquiring a singtea) radiograph in 10 s. To initiate the expeiy 19

mm diameter cement paste cylinders were prepared for each type of cementitious paste. The
cylinders were then coated with hydrophobic wax on their sides and bottoms, leaving the top
surface exposed for solution ponding to facilitate-dmeensional diffusionkigure 4 6(a) shows

the specimens after being coated with hydrophobic waxranae 4 6 (b) shows the specimens

while immersed intte ponding solution.

Table 4 3 X-ray source details for TXM experiments.

Par ameter TXM
Sensor Resolutio 33.78
Pi xelem%i ze ( 19
Vol t age (ke 65
Cur redAnt ( 7000
ExXposure Tim 0. 25

LOCK LOCK
Lid of Box Lid of Box -

X-Ray in Use
Light Safety

1 Omm switch

Power Switch Lead Insolated

sensm
sample

Source Remote

Power Supply

Equipment Chamber Sample Chamber

Figub®chMemati c diagram of the
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Fi gu6Rhadt ographs of speciwmarns(apaapd sp
in the ponding solution (

In this study, a potassium iodide (KI) ponding solution with a concentration of 0.6 M was utilized.
This concentration was selected to ensure the optimal visibility of the tracer within teatcem
paste samples. By employingrgy imaging, the penetration of iodide into cement paste was
guantified. As iodide and chloride ions are of similar size, TXM methods use iodide ingress as a
representative indicator of chloride ingr¢sS]. However, itshould be noted that iodide has a D

that is 24 % higher than that of chloride, as reported by Moratldb[14]. Therefore, the iodide

Dc measured in this study represents a more conservative estimate than that observed for chloride
diffusion.

All samples underwent an initial scanning process before they were immersed in 0.6 M Kl solution.
The initial scanned image for each group of samples is termed as the reference image.
Subsequently, the samples were immersed in Kl solution and rescanneddafysy 3 days, and

14 days, respectively. Changes in gray values were assessed by subtracting the reference image
using a sequential approach and comparing the subsequent radiographs with the reference image.
The red box in the subtracted image showrigure 4 7 represents the penetrated depth of iodide

in the sample after 7 days of ponding in the Kl solution. Radiographic analysis was conducted
using a MATLAB code to align the images obtained at 3 days, 7 days, and 14 days intervals with
their corresponding reference images for the samples. The alignnieasabsequent radiographs

with the reference radiograph involved local displacements, including shifts and rotations. To
minimize cupping artifact§54i 57], a region approximately 7.37 mm wide, equivalent to
approximately 280 pixels in TXM radiographegas defined, as depicted kigure 4 7 Each line

in the image corresponds to a specific depth and represents a grayscale value, which was computed
by averaging thevalues from the 280 individual lines to obtain the final gralue profile.
Concrete is a heterogeneous composite material, meaning that its composition varies across
different directions within the concrete matrix. To account for thigakdity, radiographs were
obtained from multiple angles (0°, 60°, 120°, and 180°) for all samples to determine the apparent
Dc.
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280 Lines

FigurRadii ographic subtraction in a

Finally, with the regression approach, the apparent ddd surface concentratiolCgf was
determined based on Fick's second law of diffusion, as demonstrated in ASTM [68p5the

Dc value in this study combines the impact of fluid transport mechanisms such as diffusion
absorption, convection, and chemical binding into one term. EhvalDe in this study combines

the impact of fluid transport mechanisms such as diffusion, absorption, convection, and chemical
binding into one term. Equation 5 illustrates the expredsia@etermine the iodide concentration

C.p at depth ok from the surface after tinte

0 5)

60fp O p QI &—

¢ Oo

wherex is the distance from the sample surfdegis the surface iodide concentration, amntlis
the Gaussian error function.

4.4 Results andliscussion

4.4.1Visual observations

During mixing, the consistency of the specimens varied depending on the type of CNF suspensions
used or if water wagsed. It was observed from the flow table test that the mixture with only water
was considerably more flowable than the CNF mixes, exhibiting a flowability of 140 %, in contrast
to those incorporating CNF suspensions. During mixing, CNF suspensions paghyetherize into
hydrogels by ionic crosslinking with metal ioresd, Na', C&™) in solution from cement mineral
dissolution.Figure 4 8 shows the $persed CNF suspensions from before mixing and paste
samples from different groups after the flow table test. The consistency of the mixtures varied with
different CNF suspension€NF3 showed the lowest workability, with a flowability of 105 %,
CNF2 ha the highest workability, with a flowability of 120 %, and GHlFlemonstrated a
flowability of 109 %.
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During the demolding of the cylindrical specimens, a significant disparity was observed in the
mechanical properties. The specimens containing CNF ssispendemonstrated a noticeably
softer and more malleable surface during handling when compared to the control group. This
observation indicates that the presence of organic materials (e.g., lignin) in the CNF may have
affected the hydration process, pdielty leading to a retardation effect and resulting in a less
rigid surface texture at the initial stages. This indicates that the CNF specimens had not gained as
much strength as the CP specimens at the time of demolding, which is supported by ttmeakothe
calorimetry data presented in Section 4.4.2. However, this difference diminished over time, and
after a curing period of 14 days, all specimens exhibited comparable mechanical characteristics.
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CNF-1 suspension (Mixture with 1.0 wt.% CNF-2 suspension (Mixture with 1.02 wt.%
CNF extracted from sugarcane) CNF extracted from cabbage)

CNF-3 suspension (Mixture with 2.01 wt.%
CNF extracted from jute)

CNF-1 (109% flowability)

CNF-2 (120% flowability) CNF-3 (105% flowability)

(b)
Figure 4 8(a) Dispersed CNF suspensions from before mixing, and (b) paste samples
different groups after the flow table test.
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4.4.21sothermal calorimetry

Figure 4 9 shows the results from the isothermal calorimetry. The CNF specimens had reduced
and delayed thermal power peaks when compared to the CP specimen. In addition, the total heat
at each time wa®wer for the CNF samples as compared to the CP specimen. Zhang et al. [24]
observed similar results, finding that peaks in the heat flow rate curves were delayed with the
addition of CNF in the mixture [15].
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Figure 4 9 Isothermal calorimetry resultsthermal power and total heat versus time.

Table 4 4 shows the total heat values for the samples at various time intervals and the comparison
between the total heat value for each CNF mixture to that of CP. It is seen that for the CNF
mixtures,the percentage of total heat as compared to that of CP valeealig increased with
time as expected, but the percentage was always less than 100 92.e2Nibited values closest
to CP, reaching 86 % of the CPbandCNEIshdwedh e a't
much lower percentages during the first 24 h to 48 h, but then steadily increased to approximately

76 % for CNF1 and 83 % for CNFB o f the CPO6s tot al heat after
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Table 4 4 Total heat at various tieintervals for all mixtures compared to that of the CP

sample.
Total Heat (W/g) / % Total Heat at that time of CP
Mixture
12 h 24 h 48 h 72 h 96 h 120 h
CP 99.2 266 444 517 569 612

CNF1 0.118/0.12% 2.93/1.1% 127/29% 322 /62% 408/72% 466 /76%
CNF-2 29.7/30%  144/54% 347/78% 427/83% 482 /85% 528/ 86%
CNF-3 76/77% 30.3/11% 270/61% 387 /75% 453/80% 506 /83%

Table 4 5 displays the time peaks in thermal power observed for each mixture and the amount of
thermal power corresponding to each peak. As expected, based on the total heat Teshléstin

4, CP peaked at a much earlier time than the other samples. This explains why the percentage of
total heat for the CNF samples as compared to CP increaam®attrally as th time increased.
Additionally, CNF1 and CNF3 mixtures did not exhibit peaks at the location where the first peak

is normally expected, but rather exhibited a slowdown in the increase in thermal power before
ramping into their peak valuélsbeled as the second peakiable 4 5).

Table 4 5 Time and value of thermal power peaks.

First peak Second Second peak

Mixture Ftl.rSt pﬁak thermal power  peak thermal power
ime (h) (mJg'Y time (h) (mJg'y
CP 8.5 4.16 22.5 4.33
CNF1 Peak Unclear N/A 54.5 3.31
CNF-2 16 2.83 31 3.43
CNFR3 Peak Unclear N/A 39.5 4.12

Overall, CNF2 had the leastelay time for thermal power peaks and highest total heat after 120

h compared to CNE and CNF3. These results indicate that the hydration process in cement
pastes containing CNF suspensions is delayed and progresses more slowly, potentially due to
organc materials (e.g., lignin) in the CNF suspension. Lignin can retard hydration by interacting
with calcium ions and slowing the formation of hydration products, which may explain the
differences in physical properties observed between the specimensetiscuSection 4.3.1.

4.4.3LT-DSC

The LT-DSC experiments provided the freezing points and MH values for the CNF suspensions
derived from various sources. The GlIsuspension derived from bagasse exhibited a freezing
point ofi 2.0 °C and a MH of 338.2g'%. The CNF2 suspension obtained from cabbage showed
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a freezing point of 1.4 °C and a MH of 335.8g'%. Lastly, the CNF3 suspension derived from
jute had a freezing point ®fL..5 °C and a MH of 322.3g'*.

Figure 4 10 shows the freezing points of various paste samples for different curing periods. As
depicted inFigure 4 10, the incorporation of CNF suspensions has a favorable influence on
reducing the freezing point of the pore solution in cement pastes. According toD@ed fesults,
CNF-2 exhibited the lowest freezing point, followed by GBIFCNF1, and CP in degnding
order. During the #our hydration period, the CNE sample exhibited the lowest freezing point
ati2.2 °C, whereas CP had the highestla® °C. Despite this, CNE showed limited progress

in hydration, as indicated by isothernealorimetry, XRD, and TGA. With the increasing period

of hydration, for instance, after 28 days of curing, ENfaintained the lowest freezing point at
16.5 °C, surpassing CP, which registeré® °C. This suggests that CKFs hydration improved
significantly over time, enhancing its ability to lower the freezing point, unlike-CldRd CNF

3. However, after 28 days of curing, CllFand CNF3 also showed improved freezing points of

74.4°Cand 4.9 °C.

CNF-1 CNF-2 CNF-3
WM6h ©3d m14d m28d

1
oo
1

1
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Freezing Point (°C)
R

=]

Figure 4 10 Freezing points of diffent cement paste samples for different curing perioc

Figure 4 11(a) andFigure 4 11(b) show the MH and %FW content of different cement paste
samples at various cugnperiods. It was found that the inclusion of CNF suspensions could
increase the MH, indicating a lower consution rate of free water due to limited hydration
progress with 6 h of curing. For 6 h of curing, CP exhibited the lowestiNIEB(7 J &) and FW
(3.0%) among all samples. Among the CNF samples,-ZM&d the lowest MHi (163.2 J §Y)

and FW (4.1 %), whil€NF-3 had the highest MH 169.8 J §") and FW (4.2 %), followed by
CNF-1 with a MH ofi 168.4 J & and FW of 4.2 %. The integral area of the endothermic curves
depicts the amount of FW in each sample, where a lower value signifies a higher heat mirhydrat
in the samplep39i 41]. Initially, the CP samples showed the lowest MH and FW values, consistent
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with the isothermal calorimetry experimentdowever, CNF2 exhibited high values in both
metrics after 6 hours but improved substantially with the asing period of hydration. For
instance, after 28 days, CNFexhibited a MH of 74.9 J §* and FW of 1.9 %, closely aligning
with CP (MH:171.2 J ' and FW: 1.8 %). In contrast, CNF and CNF3 showed poorer
performances until 14 d of curing. After 28ydaCNF1 and CNF3 showed improved results,
with CNF1 having a MH of 80.1 J ¢* and FW of 2.0 %, and CN& having a MH of 75.5 J §
Land FW of 1.9 %, demonstrating progress in hydration.

Overall, these LIDSC results reveal that while CNF suspensiaosriporation can initially retard
hydration, the formation of a CNF gel ultimately enhances freeze/thaw resistance. The gel structure
modifies the pore solution by reducing free water content and lowering the freezing point, thereby
improving the durabilit of the cement paste.
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Figure 4 11 (a) MH (J gY) and (b) FW (%) of cement paste samples for different curin
periods.

4.4.4XRD

Figure 4 12 shows the results from XRD analysis. It was seen that the incorporation of CNF
suspensions influenced the comnpudrases such as portlandite and ettringite within the cement
composites, but it did not result in the formation of any new phases. Interestingly, both CP and
CNF-2 samples showed comparable intensities for all conventional phases, although CNF
exhibited slightly loweiintensity peaks than CP. In contrast, GNFard CNF2 displayed
significantly lower intensity peaks than CP, with no distinguishable peaks for ettringite. The XRD
results are consistent with the results of isothermal calorimetry. Taken together, these findings
indicate a delayed hydration processdement pastes containing CNF suspensions.
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Figure 4 12 XRD pattern of different cement paste samples for 14 d.

4.45TGA

In TGA study of varying cement paste samples, the temperature range of 30 °C to 105 °C usually
signifies the loss of free water, the decomposition of gypsum and ettringite (AFt), where the
initiation of bound water loss from-&-H gel can be observed withthe range of 110 °C to 170

°C [56]. Additionally, the monosulfoaluminate (AFm) phase decomposition can be observed
within the range of 150 °C to 170 °C, the portlandite decomposition can manifest between 400 °C
and 550 °C, and calcium carbonate decommwscan occur between 600 °C and 85(059]. For

CNFs, the thermal degradation temperatures of CNF and their components vary based on the
structure and composition. Cellulose degrades around 250 °C to 400 °C, hemicellulose around 200
°C to 300 °C, and lignin around 500 [&3,60]

Figure 4 13 shows the TGA profiles of the three CNF suspensions. The results revealed that 98
% to 99 % of the mass decomposed around 105 °C to 160 °C, primariytaetl to the loss of
water. CNF1, CNF2, and CNF3 suspensions showed their water loss peaks at 105 °C, 140 °C,
and 150 °C, respectively, indicating varying waBF bonding strengths. The CNF
decomposition occurred in the range of 200 °C to 600 °@, evstinct stages influenced by the
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