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Academic Abstract

Concrete infrastructure in the Arctic coastal region faces durability challenges from freeze-thaw
(F-T) cycles and chloride ingress due to seawater and deicing salts, resulting in surface scaling,
spalling, and cracking. Climate change exacerbates these issues, particularly in high-latitude areas
like Alaska, where rising temperatures lead to permafrost thaw and increased infrastructure
vulnerability. Projections indicate that climate-related infrastructure costs in Alaska could reach
$5.5 billion by 2099, highlighting the need for more resilient infrastructure. This dissertation
investigates F-T damage mechanisms, explores strategies to enhance cementitious material
durability, optimizes repair techniques for long-term performance, and develops a real-time
monitoring technique to track pore water movement within the concrete microstructure and its
impact on microstructural cracking.

First, this dissertation investigated the combined effects of F-T cycles and chloride ingress on
conventional (Group A) and polyvinyl alcohol (PVA) fiber-reinforced (Group B) concretes cured
for 14 days and 70 days in plain water and in simulated seawater conditions. This dissertation also
utilized a non-destructive technique, transmission X-ray microscopy (TXM), to quantify the
diffusion coefficient (D¢) as a function of F-T cycles for the first time in the literature. The results
emphasize the importance of the air void system in reducing F-T damage and chloride ingress,
with longer curing durations enhancing concrete’s resistance to these issues. Group A showed
superior performance due to its improved air void system, which enhanced F-T resistance by
accommodating internal pressure changes and reducing crack propagation. In addition, seawater
exposure exacerbated F-T damage, accelerating chloride ingress and deterioration compared to F-
T cycles in plain water. The findings suggest that while PV A fibers enhance mechanical properties,
they may also disrupt the air-void system, reducing its protective capabilities against chloride
ingress and F-T damage. These results emphasize optimizing air void characteristics in fiber-
reinforced concretes to balance mechanical performance with long-term durability in harsh
environmental conditions.

Second, this dissertation explored the role of cellulose nanofiber (CNF) gels in enhancing F-T
resistance and reducing chloride ingress in cement paste. CNF suspensions, prepared using a nitro-
oxidation process, formed hydrogels in the presence of metal ions (e.g., Na*, Ca%*) within the pore
solution, reducing the freezing point of the pore solution of cement paste. It was found that
specimens containing CNF suspensions exhibited improved F-T resistance characteristics when
compared to specimens without CNF suspensions. Additionally, TXM analysis showed that
specimens containing CNF suspensions exhibited significantly 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 durability of concrete repair-substrate interfaces under F-
T cycling, emphasizing the impact of substrate moisture conditions and water-to-cement (w/c)
ratios on the overlay transition zone (OTZ), the weakest region of repair-substrate concrete
analogous to the interfacial transition zone between aggregates and paste in concrete
microstructure. Mechanical properties, fracture characteristics, ion diffusion, water absorption,
and F-T resistance were evaluated to assess repair performance under varying conditions. The
results demonstrated that repair overlays with lower w/c ratios applied to saturated surface-dry
(SSD) substrates exhibited superior durability, reducing water absorption, ion penetration, and F-
T damage compared to higher wi/c ratio repairs. TXM analyzed the time-dependent diffusion along
the OTZ for the first time in the literature, finding that repair-substrate specimens showed a notable
increase in diffusion coefficient after F-T cycles compared to the substrate. The findings indicate
that in the absence of surface preparation, a lower wi/c ratio is recommended to mitigate OTZ
deficiencies and enhance the durability of concrete repairs in cold and F-T environments.

Finally, in situ neutron radiography was utilized for the first time in the literature to track real-time
pore water movement in concrete macropores under subzero conditions. The results demonstrated
that unfrozen water moved away from the freezing front, which is suspected to generate hydraulic
pressure and contribute to microcracking. These findings underscore the role of moisture
redistribution and full saturation in F-T damage, providing insights for creating more durable
concrete in cold regions.

In summary, this dissertation integrates advanced experimental techniques to develop a
mechanistic understanding of the deterioration of cementitious materials under extreme
environmental conditions. By combining TXM, neutron radiography, and comprehensive
materials testing, the findings provide new insights into the interplay between F-T damage and
chloride ingress. These results inform the design of more resilient cementitious materials, repair
strategies, and construction practices for arctic coastal regions, ultimately contributing to
infrastructure longevity and sustainability in the face of climate change.
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General Audience Abstract

Concrete infrastructure in Arctic coastal areas faces severe durability challenges due to extreme
weather conditions. One major issue is freeze-thaw (F-T) damage, which causes cracking,
spalling, and/or scaling over time. Another challenge is chloride diffusion from seawater and
deicing chemicals, which can lead to corrosion of reinforcing steel and further weaken concrete
structures. As climate change raises global temperatures, permafrost thawing accelerates, which
can exacerbate these problems. This dissertation investigated the combined effects of F-T damage
and ion ingress on concrete, explored strategies to enhance durability, evaluated repair techniques,
and introduced advanced methods for monitoring real-time pore water movement in concrete
microstructure.

First, this dissertation examined how F-T cycles and chloride diffusion affect conventional and
fiber-reinforced concrete. Transmission X-ray microscopy (TXM), a non-destructive imaging
technique, was used to investigate ion diffusion under F-T conditions. The findings revealed that
an optimized air void system improves F-T resistance. However, while fiber reinforcement
increases concrete strength, it can disrupt the air void system, potentially reducing F-T resistance
and increasing chloride diffusion. Exposure to seawater exacerbates F-T damage, emphasizing the
need for cementitious materials suited for coastal environments.

Second, this dissertation explored using cellulose nanofibers (CNF) suspensions produced by
biowaste to enhance cement paste resistance to F-T cycles and chloride ingress. These nanofibers
can create a hydrogel within the paste microstructure, reducing freezing impact and improving
durability. The results showed that CNF-modified cement paste performs significantly better
under F-T conditions, presenting a promising approach to extending the lifespan of cementitious
materials in cold regions.

Third, this dissertation investigated challenges in concrete repair strategies under F-T cycles.
Using TXM, the research demonstrates how deleterious ions diffused through the repair-substrate
concrete bond interface. It highlights the importance of the repair mix’s water-to-cement ratio and
the existing substrate’s moisture condition during concrete repairs to improve long-term durability
against F-T cycles.

Finally, this dissertation pioneered using in situ neutron radiography to track pore water movement
within concrete macropores during freezing. This technique reveals that unfrozen water moves
away from the freezing front, which can generate internal pressure and contribute to cracking.

This dissertation enhances the understanding of the durability of cementitious materials in Arctic
coastal and other cold regions and offers innovative solutions for infrastructure resilience.
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Chapter 1. Introduction

Climate change is driving rapid environmental changes in high-latitude regions, where warming
rates are approximately twice the global average, especially in the Arctic [1,2]. As shown in Figure
1- 1, the Arctic experienced record-high temperatures in Summer 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 to heightened 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 in the United
States, Alaska is experiencing especially severe impacts, with projected climate-related
infrastructure expenses potentially reaching $5.5 billion by 2099; proactive adaptation, however,
could reduce these costs to $2.9 billion [8-10].

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 July-September 2023 compared to the
1991-2020 average (map); summer temperatures (July-September) each year from 1940-2023

(graph) [3].

Concrete is widely used in construction materials due 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, concrete structures in Arctic regions are
vulnerable to damage from recurrent freeze-thaw (F-T) cycles [17,18]. During F-T cycling,
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concrete deterioration arises from multiple mechanisms, including volume expansion of water as
it transitions from liquid to ice, hydraulic and osmotic pressures of pore water, pressure from
cryosuction and crystallization of ice, and micro-ice lens formation, all of which contribute to
internal stresses leading to cracking and degradation, as illustrated in Figure 1- 2 [19-21]. This
deterioration reduces structural lifespan and increases maintenance needs. The extent of F-T
damage depends on specific geographic and climatic conditions, making it crucial to understand
various factors, such as cycle frequency, minimum temperatures, and freezing rates, for effective
maintenance planning [22,23].

The effects of climate change, including rising sea levels and thawing permafrost, have heightened
the vulnerability 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 penetration, a process worsened by F-T cycles
that create microcracks and increase penetrability [26,27]. In northern climates, deicing salts pose
a similar risk to concrete durability, as chloride-based chemicals used on concrete pavements and
bridges further accelerate F-T and corrosion processes [28].

Salt scaling is surface deterioration in concrete due to freezing cycles when saline solutions (i.e.,
seawater or deicing salts) are present [29]. According to the “glue-spall” model, scaling arises from
tensile stresses caused by a mismatch in thermal expansion between the concrete and the ice layer
that forms on its surface [30]. Salt scaling occurs when pure ice formation concentrates salts into
unfrozen saline pockets that act as stress concentrators. This reduces ice strength and causes cracks
that penetrate and detach concrete surface flakes at intermediate salt concentrations [29,30]. High
porosity and permeability in concrete amplify these effects, as F-T cycles expand pores and
facilitate greater chloride ingress [31,32]. The combined impacts of F-T cycles 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 profound penetration during
thawing [33,34]. Chlorides from seawater and deicing salts contribute to steel reinforcement
corrosion, causing de-passivation, reduced load-bearing capacity, and cracks in the concrete cover
[35,36].
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Figure 1- 2 Freeze-thaw-induced pressures in concrete pores, leading to internal stress and
potential cracking [21,37,38].

While extensive research has been conducted on F-T and chloride-induced degradation, the
synergistic effects of these mechanisms, particularly under continuous submerged seawater
conditions and subzero temperatures, remain inadequately studied [35,36,39-41]. Understanding
these combined mechanisms is essential to developing strategies that ensure the resilience and
durability of concrete structures in arctic, chloride-exposed environments. Existing solutions are
limited in fully addressing the intricate mechanisms of F-T cycles 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 [19,36—38]. Therefore, to gain a
comprehensive understanding of the intricate processes that contribute to F-T damage in concrete,
it is essential to monitor the movement of pore water and potentially the crystallization of ice
within the concrete during exposure to subzero temperatures, both qualitatively and non-
destructively, in real-time. However, there are still significant challenges and gaps in our
understanding of the complex interactions between F-T cycles, chloride ingress, pore water
movement, and concrete repair strategies.



1.1 Research objectives

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 main objectives: (1) investigating the damage mechanisms of F-T cycles
and chloride ingress in concrete, (2) investigating the role of advanced additives and repair
strategies to improve durability, and (3) developing real-time methods for observing pore water
movement in concrete macropores under F-T cycles. These objectives will be met by achieving
the following research aims:

1. Determining damage mechanisms in arctic regions. This aim hypothesizes that exposure to F-
T cycles in chloride-rich environments, such as seawater, accelerates concrete degradation by
inducing microcracks, facilitating chloride ingress, and initiating corrosion. Utilizing PVA
fibers and extended curing durations will improve concrete’s durability by reinforcing
microstructural integrity, minimizing microcrack formation, and reducing chloride diffusion,
as verified through transmission X-ray microscopy (TXM) analysis.

2. Evaluating advanced additives and repair strategies for enhanced concrete durability in Arctic
regions. This aim hypothesizes that incorporating cellulose nanofiber (CNF) suspensions from
biowaste sources will significantly enhance F-T resistance and reduce chloride diffusion in
cementitious materials by densifying microstructure. Additionally, optimizing moisture
conditions and water-to-cement (w/c) ratios in repair materials 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 during F-T cycles. This aim
hypothesizes that real-time monitoring of pore water movement within concrete macropores
during F-T cycles using neutron radiography, with its high sensitivity to hydrogen and superior
contrast, will reveal critical insights into temporal water redistribution. These observations are
expected to identify 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 dissertation is that it advances the understanding of concrete
durability in Arctic regions by addressing fundamental mechanisms of F-T damage and chloride
ingress, which are critical for infrastructure resilience. Upon completion, this dissertation will
contribute to intellectual merit by (1) conducting the first comprehensive investigation of the
combined effects of F-T cycles and seawater on chloride ingress in concrete using TXM, a non-
destructive technique capable of tracking chloride ion diffusion; (2) enhancing concrete durability
through advanced materials like CNF gel suspensions and optimized repair methods; and (3)
providing real-time monitoring for the first time of pore water movement within concrete
macropores under F-T cycles using neutron imaging, delivering insights into a primary damage
mechanism for F-T 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 Alaskan coastal communities
that face 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 seawalls [42—44]. Upon completion, this dissertation will contribute to broader
impacts on climate resilience and public safety by:



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

2. Incorporating CNF suspensions to reduce chloride ingress and improve F-T resistance will
support resilient and sustainable infrastructure.

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

4. Providing real-time insights into pore water movement within concrete macropores under F-T
cycles, which aids in designing infrastructure better adapted to climate stressors.

1.2 Research tasks

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) Task 1 (Aim 1) investigates the effects of PVA fibers and curing duration on chloride ingress
in concrete during F-T cycles. The study utilizes TXM to quantify the apparent chloride
diffusion coefficient (Dc) in conventional and PVA fiber-reinforced concrete with different
curing periods. The results provide insights into the role of PVA fibers and curing duration in
enhancing concrete durability in arctic regions.

2) Task 2 (Aim 1) focuses on evaluating the combined effects of F-T cycles and seawater
exposure on chloride ingress in concrete. This study also uses TXM to quantify the apparent
chloride D¢ in conventional and PV A fiber-reinforced concrete under varying curing durations.
The research explores how seawater exposure accelerates F-T damage and impacts concrete
durability, particularly in arctic and coastal environments.

3) Task 3 (Aim 2) investigates the effects of CNF gels on cement paste's F-T durability and
chloride ingress. Paste specimens are created by replacing water with nitro-oxidized CNF
suspensions, which form hydrogels in the presence of metal ions (e.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 characteristics that enhance F-T resistance and
reduce chloride diffusion in cement paste.

4) Task 4 (Aim 2) investigates the effects of substrate moisture conditions on the overlay
transition zone (OTZ) in concrete pavement repairs under F-T cycles. Mechanical and fracture
properties, as well as chloride diffusion Kinetics, will be assessed. TXM is used to quantify
the apparent chloride D before and after F-T cycles. The goal is to understand how different
moisture conditions impact OTZ durability and bond performance in concrete repairs in arctic
regions.

5) Task 5 (Aim 2) investigates the effects of varying wi/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 substrate with 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 the
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6)

diffusion mechanism, mechanical properties, chloride ion penetration, water absorption, and
freeze-thaw resistance, specifically at the interface between repair materials and concrete
substrates.

Task 6 (Aim 3) investigates the pore water movement within macropores at subzero
temperatures. Neutron radiography is conducted to track pore water movement as concrete
samples are cooled from the bottom of the sample to —12.5 °C. Embedded sensors monitor
temperature changes, while 2D radiographic images are captured at 90-second intervals. The
study aims to refine experimental methods to understand F-T effects on concrete better, leading
to improved infrastructure resilience in arctic regions.

1.3 Dissertation organization

The dissertation comprises six manuscripts within eight chapters covering all the above-

mentioned tasks. The arrangement of the dissertation is as follows:

Chapter 1: Introduction. This chapter highlights the challenges in maintaining concrete
durability in arctic environments, focusing on F-T cycles 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 dissertation's organization.

Chapter 2: Effects of polyvinyl alcohol fibers and curing duration on chloride ingress in
concrete during F-T cycles. This chapter covers Task 1 to investigate the influence of PVA
fibers and curing duration on chloride penetration in concrete exposed to F-T cycles. Two air-
entrained concrete are studied, conventional concrete and PV A fiber-reinforced 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 chloride D¢
are also evaluated to validate the influence of PVA fibers and curing durations on the F-T
resistance of concrete materials. This chapter was published in the Journal of Building
Engineering.

Chapter 3: The combined impact of F-T cycles and seawater on chloride ingress in concrete.
This chapter covers Task 2 to investigate the effects of F-T cycles and seawater exposure on
chloride ingress in concrete. Two types of air-entrained concrete are studied: conventional
concrete and PVA fiber-reinforced concrete, each with curing durations of 70 and 14 days.
Both concrete groups undergoes F-T cycles in simulated seawater. Performance metrics,
including ultrasonic pulse velocity, surface resistivity, mass loss, relative dynamic modulus of
elasticity, and apparent chloride D, are evaluated to assess the synergistic impact of F-T cycles
and seawater exposure on the durability of concrete materials. This chapter was published in
Construction and Building Materials.

Chapter 4: Effects of cellulose nanofiber gels on the chloride ingress and freeze/thaw
properties of cement paste. As outlined in Task 3, this study utilizes CNF gels to assess
improvements in F-T durability and chloride ingress resistance in cement paste. This chapter
explores the impact of CNF gels on F-T resistance and reduction of chloride diffusion in
cement paste. Paste specimens 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%
and 2% by mass of water. TXM is employed to determine the apparent chloride D¢, with results
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expected to show the durability of CNF-containing specimens compared to controls. This
chapter was published in Construction and Building Materials.

« Chapter 5: Effect of freeze/thaw and substrate moisture condition on the concrete repair-
substrate interface. As outlined in Task 4, this study investigates the impact of substrate
moisture conditions on the OTZ in cement-based concrete pavement repairs. This chapter
examines how substrate moisture influences bond formation and evaluates its mechanical and
fracture properties, along with chloride diffusion under F-T cycling along the OTZ. TXM is
used to quantify apparent chloride D. within the OTZ before and after F-T cycles. Findings
provides a deeper understanding of how moisture and F-T cycling influence OTZ durability,
contributing to more effective pavement repair strategies. This manuscript was published in
the Proceedings of the 13" International Conference on Concrete Pavements in 2024.

« Chapter 6: Impact of water-to-cement ratios of repair mixes on the durability of concrete
repair-substrate interfaces during freeze-thaw cycles. As outlined in Task 5, this study
examines the effect of varying wi/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 and durability
properties (Rapid chloride ion permeability, water absorption, F-T cycle) of the OTZ assessed.
TXM is used to quantify apparent chloride D¢ in the OTZ. Insights of this chapter provide the
influence of w/c ratios in repair materials on OTZ performance, which will inform better
pavement repair practices. This chapter is under review in the Journal of Building Engineering.

« Chapter 7: In-situ neutron radiography for real-time monitoring of pore-water movement
in portland cement mortar exposed to sub-zero temperature. As outlined in Task 6, this study
aims to improve understanding of F-T damage by monitoring pore water movement within
concrete micropores at subzero temperatures, aiding the design of resilient infrastructure for
arctic regions. Preliminary work has been completed, including planning at the multimodal
advanced radiography station (MARS) in high flux isotope reactor HFIR beamline CG-1D at
Oak Ridge National Laboratory and optimizing sample thickness. Samples are prepared using
deuterated water (D20) and then dried, and vacuum-saturated to fill the micropores with
regular water (H-O) for better contrast in pore water imaging. Neutron radiography is used to
track pore water movement as the samples cool from 1D at -12.5°C, with embedded sensors
monitoring temperature. The experimental setup involves sealing samples, embedding sensors,
temperature control via an external chiller, and capturing 2D images at 90-second intervals.
Additional characterizations are conducted to understand hydration kinetics, pore water
freezing point, pore structure, and air voids in the hardened concrete using isothermal
calorimetry, X-ray diffraction, thermogravimetric analysis, low-temperature differential
calorimetry, and Brunauer—-Emmett—Teller (BET) surface area analysis. This chapter provides
fundamental in-situ insights into the timing and movement of water within concrete
microstructures under F-T cycles, aiding future research and the design of more resilient
concrete structures. This chapter is under review in CRREL.

« Chapter 8: Conclusions and recommendations. The purpose of this chapter is to summarize
the six manuscripts included in this dissertation, along with recommendations for future
research and the practical 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 provide an in-depth
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understanding of F-T damage mechanisms under different environmental conditions (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 of cold-weather concrete materials. Finally, Chapter 6 employs
neutron radiography to monitor pore water movement into concrete macropores in real-time, which
can initiate microstructural damage due to the hydraulic pressure, offering critical in-situ insights
to drive more durable design.
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2.1 Abstract

This study investigates the influence of polyvinyl alcohol (PVA) fibers and curing duration on
chloride penetration in concrete exposed to freeze-thaw (F-T) cycles. Two air-entrained concretes
were studied, conventional concrete (Group A) and PVA fiber-reinforced 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 of elasticity, 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 subjected to F-T cycles using
iodide as a tracer, offering a novel non-destructive method for F-T durability assessment. The
results revealed that, Group A demonstrated better resistance to F-T cycles than Group B, which
was likely due to the fact that Group A had a higher entrained air content. Specifically, after 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 days in all experiments, with the latter
showing a higher increase in Dc value of 84 % for Group A and 109 % for Group B after 300 F-T
cycles. These findings underscore the significant role of extended curing periods and higher
entrained air content in improving concrete durability in cold regions against F-T damage and
mitigating chloride ingress in concrete during F-T cycles. This study adds value to the field by
offering valuable insights into how curing duration, fiber reinforcement, and F-T cycles are related
and how they affect the chloride ingress into concrete. This can guide the development of stronger
concrete structures in cold climates.

Keywords: freeze-thaw resistance, transmission X-ray microscopy, polyvinyl alcohol fiber, curing
period, chloride ingress, diffusion coefficients

2.2 Introduction
The susceptibility of concrete infrastructure in cold regions to freeze-thaw (F-T) damage is a
primary concern for their durability (Lin et al., 2022). Moreover, climate-induced changes, such
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as rising sea levels and permafrost thawing, could simultaneously expose concrete structures to F-
T damage and chloride ingress. This combined exposure is especially relevant in cold regions
where chloride-based deicing agents are applied to concrete surfaces, including bridge decks and
pavements. Despite extensive studies on each factor separately, the synergistic degradation effect
arising from both F-T cycles and chloride ingress into concrete has not been comprehensively
examined in the existing literature (e.g., Sunet al., 2020).

The repetitive nature of F-T 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 spalling (Hao et al., 2021; Wang et al., 2022). 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 to F-T cycles (Qin et al., 2019; Sang et al., 2022). An in-depth
understanding of the development of concrete damage under F-T cycling is essential to formulate
an effective maintenance strategy for infrastructure. Several performance metrics have been
identified to evaluate the extent of damage F-T causes in concrete structures, including the relative
dynamic modulus of elasticity (RDME), compressive and tensile strengths, mass loss (ML), and
ultrasonic pulse velocity (UPV) (Bao et al., 2022; Dabas et al., 2021; Liu et al., 2016a, 2016b).
Using these metrics allows engineers to make well-informed decisions about the maintenance and
safety of concrete infrastructure, thus helping to assess the severity of F-T damage 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 under low-temperature conditions
(Affan and Ali, 2022; Cavdar, 2014; Jang et al., 2014; Sahmaran et al., 2012; Tan et al., 2022).
Polyvinyl alcohol (PVA) fibers, an affordable and high-tensile synthetic fiber that bonds strongly
with the cement matrix, are widely used in various concrete structures (Felekoglu et al., 2009;
Noushini et al., 2013; Thong et al., 2016; Yew et al., 2015). Previous studies have shown that
adding PVA fibers to concrete enhances mechanical performance during repeated freeze-thaw
cycles by improving the microstructure, minimizing the decrease in relative dynamic elastic
modulus, reducing crack propagation, and slowing the rate of concrete degradation (Liu et al.,
2023; Tan et al., 2022; Wang et al., 2021). Therefore, this investigation aims to investigate the
effects of PVA fibers on concrete's vulnerability to chloride ingress, particularly under the
influence of F-T cycles, thereby offering insights into protective strategies against environmental
degradation.

Reinforced concrete infrastructure is notably susceptible to damage induced by F-T cycles, as
such deterioration can expose the embedded steel reinforcement to conditions conducive to
corrosion (Diao et al., 2012; Rabi et al., 2022; Shi et al., 2012). Moreover, the ingress of chloride
ions significantly exacerbates the corrosion rate, posing a heightened risk to structural integrity
(Zhang et al., 2017). In cold regions, the application of de-icing 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 ions ingress 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 (D¢), which provides a metric for evaluating the rate of ion
movement through the material (Kang et al., 2021; Li et al., 2023; Pilvar et al., 2015). The D¢
elucidates the rate and facility of ion diffusion through concrete structures. To evaluate this rate,
D. can be quantified following ASTM C1556. However, owing to the destructive, time-intensive
nature of ASTM C1556, there is a marked preference for rapid, economical, and non-destructive
methodologies to assess Dc. In this context, transmission X-ray microscopy (TXM) has recently
emerged as an innovative imaging technique for cement-based materials, proposed to avoid the
limitations inherent in destructive or comparative testing methods (Moradllo and Ley, 2017a,
2017b). This technique affords direct and applicable observations of ion transport within
cementitious compositions on a practical scale, offering the advantages of expeditiousness and
non-destructiveness. Quantifying D¢ in such materials is achievable by analyzing alterations in
gray-scale values facilitated by TXM (Behravan et al., 2023, 2021; Darma et al., 2013; Moradllo
etal., 2017).

The significance of this study lies in its strategic utilization of a non-destructive approach to
examine the effects of PVA fibers and curing periods on the ingress of chloride into concrete
during freeze-thaw (F-T) cycles. Two air-entrained concretes were prepared, each subjected to
different curing periods: (a) conventional concrete and (b) fiber-reinforced concrete. This research
introduces a novel application of TXM to quantify D¢ in concrete, a methodology that has not been
previously utilized in the context of F-T cycles, thus providing fresh insights into the behavior of
both conventional and fiber-reinforced concrete under extreme weather conditions. Additionally,
a holistic evaluation incorporating mechanical strengths, UPV, surface resistivity (SR), ML, and
RDME was conducted to comprehensively assess the cumulative impact of F-T cycles on the
integrity of concrete specimens. By integrating these methods, this study significantly contributes
to the body of knowledge on concrete durability and resilience, offering valuable data that can
inform future research and practical applications in infrastructure development.

2.3 Materials and methodologies

2.3.1 Materials and mix design

This study evaluated two air-entrained concretes: Group A (conventional) and Group B (fiber-
reinforced). The mix design adhered to the ACI 211.11 volumetric procedure for concrete
proportioning with a water-to-cement ratio of 0.4. Type I/ll portland cement, with 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 was 1.1%. Before mixing, the aggregates were oven-dried
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 of the cement used in this study are listed in Table 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 for air-entrained concrete with 19 mm nominal
maximum aggregate, which specify a target air content of 4% to 6% for concrete exposed to mild
to severe F-T conditions. The fiber-reinforced batch included PVA fibers, each 12.5 mm long and
100 pm in diameter, at a concentration of 0.4 % by the total 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 properties typically 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 groups. The air content of fresh concrete was measured using the pressure method in
accordance with ASTM C231. The concrete was prepared in two batches for the 14-day and 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% for Group B (see Table
3). These differences are likely due to normal variability in mixing conditions, such as ambient
temperature and admixture incorporation. A total of 24 Beam prisms (400 mm by 100 mm by
75mm) and 24 cylinders (75 mm diameter by 150 mm height) were prepared for experimental
analysis. These specimens were subjected to different curing moist periods (14 and 70 days) and
further categorized into subgroups: GA-PW-14d and GA-PW-70d for Group A specimens
undergoing 14 and 70 days of curing, respectively, and GB-PW-14d and GB-PW-70d for Group
B specimens subjected to the exact curing durations.

Table 2- 1 Chemical composition of cement

Component CaOo SiO; Al;03 Fe203 SOs3 MgO Na.0O

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 PVA Fresh Air
2 2 2 2 Fibers Content
(kg/m°)  (kg/m°)  (kg/m?)  (kg/m®) (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

2.3.2 Characterization of the air-void system in hardened concrete
In this study, the air-void 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 digital scanner. 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 pum, and the total imaged
area was 5.4 cm by 3.6 cm. Based on this analysis, the air content (A), paste-air ratio (p/A), average
chord length (1), void frequency (n), specific surface (), and spacing factor (L) of the hardened
Group A and Group B concrete specimens were determined. Figure 2- 1 (a) and (b) show
representative images of the polished concrete surfaces used for air-void analysis in Group A and
Group B, respectively.

(@)

(b)

Figure 2- 1 Air-void structure of (a) Group A and (b) Group B concrete showing differences in
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 to a 14-day and 70-day moist curing in a fog room.
Subsequently, the specimens were exposed to F-T cycles in plain water, following the guidelines
specified in ASTM C666 Procedure A. In this study, the exposure duration of one F-T cycle was
4.5 hours. During a freezing half cycle, the temperature rapidly decreases from 4.4 °C to —18 °C
within 1 hour and remains constant at —18 °C for 2 hours. Subsequently, in the thawing half cycle,
the temperature rises from —18 °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 single F-T cycle. ML and RDME
were determined every 28 to 36 F-T cycles following Equations 1 and 2, where m, is the mass of
the specimens at 0 F-T cycles, mn represents the mass of the specimens after n F-T cycles, Am is
the percentage (%) of the ML of the concrete specimens after n F-T cycles, no is the fundamental
transverse frequency of the specimens at 0 F-T cycles, n, represents the fundamental transverse
frequency of the specimens after n F-T cycles, and P, is the RDME of the concrete specimens after
n F-T cycles.

m, —m
Am =22""" 100 (1)
mO

n2 (2)
2

0
In addition, longitudinal UPV (ASTM C597), SR (AASHTO T358) from all four sides of the
prisms, and fundamental transverse frequency (ASTM C215) were measured before F-T cycles
and at least every 28 to 36 F-T cycles. Furthermore, both the compressive strength (ASTM C39)
and flexural strength (ASTM C293) were evaluated before the F-T cycles began and after F-T
cycling was ended exposure for all concrete samples.

RDME, P, =

2.3.4 Testing procedure using TXM

A custom-built TXM was utilized to evaluate the D¢ of concrete specimens for pre- and post-F-T
cycles. Figure 2- 2 (Rahat et al., 2024) depicts the schematic of the TXM setup, which was
designed based on the design by other researchers (Behravan et al., 2021, 2023; Ley et al., 2023;
Moradllo and Ley, 2017a, 2017b). This TXM setup offers a non-destructive and swift means of
conducting diffusion experiments, with the capability to acquire an X-ray radiograph in roughly
10 seconds. Table 2- 4 shows the X-ray source and detector details. For the experimental
procedure using the TXM, two concrete cores of 19 mm diameter by 25 mm height were cut from
all groups of specimens before and after undergoing F-T cycles, 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 surfaces while keeping 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 F-T cycles. Samples that were cured for 14 days were assessed for up to
375 F-T cycles, as the surface scaling caused by the F-T cycles prevented further analysis for

additional F-T cycles.
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Figure 2- 2 Schematic illustration of the TXM system.

Table 2- 4 Details of the X-ray source

Sensor Resolution (line pairs per mm) 33.78
Pixel Size (um) 19
Voltage (keV) 65

Current (LA) 7000

Exposure Time (s) 0.25

Previous studies have focused on chloride diffusion in concrete (e.g., Florea and Brouwers, 2012;
Jasielec et al., 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 (Behravan et al., 2023, 2021; Moradllo
and Ley, 2017). Both iodide (I") and chloride (Cl") are monovalent anions with similar
characteristics, which makes iodide an appropriate alternative (Jin et al., 2024). In contrast to
chloride, iodide shows very low reactivity within the alkaline conditions of concrete, resulting in
only a few minor reaction products, such as 3Ca0O-Al>Oz-Cal2-8H-0, with unhydrated CsA (Jin et
al., 2024), which helps to maintain a limited effect on the cement matrix.

A 0.6 M KI solution was used for ponding the cored specimens, selected for its ability to enhance
contrast in X-ray 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's diffusion
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 scanned to serve as reference images. Subsequently,
the samples were immersed in the K1 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 evaluation of alterations in gray values by subtracting the reference image. A
reference image was captured following F-T cycles for specimens exposed to F-T cycles.
Subsequently, these samples were subjected to an identical procedure involving immersion in a Kl
solution and subsequent X-ray 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 entailed making local 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 shown in Figure 2- 3. represents
the penetrated depth of iodide in 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 in Figure 2- 3. This was performed to minimize the occurrence of cupping artifacts
(Behravan et al., 2023, 2021; Khanzadeh Moradllo and Ley, 2017). Each line represents a
grayscale value corresponding to a specific depth, and the final gray-value profile was computed
by averaging the values from 280 individual lines. Behravan et al. (2023) suggested using
radiographs from various angles to estimate D, for concrete specimens, advocating for presenting
these findings as the mean D¢. Given the composite nature of 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 the apparent De.

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 apparent D¢ is determined based on a solution from
Fick's second law of diffusion, as is used in ASTM C1556. Equation 3 defines the solution for the
1D diffusion problem, where x is the distance from the sample surface, Cs is the surface iodide
concentration, Cx is the iodide concentration at depth of x from the surface after time t, and erf
is the Gaussian error function. The D¢ value in this study combines the impact of fluid transport
mechanisms such as diffusion, absorption, convection, and chemical binding into one term.

. 3
C(x,t) = CS 1- erf <2m>

2.4 Results and discussions

2.4.1 Hardened air-void system characterization results

Table 2- 5 shows the results of the hardened air-void system for Group A and Group B. The air-
void system result demonstrates that Group A has an improved air-void system than Group B, as
reflected in its lower spacing factor (0.07 mmvs. 0.08 mm), higher specific surface (22 mm™' vs.
20 mm™), and greater void frequency (0.239 mm™ vs. 0.202 mm™"). Both groups meet the ASTM
C457 requirement for moderate F-T exposure (spacing factor < 0.20 mm), but Group A’s more
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 hardening, with 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 consolidation. The inclusion of PVA fibers in Group B
may have influenced the formation 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
hypothesis 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 air-void system data for concrete specimens

A (%) n (mm™) p/A [(mm) a(mm?) L(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 14-day and 70-day curing periods over F-T cycles. The degree
of deterioration of concrete samples is directly related to the changes in their mass and RDME. In
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 1000 F-T cycles for 70-day cured samples. This
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difference in ML aligns with the findings of Al-Kheetan et al., (2020), for concrete with a w/cm
ratio of 0.40. Both groups exhibited enhanced resistance to 1000 F-T cycles despite the slightly
higher ML in Group B for 70-day cured samples.

However, samples cured for 14 days underwent 300 F-T cycles and exhibited higher ML values
than 70 days cured samples. Group A displayed a 1.0 % ML, while Group B showed a slightly
higher reduction of 3.2 % after 300 F-T cycles. This result is consistent with the findings of Liu et
al. (2021). For the samples cured for 70 days, Group A and Group B experienced an ML of 0.5 %
after 300 F-T cycles, highlighting the impact of the curing period on F-T resistance.

As shown in Figure 2- 4 (b), Group A samples exhibited an RDME of 95 %, while Group B
samples showed 95 % after completing 1000 F-T cycles for 70-day cured samples. This RDME
value for concrete samples with a w/cm ratio of 0.40 aligns with the findings of Shang & Yi,
(2013). Concrete with a lower w/cm ratio displays reduced porosity, limiting the exposure of
capillary water to frost action, which in turn lowers its susceptibility to frost-related damage.

Nevertheless, samples that were cured for 14 days were subjected to 300 F-T cycles 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 F-T cycles. 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 300 F-T cycles, respectively,
emphasizing the influence of curing duration on F-T resistance. 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 of elasticity reaches 60 % of the initial modulus. This
study's 14-day cured samples were close to the 60 % threshold value. Compared to Group B, Group
A exhibited superior resistance to F-T cycles due to its higher air content. This was evident from
the lower ML, and RDME results observed when introducing PVA fibers. The better air-void
system, as reported in Section 2.4.1 in Group A, significantly improved its ability to withstand F-
T cycles, highlighting the critical role of air entrainment in preserving concrete durability in
challenging conditions. Furthermore, prolonged curing leads to increased resistance to F-T cycles.

Table 2- 6 outlines the mass (kg) measurements of various replicates before and after undergoing
F-T cycles for two groups of concrete samples cured for 70 days and 14 days. Similarly, Table 2-
7 presents the fundamental transverse frequency (Hz) values measured prior to and following F-T
cycles for both groups, corresponding to the exact curing durations.

After subjecting the samples to 300 F-T cycles, a statistically significant difference was observed
in both ML and RDME at a significance level 0.05 when comparing the GA-PW-70d sample with
the GA-PW-14d and GB-PW-14d samples. However, there is insufficient evidence to conclude a
statistically significant difference between the GA-PW-14d and GB-PW-14d samples after 300 F-
T cycles and between the GA-PW-70d and GB-PW-70d samples at 300 and 1000 cycles for both
ML and RDME.
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Table 2- 6 Mass (kg) measurements for concrete replicates in both concrete groups before and

after F-T 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 7.543 7.418 7.516 0.072
36 7.651 7.808 7.411 7.623 0.163 7.585 7.543 7.418 7.515 0.071
72 7.651 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 7417 7.514 0.071
172 7.650 7.800 7.410 7.620 0.161 7.584 7.542 7417 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 7.640 7.770 7.400 7.603 0.153 7.580 7.530 7.400 7.503 0.076
550 7.620 7.750 7.380 7.583 0.153 7,570 7.510 7.370 7.483 0.084
675 7.600 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 (Hz) measurements for concrete replicates in both
concrete groups before and after F-T cycles

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

2.4.3 UPV results
The variations in UPV values during F-T cycles for Groups A and Group B are depicted in Figure
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 the samples cured for 70 days were 4500 m s~
1 and above, whereas those cured for 14 days exhibited UPV values of 4200 m s and above.
Group B, reinforced with PVVA fibers, experienced a 10 % reduction in UPV after 1000 F-T cycles
for the samples cured for 70 days, while Group A experienced a 6 % reduction. Despite the higher
decrease in Group B, both groups exhibited enhanced resistance against 1000 F-T cycles.
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After 300 F-T cycles, the UPV results showed that samples cured for 14 days degraded more than
those cured for 70 days. GA-PW-14d had a 28.7% reduction, while GB-PW-14d showed a 33 %
reduction after 300 F-T cycles. In contrast, samples cured for 70 days (Groups A and B)
experienced only a 5 % and 5 % decrease after 300 F-T cycles, respectively, highlighting the
impact of the curing period on F-T resistance. This result is consistent with a previous study by
El-Mir and El-Zahab (2022). The lower air content across all Group B samples, compared to Group
A, indicates that the reduced performance under F-T cycles may be more related to the low air
content rather than the influence of PVA fibers. The 70-day cured samples demonstrated superior
performance, indicating the benefits of a more extended curing period in enhancing F-T resistance.
The differing UPV reduction suggests that including PVA fibers in Group B may not effectively
combat the effects of F-T cycles on concrete’s UPV, with proper curing and a better air-void
system likely playing pivotal roles.

The evidence suggests a statistical difference between the GA-PW-70d sample and the GA-PW-
14d and GB-PW-14d samples after 300 F-T cycles at a significance level of 0.05. However, when
comparing the GA-PW-14d and GB-PW-14d samples after 300 F-T cycles, there is insufficient
evidence to conclude that the difference in percent change in UPV is statistically significant at the
0.05 significance level. Similarly, when comparing the GA-PW-70d samples with GB-PW-70d
samples at 300 and 1000 cycles of F-T testing, 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 s™) measurements of various replicates before and after
undergoing F-T cycles for two groups of concrete samples cured for 70 and 14 days.
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Table 2- 8 UPV (m s™) measurements for concrete replicates in both concrete groups before and
after F-T cycles

70 days curing period

Group A Group B
F-T cycle R1 R2 R3  Average STD R1 R2 R3  Average STD

0 4500 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 penetration test (Ghosh and Tran, 2015).
Figure 2- 6 shows how the SR values changed during F-T cycles for Groups A and Group B.
Group A consistently had higher SR values than Group B. The initial SR values for the samples
cured for 70 days were 25 kQ-cm and above. In contrast, those cured for 14 days were 15 kQ-cm
and above, indicating good-quality concrete samples, lower permeability, and low to moderate risk
of corrosion (Lim et. al, 2011).
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After 1000 F-T cycles, the samples in Group B, which had PVA fibers, experienced a 53 %
decrease in SR after 70 days of curing, while Group A had a slightly lower reduction of 46 %.
Both groups showed decreased resistance to 1000 F-T cycles, with Group B showing a more
significant decrease. This decrease in SR can be attributed to surface scaling caused by F-T cycles,
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 were cured 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 300 F-T cycles. On the other hand,
for the samples that were cured for 70 days, Group A and Group B experienced a decrease of 17
% and 27 % after 300 F-T cycles, underscoring the impact of the curing period on F-T resistance.
The lower air content across all Group B samples than Group A suggests that PVA fibers may not
significantly mitigate the effects of F-T cycles. Furthermore, the samples cured for 70 days
demonstrated superior performance, indicating the benefits of a more extended curing period in
enhancing F-T resistance. The difference in SR reduction between the groups implies that
including PVA fibers in Group B may not effectively counter the effects of F-T cycles on SR, with
proper curing and the improved air-void system likely playing pivotal roles.

After 300 F-T cycles, a statistically significant difference in SR values was observed at a
significance level of 0.05 when comparing the GA-PW-70d sample with the GA-PW-14d and GB-
PW-14d samples. However, there is insufficient evidence to conclude a statistically significant
difference in SR values between the GA-PW-14d and GB-PW-14d samples after 300 F-T cycles
and between the GA-PW-70d and GB-PW-70d samples at 300 and 1000 cycles.

Table 2- 9 outlines the SR measurements of various replicates before and after undergoing F-T
cycles for two groups of concrete samples cured for 70 and 14 days.
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Table 2- 9 SR (kQ-cm) measurements for concrete replicates in both concrete groups before and

after F-T cycles

70 days curing period

Group A Group B
F-T cycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 260 254 256 25.7 02 230 240 244 23.8 0.6
36 255 250 250 25.2 02 222 226 227 22.5 0.2
72 250 241 250 24.7 04 214 213 210 21.2 0.2
100 249 240 248 24.6 04 213 212 209 21.1 0.2
136 240 233 245 24.0 05 205 198 193 19.9 0.5
172 23.3 230 240 235 04 201 194 189 19.5 0.5
200 220 221 233 22.5 06 189 179 171 17.9 0.7
236 221 216 225 221 04 186 176 16.8 17.7 0.7
272 220 216 220 21.9 02 184 174 16.6 17.5 0.7
300 219 215 218 21.7 02 182 172 165 17.3 0.7
425 211 207 210 20.9 02 175 166 159 16.7 0.7
550 204 199 202 20.1 02 169 160 153 16.0 0.7
675 182 178 179 18.0 0.2 151 143 137 14.3 0.6
800 148 145 144 14.5 02 123 116 111 11.7 0.5
1000 140 137 136 13.8 02 117 110 105 11.1 0.5
14 days curing period
Group A Group B
F-Tcycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 140 146 150 14.5 04 139 142 149 14.3 0.4
36 13.1 127 132 13.0 02 124 126 127 12.6 0.1
72 123 135 125 12.8 05 118 116 136 12.3 0.9
100 8.8 8.7 8.2 8.6 0.3 8.6 8.1 8.2 8.3 0.2
136 7.5 7.4 7.2 7.4 0.1 7.6 7.2 7.1 7.3 0.2
172 7.5 7.4 7.2 7.4 0.1 7.6 7.2 7.1 7.3 0.2
200 7.5 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 7.1 7.2 7.1 7.1 0.0 6.8 6.9 7.1 6.9 0.1
300 7.0 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 Replicate 1, Replicate 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 days) and after 300 F-T (for 14-day

cured samples) and 1000 F-T (for 70-day cured samples) cycles.

During the 7-day curing period, the compressive strength values for Group A and Group B were
28.2 MPa and 30.6 Mpa, respectively. Additionally, the modulus of rupture values for Group A
and Group B were 8.3 Mpa and 9.4 Mpa, 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 fiber.

Unpaired, two-tailed t-tests for the 7-day 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 the 7-day results, the Group A samples exhibited lower
compressive strength and modulus of rupture compared to Group B, which is attributed to the
reinforcement of Group B with PVA fiber.

Unpaired, two-tailed t-tests for the 7-day, 14-day, 28-day, and 70-day results showed 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 enduring 300 F-T cycles, both Group A and Group B samples, which had been cured for 14
days, displayed notable differences. Group B showed the lowest percentage change in compressive
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 durability properties, it did contribute to
enhancing the mechanical performance of the concrete samples when subjected to F-T cycles
during the 14-day curing process.

In contrast, after subjecting the samples from Group A and Group B, cured for 70 days, to 1000
F-T cycles, both demonstrated significant resistance against F-T cycles 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 % for the modulus of rupture, and
Group B exhibited an 11 % reduction in values. The results indicate that F-T cycles had a more
significant negative impact on concrete’s flexural strength than compressive strength. However,
PVA fiber enhanced the mechanical performance of all concrete groups. Given that the 70-day
cured samples displayed substantial resistance against 1000 F-T cycles, it is clear that the extended
curing period plays a crucial role in improving the concrete performance against F-T cycling.

An unpaired, two-tailed t-test was performed on the 14-day cured samples following 300 F-T
cycles and the 70-day cured samples following 1000 F-T cycles. The findings suggested
insufficient evidence to establish 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 F-T cycles for 70 days of cured samples. For 300 F-T cycles, the findings suggested that
there is 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 values between Group A and Group B
after 300 F-T cycles for 14 days of cured samples.
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Figure 2- 7 (a) Compressive strength, and (b) modulus of rupture of different concrete groups
for different curing periods before and after F-T cycles.

2.4.5 Time-dependent Dc and concentration profile

Figure 2- 8 depicts the average concentration profiles and D¢ for the concrete samples in both
Groups A and B after 3 days, 14 days, and 28 days of ponding before the F-T cycles for 70 days
and 14 days of curing periods.
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Figure 2- 8 Concentration profiles for the following concrete samples before undergoing F-T
cycles : (a) GA-PW-70d, (b) GB-PW-70d, (¢) GA-PW-14d, and (d) GB-PW-14d.

Based on the data from Figure 2- 8 (a), (b), (c), and (d), both sets of concrete samples exhibited
very low D. values before undergoing F-T cycles, regardless of whether they were cured for 70
days or 14 days. These findings are consistent with the results of the SR test. Table 2- 10 shows
the average D¢ values for GA-PW-70d, GB-PW-70d, GA-PW-14d, and GB-PW-14d samples after
3 days, 14 days, and 28 days of ponding before F-T cycles.
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Table 2- 10 Average D¢ (x 1012 m?s?) values for concrete samples before F-T cycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 S§2 S1 S2 S1 S2 S1 0 S-2 S1S-2
0 0.70 089 0.22 0.28 0.30 0.35 0.28 0.80 0.21 0.19 0.29 042

60 0.80 080 085 0.23 031 0.22 0.81 097 0.09 0.66 0.35 0.37
120 0.32 0.67 030 030 0.30 0.40 0.70 0.87 0.99 0.87 0.32 0.56
180 0.53 050 031 0.20 0.20 0.22 050 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 §2 S§1 S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 245 476 120 055 035 032 250 397 082 055 054 0.32

60 243 245 060 020 0.25 0.32 380 3.11 0.25 0.66 0.29 0.25
120 254 344 0.70 080 045 0.62 555 533 064 0.86 049 0.68
180 243 498 0.84 055 060 053 422 261 077 071 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: S-1 and S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

These D¢ values for concrete with a 0.4 w/cm ratio support the findings of Moradllo et al., (2017).
These D¢ values confirm that samples cured for 14 days exhibit higher D¢ than those cured for 70
days, consistent with other experimental findings. Extended curing periods lead to lower D values,
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 porosity and permeability. However, PVA fiber-reinforced samples
demonstrated higher D. values 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 fibers (e.g., Kim et al., 1999; Tran
et al., 2022), which could result in increased porosity or microcracking.

It can be seen from the Figure 2- 8 (a), (b), (c), and (d), over the 28-day ponding period, that the
iodide concentration reached its peak (Cmax) of 3.9 % in GA-PW-70d and 3.8 % in GB-PW-70d
within the surface layers just below the surface (Ax), followed by a gradual decrease at greater
depths. In contrast, the iodide concentration peaked at 5.2 % in GA-PW-14d and 4.7 % in GB-
PW-14d within Ax. This rise is likely attributed to capillary absorption and diffusion during the
initial solution penetration (Beharavan et al., 2023; Moradllo et al., 2017).

Figure 2- 9. Depicts the average concentration profiles and D, for the concrete samples in both
Groups A and B after 3 days, 14 days, and 28 days of ponding after 125 F-T cycles for 70 days
and 14 days of curing periods. Table 2- 11 shows the average D¢ values for GA-PW-70d, GB-
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PW-70d, GA-PW-14d, and GB-PW-14d samples after 3 days, 14 days, and 28 days of ponding

after 125 F-T cycles.

Table 2- 11 Average D¢ (x 1012 m?s™t) values for concrete samples after 125 F-T cycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §s2 S1 S2 S1 S22 S1 S2 S1 S22 S-1S-2
0 0.16 0.22 0.01 049 044 0.19 200 1.00 020 0.42 0.58 0.16
60 0.13 042 061 0.12 051 032 315 0.60 060 0.70 094 041
120 0.83 1.02 046 055 026 035 1.00 1.02 048 053 048 0.11
180 221 160 0.03 0.71 0.14 031 294 049 047 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 S-1 §s2 S1 S2 S1 S22 S1 S22 S1 S22 S-1S-2
0 316 222 087 079 074 059 521 276 120 142 0.88 0.76
60 413 442 161 092 081 0.72 315 263 160 0.81 0.74 041
120 383 3.02 146 0.75 066 065 341 3.77 0.88 093 0.98 0.61
180 421 260 103 081 054 061 294 449 0.77 101 124 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: S-1 and S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

On the other hand, over the 28-day ponding period after 125 F-T cycles, the iodide concentration
reached its peak (Cmax) 0f 4.2 % in GA-PW-70d and 4.5 % in GB-PW-70d within the surface layers
just below the surface (Ax), followed by a gradual decrease at greater depths. In contrast, the iodide
concentration peaked at 5.5 % in GA-PW-14d and 5.2 % in GB-PW-14d within Ax.
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Figure 2- 9 Concentration profiles for the following concrete samples after 125 F-T cycles : (a)
GA-PW-70d, (b) GB-PW-70d, (c) GA-PW-14d, and (d) GB-PW-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 after 250 F-T cycles
for 70 and 14 days of curing periods. Table 2- 12 shows the average D values for GA-PW-70d,
GB-PW-70d, GA-PW-14d, and GB-PW-14d samples after 3 days, 14 days, and 28 days of ponding
after 250 F-T cycles.
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Table 2- 12 Average D¢ (x 1022 m?s?) values for concrete samples after 250 F-T cycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 S§2 S1 S2 S1 S2 S1 0 S-2 S1S-2
0 1.06 0.34 094 0.19 038 019 198 130 198 238 0.58 0.81

60 0.62 208 031 029 092 012 111 249 026 1.00 053 051
120 0.70 455 046 035 040 0.15 154 1.02 102 196 0.64 0.60
180 373 718 034 071 035 041 134 196 0.12 098 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 14 Days 28 Days
Angle s1 §2 S§1 S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 406 454 124 119 088 0.79 468 430 19 155 0.88 091

60 462 358 131 089 059 062 411 469 126 1.79 093 0.71

120 3.70 455 116 142 0.75 095 454 402 170 183 1.22 0.67

180 473 318 094 171 053 081 584 496 132 139 0.75 0.55
Average 412 1.23 0.74 4.64 1.59 0.83

STD 0.54 0.24 0.14 0.54 0.23 0.19
Note: S-1 and S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

Based on Figure 2- 10, it can be found that for the 28-day ponding period after 250 F-T cycles,
the iodide concentration reached its peak (Cmax) Of 4.4 % in GA-PW-70d and 5.2 % in GB-PW-
70d within the surface layers just below the surface (Ax), followed by a gradual decrease at greater
depths. In contrast, the iodide concentration peaked at 6.1 % in GA-PW-14d and 6.5 % in GB-
PW-14d within Ax.
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Figure 2- 10 Concentration profiles for the following concrete samples after 250 F-T cycles :
(@) GA-PW-70d, (b) GB-PW-70d, (c) GA-PW-14d, and (d) GB-PW-14d.

Figure 2- 11 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 following 375 F-T cycles
for curing periods of 70 and 14 days. Table 2- 13 shows the average D values for GA-PW-70d,
GB-PW-70d, GA-PW-14d, and GB-PW-14d samples after 3 days, 14 days, and 28 days of ponding
after 375 F-T cycles.
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Table 2- 13 Average D¢ (x 1022 m?s™?) values for concrete samples after 375 F-T cycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 S§2 S1 S2 S1 S2 S1 0 S-2 S1S-2
0 242 0.10 0.25 0.38 0.74 0.19 098 395 090 0.85 058 0.16
60 0.69 0.10 0.34 042 083 0.15 1.8 0.83 026 090 094 0.69
120 6.90 251 041 055 028 032 098 1.72 0.70 0.83 048 051
180 6.73 287 0.15 0.71 035 0.29 294 045 032 090 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 §2 S§1 S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 242 210 155 138 094 059 598 395 118 158 158 1.16
60 469 410 134 142 073 095 485 483 126 139 1.14 0.60
120 6.90 351 081 0.75 0.68 0.70 498 3.72 0.82 296 0.48 0.45
180 6.73 3.87 115 171 0.85 0.89 6.94 445 092 398 142 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: S-1 and S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

Figure 2- 11 also shows that for the 28-day ponding period after 375 F-T cycles, the iodide
concentration reached its peak (Cmax) of 5.1 % in GA-PW-70d and 5.4 % in GB-PW-70d within
the surface layers just below the surface (Ax), followed by a gradual decrease at greater depths. In
contrast, the iodide concentration peaked at 7.0 % in GA-PW-14d and 7.1 % in GB-PW-14d within
AX.

It is worth noting that the samples subjected to 375 F-T cycles experienced severe scaling,
preventing further investigation of D¢ values in extended F-T cycles. The RDME data from Section
2.4.3 indicates that the 14-day cured samples were severely damaged after 300 F-T cycles. The D
values corroborate the results of the F-T experiments, indicating a significant increase in both
Group A and Group B samples after 375 cycles. Higher D¢ and 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 detail in Figure 2-13.
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Figure 2- 11 Concentration profiles for the following concrete samples after 375 F-T cycles :
(a) GA-PW-70d, (b) GB-PW-70d, (c) GA-PW-14d, and (d) GB-PW-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 following 500 F-T cycles
for 70 days of curing periods. Table 2- 14 shows the average D values for GA-PW-70d, and GB-
PW-70d samples after 3 days, 14 days, and 28 days of ponding after 500 F-T cycles.
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Table 2- 14 Average D¢ (x 1022 m?s?) values for concrete samples after 500 F-T cycles

GA-PW-70d GB-PW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 S§2 S1 S2 S1 S2 S1 0 S-2 S1S-2
0 0.58 159 082 061 0.89 031 250 585 110 092 058 0.26
60 338 301 083 064 033 038 315 401 09 097 084 031
120 448 526 0.74 075 0.28 0.44 0.60 3.02 090 1.03 048 0.11
180 200 210 0.77 0.71 048 0.61 294 095 110 0.99 1.42 150
Average 2.80 0.73 0.47 2.88 1.00 0.69
STD 1.45 0.07 0.19 1.55 0.07 0.49

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

In addition, from Figure 2-12, it can be observed that for the 28-day ponding period after 500 F-
T cycles, the iodide concentration reached its peak (Cmax) of 5.8 % in GA-PW-70d and 5.9 % in
GB-PW-70d within the surface layers just below the surface (Ax), followed by a gradual decrease
at greater depths. It can be observed from the TXM results that both sets of concrete exhibited a
gradual increase in Cmax for both curing periods, consistent with the trend of increasing D..
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Figure 2- 12 Concentration profiles for the following concrete samples after 500 F-T cycles :
(a) GA-PW-70d and (b) GB-PW-70d.

The results from Figure 2- 8 to Figure 2- 12 demonstrate that the D¢ values stabilized when the
ponding periods were extended, which is consistent with findings from previous studies (Behravan
et al., 2023, 2021; Rahat et al., 2024).Figure 2- 13 displays the percent change of D. data for 28
days of ponding periods, the maximum considered in this study. In Figure 2- 13, GA-PW-70d
samples showed a 62 % increase after 500 F-T cycles, while the GB-PW-70d samples experienced
a 93 % increase in D value. After 375 F-T cycles, the GA-PW-14d samples demonstrated an 84
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% increase, whereas the GB-PW-14d samples experienced an increase of 109 %. GA-PW-70d
experienced a 37 % increase, and GB-PW-70d experienced a 77 % increase after 375 F-T cycles.

An analysis of the changes in D¢ values before and after F-T cycles reveals that both sets of
concrete exhibit significant increases after consecutive F-T cycles, highlighting the influence of
F-T cycles on chloride ingress in concrete. For both 14-day and 70-day cured samples, Group A
shows better resistance than Group B, suggesting that the PVA fibers did not have the expected
impact on improving F-T resistance. Although not directly quantified, the presence of PVA fibers
may have influenced the pore structure and 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 content. Furthermore, the results depicted in
Figure 2- 13 indicate that samples cured for 14 days demonstrate a higher increase compared to
the 70-day cured samples in both concrete groups. Notably, even after undergoing 375 F-T cycles,
the GB-PW-14d samples exhibit the lowest performance. The superior performance of the 70-day
cured samples provides compelling evidence that an extended curing period can enhance the
chloride ingress properties of concrete in F-T cycling, surpassing the influence of PVA fibers.
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Figure 2- 13 Changes of D over F-T cycles for different curing periods.
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The results from unpaired, two-tailed t-tests suggest that there is insufficient evidence to support
a statistically significant difference in the D¢ values between GA-PW-70d and GB-PW-70d at 3
days, 14 days, and 28 days of ponding, both before and after 500 F-T cycles. Similar findings were
observed for the D, values between GA-PW-14d and GB-PW-14d before and after 375 F-T cycles.
However, there was a statistically significant difference between the D values for the samples that
were cured for 70 days and 14 days for both Group A and Group B, both before and after 375 F-T
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 D¢ values of the 3 days, 14 days, and 28 days of ponding specimens of the same
mixture before and after 500 F-T cycles (for GA-PW-70d and GB-PW-70d) using unpaired, two-
tailed t-tests. However, there is a statistically significant difference between the D¢ values of the 3
days, 14 days, and 28 days of ponding specimens of the same mixture before and after 375 F-T
cycles (for GA-PW-14d and GB-PW-14d).

2.5 Conclusions and recommendations

This study aimed to evaluate the combined effects of PVA fiber inclusion and curing duration on
the F-T durability of air-entrained concrete by analyzing key durability parameters, such as mass
loss, RDME, UPV, and SR, and employing TXM to quantify chloride ingress under F-T exposure
non-destructively.

e The results showed that the concrete without fibers (Group A), which had a more favorable
air-void system (lower spacing factor, higher void frequency), exhibited better overall
resistance to F-T cycles compared to the fiber-reinforced concrete (Group B) despite
identical mix proportions.

e 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 susceptibility to F-T damage and chloride
ingress.

e The Dc, quantified using a novel non-destructive TXM method, demonstrated that Dc
increased by 62% in Group A and 93% in Group B after 1000 F-T cycles, reinforcing the
role of entrained air and microcrack control in mitigating chloride transport.

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

e Overall, the findings suggest optimizing the air-void structure and ensuring adequate
curing duration are more critical than fiber inclusion for enhancing concrete’s F-T and
chloride resistance in cold-region 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 in-depth microstructural analysis of concrete samples is
recommended to evaluate the fiber dispersion and the interfacial transition zone to better
understand the factors influencing F-T damage or resistance.

v Future studies should also investigate using lower or optimized PVA fiber dosages to
determine whether reduced contents could improve air-void stability while providing
mechanical performance benefits in F-T conditions.

v In addition, conducting controlled experiments in which the air content is equalized
between fiber-reinforced and non-fiber-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 optimized PVA fiber dosages to
determine whether reduced contents could improve air-void stability while still providing
mechanical performance benefits in F-T conditions.

Future research should also aim to develop mix design strategies that explicitly address the trade-
off between fiber reinforcement and air-void system stability to ensure mechanical performance
and F-T durability.
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3.1 Abstract

This study investigates the effects of freeze-thaw (F-T) 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 14-day and 70-day curing periods. The results showed
that longer curing durations significantly enhanced the concrete’s resistance to F-T damage and
chloride ingress, particularly for Group A. Despite previous studies suggesting that PVA fibers
improve durability, Group B exhibited higher chloride penetration and diffusion coefficients (Dc)
value than Group A. A transmission X-ray microscope (TXM) was used to quantify Dc, revealing
that the Dc value increased significantly after F-T cycles in seawater conditions. Group A
consistently outperformed 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 F-T cycles, accelerating deterioration compared to F-T cycles 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 curing duration and environmental conditions on
concrete’s resistance to F-T damage, emphasizing the need for tailored strategies to mitigate
combined seawater and F-T effects.

Keywords: freeze-thaw resistance, transmission X-ray microscopy, polyvinyl alcohol fiber, curing
period, chloride ingress, diffusion coefficients, coastal environment, cold region.

3.2 Introduction

Concrete is a fundamental building material known for its affordability and versatility, making it
indispensable in construction projects across 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 deterioration 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, concrete structures in low-temperature
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areas are prone to damage from freeze-thaw (F-T) 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 of sea levels (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 effect of F-T cycles
and seawater intrusion (Dousti et al., 2013; Lu et al., 2021; Moradi-Marani et al., 2010; Costa and
Appleton, 2002; Sun et al., 2020; Wang et al., 2022; Yi et al., 2020). However, the effect of F-T
cycles on concrete in seawater has not been extensively explored in literature, despite significant
research on each mechanism individually.

The extent of damage caused by F-T cycles is influenced by the specific geographic and
atmospheric conditions of the structure’s location (Sahin et al., 2021). Due to F-T cycles, concrete
experiences both internal and surface damage (Gao et al., 2023). Previous studies have shown that
F-T cycles cause three main internal damage pressures 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, 2019; 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 surface scaling. Unlike F-
T cycles with plain water, which primarily induce internal damage through microcracking and
reduced stiffness (Scherer, 1993; Sun et al., 2019), F-T cycles combined with deicing salts
exacerbate surface scaling by removing surface layers and exposing coarse aggregates (Nili and
Zaheri, 2011). While scaling can occur without deicing salts under extreme conditions, such as
excessive F-T cycles or mechanical loading (Mu et al., 2002), deicing salts can cause severe scaling
within a few F-T 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 to gain a thorough understanding of the various damage mechanisms,
including the number of cycles, minimum temperature, and freezing rate, to develop an effective
maintenance plan for the structure (Jacobsen et al., 1997; Sahin et al., 2021). Several indicators
have been identified in the literature as effective means for assessing the degree of F-T damage in
concrete structures (Wang et al., 2022; Xiao et al., 2013). These indicators include, but are not
limited to, the relative dynamic modulus of elasticity (RDME), 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 evaluate the extent of F-T 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 concrete resistant to F-T damage
is the addition of an air-entrained 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., 2021a). These mechanisms create a stable air-void 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
bubbles within the concrete (Sahin et al., 2023; Shah et al., 2021b). Additionally, it is crucial to
consider the fatigue characteristics of concrete under freezing and thawing conditions in the design
and maintenance of concrete structures. The available experimental 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 concrete. Moreover, fiber reinforcement is widely acknowledged as an
effective strategy for improving brittle materials’ strength, ductility, and toughness (Noushini et
al., 2013a; Noushini et al., 2013b). Furthermore, there is limited research examining the impact of
synthetic fibers on the flexural fatigue durability of concrete subjected to freezing and thawing
cycles. Jang et al., (2014) investigated that incorporating PVA fiber-reinforcement into concrete
subjected to freezing and thawing cycles enhances resistance 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 nanocellulose 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 and thawing 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 chloride-based deicing chemicals on concrete bridge decks and pavements. Various factors,
such as the concrete’s porosity, permeability, moisture availability, and the duration and severity
of F-T conditions, affect its vulnerability to chloride ingress (Chung et al., 2010; Tikalsky et al.,
2004). Concrete with higher porosity and permeability tends to be more vulnerable to chloride
ingress during F-T cycles (Tennakoon et al., 2017; Wang et al., 2019; Zhang et al., 2018, 20173,
2017b). The process of chloride ingress in concrete during F-T 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 chloride ions to penetrate in the concrete (Hao et al., 2021; Wang et al., 2022).
Furthermore, the combined effect of chloride ingress and F-T cycles can result in changes in the
concentration of pore solution (Farnam et al., 2014). During ice formation, chloride ions 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 the thawed water (Sarsembayeva and
Zhussupbekov, 2021). Chloride ions present in seawater or deicing salt have the potential to
infiltrate concrete, leading to the de-passivation of steel reinforcement and subsequent corrosion
(Kessler et al., 2017). Chloride-ingress corrosion has a detrimental impact on concrete structures,
leading to reductions in the cross-sectional 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 of F-T cycles on concrete (Kim et 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 F-T damage, it is important to acknowledge a specific limitation in the experimental
methodology employed by Peng 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 air-entrained RC beams during F-T cycles. However, their
approach involved placing the samples in an F-T chamber and submerging them in a salt solution.
It is worth noting that this procedure, although enabling the assessment of seawater’s impact during
F-T conditions, does not fully replicate the continuous submersion of seawater throughout the
entirety of the F-T cycle. Consequently, this approach may introduce some disparity between the
experimental conditions and real-world scenarios. Nonetheless, understanding the impact of F-T
cycles on concrete submerged in seawater 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 assessed using 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 time-consuming, a rapid, cost-effective,
and non-invasive method is preferred to quantify Dc. Transmission X-ray 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 insights into ion transport in cement-based 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; Darma et al.,
2013). However, this technique, based on Fick’s second law, does not consider the binding of
chlorides when determining the Dc. The chemical binding of chlorides in concrete is influenced
by factors such as binder composition, water-to-binder ratio, 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 Gjerv, 2004). For instance, calcium chloride (CaCl2) reacts with portlandite to form calcium
oxychloride, causing leaching of portlandite, pH reduction, and steel corrosion (Pruckner and
Gjerv, 2004; Reiterman and Keppert, 2020; Xu et al., 2011). Magnesium chloride (MgClI2)
exposure produces secondary phases, such as brucite, magnesium-silicate-hydrate, and Friedel’s
salt, leading to cracking and mechanical degradation. Unlike CaCl2, which lowers pore solution
pH and destabilizes concrete, NaCl maintains high alkalinity and forms Friedel’s salt, binding
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 conducted on chloride transport within concrete (e.g., 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 (K1) was utilized as a representative tracer for NaCl, as the TXM
method relies on Fick’s second law and primarily addresses the diffusion of free ions, without
accounting for the effects of chloride binding or the chemical interactions occurring within the
cement matrix (Jasielec et al., 2020). KI was used as 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 iodide (I") and chloride (CI") are monovalent anions with analogous
physicochemical properties, 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 compounds, such
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 evaluating diffusion Kkinetics 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 effects of F-T cycles on chloride
ingress in concrete 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 the F-T cycle and seawater, and their impact on chloride
ingress in concrete. Two types of air-entrained concrete were cast for the study: conventional
concrete and fiber-reinforced concrete. VVarious mechanical, performance metrics, and durability
parameter assessments, including compressive strength, 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 F-T exposure in seawater. Additionally, TXM was used to examine the change in
the Dc value for both groups of concrete resulting from the combined effects of F-T cycles and
seawater.

3.3 Experimental design

3.3.1 Materials and mix design

Two groups of air-entrained concrete were created in this study: Group A is a conventional
concrete and Group B is a fiber-reinforced concrete. The mix design followed the volumetric
standard outlined in the American Concrete Institute (ACI) 211.1-91, with a water-to-cementitious
materials (w/cm) ratio of 0.4 which is similar to Rahat et el., (2025). The cementitious materials
used were Type /1l ordinary Portland cement, possessing a specific gravity of 3.15. Table 3- 1
provides the chemical compositions of the cement used.

Table 3- 1 Chemical compositions of cement

Component Ca0o SiO; Al2O3 Fe203 SOs MgO Na20

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 oven-dried and allowed 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 process, a commercially 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 the fiber-reinforced concrete at a
content of 0.4 % of the total volume. To achieve a uniform mixture of PVA fiber-reinforced
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 volumetric method
outlined in ASTM C173 for both concrete groups. The hardened air-void system was further
evaluated following ASTM C457, as reported by Rahat et al. (2025), which confirmed Group A’s
more refined air-void distribution and enhanced freeze-thaw resistance. The results in Table 3- 4
indicate that Group A exhibited a lower spacing factor, higher specific surface, and greater void
frequency than Group B, reinforcing its superior durability. Table 3- 2 and Table 3- 3 provide the
physical properties of aggregates, and mixture proportions for both groups of concrete
correspondingly.

Table 3- 2 Physical properties of coarse aggregate and 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 5.5
GB-14d 541.4 618.0 914.2 227.9 0.4 52 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 air-void system data for concrete specimens

A (%) n (mm7?) p/A [ (mm) o (mm™) L (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 content, p/A = paste-air ratio, [ = average chord length, n = void frequency, a = specific surface,
and L = spacing factor
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Samples were created for experimental evaluation, consisting of 24 beam prisms with dimensions
of 400 mm by 100 mm by 75 mm and 24 cylinders with a diameter of 75 mm and a height of 150
mm. These samples were moist-cured for different periods (14 days and 70 days) in a fog room.
Samples are divided into subgroups: GA-SW-14d and GA-SW-70d for Group A specimens cured
for 14 and 70 days, respectively, and GB-SW-14d and GB-SW-70d for Group B specimens cured
for 14 and 70 days, respectively.

3.3.2 Preparation of seawater

This study utilized simulated seawater prepared according to ASTM D1141 for the F-T cycle
exposure. The seawater was created using two stock solutions: Stock No. 1 and Stock No. 2. The
chemical composition for preparing the stock solutions is provided in Table 3- 5. Deionized water
was used to prepare the stock solutions. To create a 10 L substitute seawater solution, 245.34 g of
sodium chloride and 40.94 g of anhydrous sodium sulfate were dissolved in 9.5 L deionized water.
Then, 200 mL of Stock Solution 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 of 0.1 N
sodium hydroxide solution.

Table 3- 5. Chemical composition of seawater and stock solutions

Stock no. 1
Component gLt
MgCl2.6H,0 556.6
CaCl2 57.9
SrCl2.6H.0 2.1
Stock no. 2
Component gLt
KCI 69.5
NaHCO3 20.1
KBr 10
H3BO3 2.7
NaF 0.3
Seawater solution
Component gLt
NaCl 24.5
NaSO4 4.1

3.3.3 Testing procedures

In this study, both groups of concrete specimens were subjected to 70-day and 14-day curing in a
moisture curing room. After the curing period, the samples underwent F-T cycles in seawater
environments, following the specifications outlined in ASTM C666 Procedure A. Before initiating
the F-T 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 this, the specimens were placed in water tanks
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containing seawater inside an environmental chamber and subjected to the F-T cycles. During this
study, the duration of one F-T cycle was 4.5 hours. In a freezing half cycle, the temperature
dropped rapidly from 4.4°C to —18°C within one hour and remained constant at -18°C for two
hours. Subsequently, in the thawing half cycle, the temperature increased from -18°C to 4.4°C in
thirty minutes and remained stable at 4.4°C for one hour. The combination of these two half cycles
constituted a single F-T cycle.

After every 28 to 36 F-T 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 in that order. 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 specimens’ durability factor (DF). The ML percentage is:

m,—m
Am =2 — " % 100 @
mO
where mo refers to the mass of the specimens at 0 F-T cycles, m, represents the mass of the
specimens after n F-T cycles, and Am is the percentage of the ML of the concrete specimens after
N F-T cycles. The RDME is:

ne )

where no is the fundamental transverse frequency of the specimens at 0 F-T cycles, nc represents
the fundamental transverse frequency of the specimens after ¢ F-T cycles, and P¢ is the RDME of
the concrete specimens after ¢ F-T cycles.

Following numerous F-T cycles that led to the failure of specific specimens, the specimens were
removed from the environmental chamber. Following ASTM and AASHTO standards, 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 frequency (ASTM C215).

3.3.4 TXM procedure

A custom-developed TXM system quantified Dc in concrete samples from both groups across all
curing durations before and after F-T cycles. This system was constructed following the design
from other researchers (Behravan et al., 2021, 2023; Ley et al., 2023; Moradllo and Ley, 20173,
2017b; Moradllo et al., 2017). Figure 3- 1 shows the schematic of the system (Rahat et al., 2024b).
Images were taken in a consistent orientation to track the gray value changes over time. The X-ray
exposure time was 0.25 s.

Table 3- 6 shows the details of the X-ray 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 (um) 19
Voltage (keV) 65

Current (HA) 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 subjected to F-T cycles. The two cores were obtained from
the top and bottom surfaces of the beam prisms from 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 F-T cycles, as well as those cured for 14 days and subjected to a maximum of 375 F-T
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 specimens under examination
in concrete. X-ray 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 properties 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 KI solution and re-scanned after 3 days, 14 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 to F-T cycles, mirroring the other samples’ subsequent process.
Using a software program, the X-ray 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 rotations. 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, as shown in Figure 3- 1, to
minimize cupping artifacts. Each line in the grayscale value corresponds to a specific depth, and
the final gray-value profile was derived by averaging the values from 280 individual lines.
Behravan et al., (2023) recommended using X-rays from various angles to estimate the Dc for
concrete specimens and suggested presenting the findings as the mean Dc. The irregularities of the
aggregates may affect the X-ray analysis of concrete due to their uneven nature. Therefore, X-rays
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 " e

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

The apparent D is determined using regression and is based on a solution obtained from Fick’s
second law of diffusion, which is employed in ASTM C1556. The solution for the 1D diffusion
problem is defined in Equation 3, where x represents the distance from the sample surface, Cs is
the surface iodide concentration, Cx. is the iodide concentration at a depth x from the surface after
time t, and erf denotes the Gaussian error function.

i} ©
C(x,t) = CS 1- erf (2\/m>

3.4 Results and discussion

3.4.1 UPV results

UPV tests were conducted in this study to assess the uniformity and relative quality of concrete
due to F-T cycles in seawater. Group A consistently exhibited higher UPV values throughout the
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F-T cycles than Group B, as shown in Figure 3- 3 After 70 days of curing, both groups
demonstrated better resistance to 1000 F-T cycles, with GA-SW-70d showing a 13 % reduction
and GB-SW-70d a 19 % reduction in UPV results. In contrast, samples cured for 14 days showed
a significant reduction in UPV, with GA-SW-14d experiencing a 30 % decrease and GB-SW-14d
a 44 % decrease after 300 F-T cycles. However, samples cured for 70 days (GA-SW-70d and GB-
SW-70d) only experienced a 6 % and 10 % reduction, respectively, after the same number of F-T
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 F-T cycles. Furthermore, this indicates that a
more extended curing period enhances resistance to F-T cycles.

However, it was found by Rahat et al., (2025) that when subjected to 1000 F-T cycles in plain
water under the same mix design and 70-day curing period, Group A samples exhibited a 6 %
reduction and Group B showed a 10 % reduction. In contrast, after 300 F-T cycles, 14-day 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, respectively. These results
emphasize the greater impact of seawater compared to plain water during F-T cycles.

The data indicates a statistical difference between the GA-SW-70d sample and the GA-SW-14d
and GB-SW-14d samples after 300 F-T cycles at a significance 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 the GA-SW-14d and GB-SW-14d
samples after 300 F-T cycles. Similarly, when comparing the GA-SW-70d samples with GB-SW-
70d samples at 300 and 1000 cycles of F-T 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 level. Table 3- 7 presents UPV (m s?) 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-T cycles in seawater for different curing periods,

error bars represent one standard deviation
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Table 3- 7 UPV (m s™) 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 2, and Replicate 3; STD stands for standard deviation

3.4.2 SR results

SR tests were conducted in this study to assess concrete resistance against chloride ingress and the
probability of corrosion due to F-T cycles in seawater. In Figure 3- 4, the SR values for all the
concrete sample groups drastically change over F-T cycles. After being subjected to 1000 F-T
cycles, GA-SW-70d displayed a 57 % reduction, and GB-SW-70d showed a 62 % reduction in SR
results. For samples subjected to a 14-day curing period, there was a significant reduction in SR
results, with GA-SW-14d experiencing a 52 % decrease and GB-SW-14d showing a 62 % decrease
after 300 F-T cycles. In contrast, samples cured for 70 days (GA-SW-70d and GB-SW-70d) only
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experienced a 33 % and 29 % decrease after the same number of F-T cycles, implying that a more
extended curing period improves resistance to F-T cycles.

Rahat et al. (2025) found that, with the same mix design and curing period, 14-day-cured samples
immersed in plain water showed reductions of 51 % in Group A and 52 % in Group B after 300 F-
T cycles, while 70-day-cured samples showed significantly lower reductions of 17 % and 27 %,
respectively. For 1000 F-T cycles, Groups A and B experienced 46 % and 53 % reductions,
respectively.

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

The data indicate a statistical difference when comparing the GA-SW-70d sample with GA-SW-
14d and GB-SW-14d samples after 300 F-T cycles at a significance 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 the GA-SW-14d and GB-SW-14d
samples after 300 F-T cycles. Similarly, when comparing the GA-SW-70d samples with GB-SW-
70d samples at 300 and 1000 cycles of F-T testing, there is insufficient evidence to support the
conclusion that the difference in percent change in SR is statistically significant at the 0.05
significance level. Table 3- 8 presents SR (kQ-cm) 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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Table 3- 8 Average SR (kQ-cm) from four-side 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 01 220 201 208 20.9 0.8

100 205 211 215 21.0 04 219 200 207 20.9 0.8
136 209 200 214 20.8 06 200 190 19.2 19.4 0.1
172 210 20.0 20.9 20.6 05 199 183 188 19.0 0.3
200 198 18.7 194 19.3 05 179 170 171 17.4 0.1
236 185 184 19.1 18.7 03 169 170 171 17.0 0.1
272 173 170 17.7 17.4 03 170 170 17.0 17.0 0.0
300 171 171  16.7 17.0 02 168 165 17.0 16.8 0.3
425 175 162 15.0 16.2 1.0 165 157 161 16.1 0.2
550 158 155 154 15.6 02 163 145 156 154 0.5
675 146 142 135 14.1 04 151 130 136 13.9 0.3
800 109 112 121 114 05 119 105 113 11.3 0.4
1000 116 109 10.0 10.8 0.7 9.5 9.2 8.5 9.1 0.4

14 days curing period

Group A Group B

F-Tcycle R1 R2 R3 Average STD R1 R2 R3 Average STD
0 150 142 149 14.7 04 138 135 150 14.1 0.6
36 120 129 127 12.5 04 127 123 119 12.3 0.3
72 124 102 119 115 0.9 96 109 107 10.4 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 5.4 5.3 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 5.1 5.5 0.4

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

3.4.3 ML 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-T cycles in seawater after 14 and 70 days of curing. The deterioration
level of the concrete 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 1000 F-T cycles, 70-day cured samples
from Group A showed an ML of 2.5 %, while Group B had a slightly higher ML of 3.5 %.
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On the other hand, 14-day cured samples subjected to 300 F-T cycles exhibited higher ML values,
with Group A losing 3.0 % of its mass and Group B losing 5.5 %. After 300 F-T cycles, the 70-
day cured samples from Group A had an ML of 0.5 %, and Group B had an ML of 0.5 %,
underscoring the impact of curing duration on F-T resistance.

However, Rahat et al. (2025) found that F-T cycles in plain water led to better performance than
seawater, with Group A and Group B showing ML values of 1.4 % and 1.7 % after 1000 F-T cycles
for 70-day cured samples. The 14-day 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 after 70-day curing.

Fig 5(b) shows that after 1000 F-T cycles, 70-day cured samples from Group A had an RDME of
95 %, while Group B had 91 %. The 14-day cured samples subjected to 300 F-T cycles showed
lower RDME values, with Group A at 69 % and Group B at 55 %. In contrast, after 300 F-T cycles,
the 70-day cured samples had RDME values of 96 % and 95 % for Groups A and B, respectively,
emphasizing the importance of extended curing for enhanced F-T resistance.

However, Rahat et al. (2025) found that F-T cycles in plain water resulted in higher RDME values
compared to seawater, with Group A and Group B showing RDME values of 95 % and 95 %,
respectively, after 1000 F-T cycles. For 14-day cured samples, RDME values were 73 % for Group
A and 65 % for Group B, while 70-day cured samples showed improved values of 98 % for Group
A and 96 % for 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 study, 14-day cured samples were
close to the threshold value; Group B samples exceeded the 60 % threshold. Group A showed
better resistance to F-T cycles than Group B. The prolonged curing improves F-T resistance. The
lower RDME values observed in this study demonstrate that seawater exacerbates concrete
degradation during F-T cycles more than plain 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 concrete’s
resistance to F-T damage, emphasizing the need for tailored strategies to mitigate combined
seawater and F-T effects.

After 300 F-T cycles, a statistically significant difference in ML and RDME was observed at a
significance level of 0.05 when comparing the GA-SW-70d sample with the GA-SW-14d and GB-
SW-14d samples. However, there was no statistically significant difference between the GA-SW-
14d and GB-SW-14d samples after 300 F-T cycles or between the GA-SW-70d and GB-SW-70d
samples after 300 and 1000 cycles for both ML and RDME.

Table 3- 9 presents mass (kg) values for different replicates before and after F-T cycles for both
groups of concrete samples cured for 70 days and 14 days. Similarly, Table 3- 10 displays the
fundamental transverse frequency (Hz) values before and after F-T cycles for both groups of
concrete samples following 70 days and 14 days curing periods.
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Figure 3- 5 Change of (a) mass and (b) RDME value over F-T cycles in seawater for different
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 7410 7578 0.126 7.557 7.421 7.463 7.480 0.057
36 7696 7.605 7.398 7.566 0.125 7.539 7.406 7.438 7.461 0.057
72 7695 7.604 7.397 7565 0.125 7.538 7.405 7.437 7.460 0.057
100 7695 7.604 7.397 7565 0.125 7.538 7.405 7.437 7.460 0.057
136 7693 7.602 7.396 7.564 0.124 7535 7.403 7.436 7.458 0.056
172 7693 7.602 7.396 7.564 0.124 7535 7.403 7.436 7.458 0.056
200 7691 7601 7.395 7562 0.124 7.533 7.402 7.433 7.456  0.056
236 7690 7.601 7.394 7562 0.124 7532 7.400 7.433 7.455 0.056
272 7.690 7.600 7.393 7.561 0.124 7531 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 7680 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 7580 7.480 7.300 7.453 0.116 7.410 7.250 7.300 7.320 0.067
800 7520 7.450 7.270 7.413 0.105 7.350 7.200 7.270 7.273  0.061
1000 7490 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 R1 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 6905 6916  0.033
136 6.510 6.591 6.659 6587  0.061 6.899 6.821 6.871 6.864  0.032
172 6.489 6.591 6.648 6576 0.066 6.861 6.789 6.810 6.820  0.030
200 6.452 6.548 6.611 6537 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 6471 0.084 6.682 6.611 6.668 6.654  0.031
300 6.349 6.492 6545 6462 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

3.4.4 Strength 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: before F-T, after 300 F-T cycles (for 14-day cured
samples), and after 1000 F-T cycles (for 70-day cured samples) in seawater.

After 7 days of curing, Group A exhibited a compressive strength of 28.2 Mpa, while Group B had
a compressive strength of 30.6 Mpa. Additionally, the modulus of rupture values for Group A and
Group B were 8.35 Mpa and 9.45 Mpa, respectively. Group A’s samples showed lower
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compressive strength and rupture modulus than Group B’s. The difference in strength is attributed
to Group B’s reinforcement with PVA fiber.

Over the 7 days, 14 days, 28 days, and 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
Group B with PVA fiber.

Following 300 F-T 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 %), while Group 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 1000 F-T cycles in seawater; Group B
showed the lowest percentage change 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
significantly enhances seawater’s resistance to F-T cycles. However, the mechanical properties do
not substantially improve when PVA fibers are included against F-T cycles in seawater. It should
be noted that an improved air-void system in Group A helps to enhance resistance against F-T
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 apparent that F-T cycles in seawater
exert a more severe impact on concrete’s mechanical strength than plain water conditions.

An unpaired, two-tailed t-test was conducted on the 14-day cured samples following 300 F-T
cycles and the 70-day cured samples following 1000 F-T cycles, and the findings suggested
insufficient evidence to establish 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 F-T cycles for 70 days of cured samples. For 300 F-T cycles, the findings suggested
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 values between Group A and Group B
after 300 F-T 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 groups
for different curing periods before and after F-T cycles in seawater.

3.4.5 Time-dependent Dc and concentration profile
Figure 3- 7 shows the concentration profiles and D. values for the concrete samples in Groups A
and B after 3, 14, and 28 days of ponding, prior to exposure to F-T cycles in seawater.
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Figure 3- 7 Concentration profiles for the following concrete samples before undergoing F-T

cycles : (a) GA-SW-70d, (b) GB-SW-70d, (¢) GA-SW-14d, and (d) GB-SW-14d.

As depicted in Figure 3- 7, the Group A concrete samples consistently exhibited lower D¢ values
than Group B before experiencing F-T cycles in seawater, regardless of the 70-day or 14-day
curing period. Table 11 shows the average D. values for GA-SW-70d, GB-SW-70d, GA-SW-14d,
and GB-SW-14d samples after 3 days, 14 days, and 28 days of ponding before F-T cycles.
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Table 3- 11 Average D¢ (x 1012 m? s71) values for concrete samples before F-T cycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 §S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 093 089 022 038 030 045 028 098 041 019 029 042
60 0.80 0.80 085 023 031 022 081 097 009 066 035 0.37

120 032 067 030 030 030 040 070 087 099 087 032 0.56
180 053 050 031 020 020 022 050 086 028 028 029 045

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 S-1 §2 S§1 S2 S1 S2 S1 S2 S-1 S-2 S1S-2
0 276 476 129 055 035 052 270 397 082 085 054 0.82
60 243 245 068 020 025 032 380 311 025 086 0.29 0.25

120 254 344 070 080 045 062 555 533 064 086 049 0.68
180 243 498 084 055 060 053 422 261 0.7/ 071 070 051
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 S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

Extended curing periods result in lower Dc values, 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 ingress, as PVA fiber-reinforced samples demonstrated higher D. values than
conventional concrete for each curing condition. For the 28-day ponding period, the iodide
concentration reached its peak (Cmax) of 3.9 % in GA-SW-70d and 4.0 % in GB-SW-70d within
the surface layers just below the surface (Ax), followed by a gradual decrease at greater depths. In
contrast, the iodide concentration peaked at 5.2 % in GA-SW-14d and 5.7 % in GB-SW-14d within
AX.

Figure 3- 8 displays the average concentration profiles and D¢ values for the concrete samples in
Groups A and B following 3 days, 14 days, and 28 days of ponding after 125 F-T cycles in
seawater. Table 3- 12 shows the average D values for GA-SW-70d, GB-SW-70d, GA-SW-14d,
and GB-SW-14d samples after 3 days, 14 days, and 28 days of ponding after 125 F-T cycles.
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Table 3- 12 Average Dc (x 10*2 m? s7) values for concrete samples after 125 F-T cycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 §S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 116 198 072 029 032 030 121 163 046 020 0.28 0.83
60 0.13 082 039 022 037 025 241 180 065 070 044 041

120 076 102 036 025 020 053 090 159 043 083 0.27 0.56
180 221 053 023 041 044 021 135 179 037 035 024 025

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 S-1 §2 S§1 S2 S1 S2 S1 S2 S-1 S-2 S1S-2
0 411 413 069 102 045 033 396 212 0.74 092 0.67 0.78
60 476 252 076 134 075 056 443 498 181 120 092 094

120 211 361 125 082 098 065 523 332 188 094 087 044
180 458 331 183 130 079 112 488 288 083 093 079 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 S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

During the 28-day ponding period after 125 F-T cycles in seawater, Cmax is 4.0 % in GA-SW-70d
and 4.53% in GB-SW-70d within Ax, followed by a gradual decrease at greater depths. In contrast,
Cmax 15 5.9 % in GA-SW-14d and 6.0 % in GB-SW-14d within Ax.
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Figure 3- 8 Concentration profiles for the following concrete samples after 125 F-T cycles : (a)
GA-SW-70d, (b) GB-SW-70d, (c) GA-SW-14d, and (d) GB-SW-14d.

Figure 3- 9 depicts the average concentration profiles and D. values for the concrete samples in
Groups A and B after 250 F-T cycles in seawater. Table 3- 13 shows the average D¢ values for
GA-SW-70d, GB-SW-70d, GA-SW-14d, and GB-SW-14d samples after 3 days, 14 days, and 28

days of ponding after 250 F-T cycles.
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Table 3- 13 Average D¢ (x 1012 m2 s™) values for concrete samples after 250 F-T cycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 §S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 290 173 058 029 030 049 111 343 098 042 042 0.25
60 210 265 031 087 022 012 310 190 0.60 0.73 0.71 0.42
120 170 112 026 035 033 075 100 199 048 053 0.88 0.39
180 122 138 034 051 065 019 090 149 047 030 054 0.3
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 S-1 §2 S§1 S2 S1 S2 S1 S2 S-1 S-2 S1S-2
0 311 433 109 119 076 085 492 499 149 119 097 0.90
60 406 4.02 108 189 067 09 552 398 278 189 0.78 0.86
120 501 587 162 142 066 083 486 481 162 142 096 0.93
180 458 316 089 198 070 100 488 585 079 198 0.69 119
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 S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

After undergoing 250 F-T cycles in seawater, Cmax is 4.0 % in GA-SW-70d and 4.6 % in GB-SW-
70d within Ax, with a gradual decrease observed at greater depths. In contrast, the Cmax is 6.0 %
in GA-SW-14d and 6.2 % in GB-SW-14d within Ax during the 28-day ponding period. It is
important to note that a small concentration peak is observed at a depth of 5.75 mm after the
gradual decrease from Cmax in GB-SW-70d, and at a depth of 5.17 mm in GB-SW-14d. This
suggests that Group B experienced more damage after 250 F-T cycles in seawater, likely resulting
to the creation 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 250 F-T cycles : (a)
GA-SW-70d, (b) GB-SW-70d, (c) GA-SW-14d, and (d) GB-SW-14d.

Figure 3- 10 depicts the average concentration profiles and D¢ values for the concrete samples in
Groups A and B after 3 days, 14 days, and 28 days of ponding following 375 F-T cycles in
seawater. Table 3- 14 shows the average D values for GA-SW-70d, GB-SW-70d, GA-SW-14d,
and GB-SW-14d samples after 3 days, 14 days, and 28 days of ponding after 375 F-T cycles.
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Table 3- 14 Average D¢ (x 102 m2 s™) values for concrete samples after 375 F-T cycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S1 §2 §1 §S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 321 217 051 042 038 039 176 087 070 091 058 0.88
60 234 187 061 066 032 050 323 290 09 056 0.83 051

120 219 310 059 055 040 062 110 310 063 039 034 0.60
180 125 1.02 071 072 035 054 310 250 030 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 S-1 §2 S§1 S2 S1 S2 S1 S2 S-1 S-2 S1S-2
0 498 498 137 143 070 188 465 662 187 196 099 1.78
60 523 512 181 197 090 071 591 575 198 188 187 0.95

120 523 688 190 145 0.81 087 493 655 197 237 198 1.20
180 565 592 098 170 0.87 087 598 576 155 179 125 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 S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation

During the 28-day ponding period after 375 F-T cycles, Cmax is 4.0 % in GA-SW-70d and 5.0 %
in GB-SW-70d within Ax, followed by a gradual decrease at greater depths. In contrast, Cmax S 6.7
% in GA-SW-14d and 8.2 % in GB-SW-14d within Ax. After 350 F-T cycles, higher
concentrations of iodide can be observed at greater depths in all concrete samples, similar to the
observations after 250 cycles. This suggests that microcracks are likely gradually increasing due
to F-T damage with extended cycles across all concrete samples.

It is important to note that the samples subjected to 375 F-T cycles experienced severe scaling,
which hindered further investigation of D¢ values in extended F-T cycles. The RDME data from
Section 3.3 indicates that the samples cured for 14 days were severely damaged after 300 F-T
cycles. The D¢ values align with the results of the F-T experiments, marking a significant increase
in both Group A and Group B samples after 375 cycles. Higher D¢ 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 detail in Figure 3- 12.
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Figure 3- 10 Concentration profiles for the following concrete samples after 375 F-T cycles : (a)
GA-SW-70d, (b) GB-SW-70d, (c) GA-SW-14d, and (d) GB-SW-14d.

Figure 3- 11 displays the average concentration profiles and D¢ values for the concrete samples in
Groups A and B after 3 days, 14 days, and 28 days of ponding following 500 F-T cycles for 70
days of curing periods. Table 3- 15 shows the average D values for GA-SW-70d, and GB-SW-
70d samples after 3 days, 14 days, and 28 days of ponding after 500 F-T cycles.

Table 3- 15 Average D¢ (x 102 m2 s™) values for concrete samples after 500 F-T cycles

GA-SW-70d GB-SW-70d
3 Days 14 Days 28 Days 3 Days 14 Days 28 Days
Angle S-1 §2 S§1 S2 S1 S2 S1 S2 S1 S-2 S1S-2
0 220 310 082 065 072 029 240 204 122 154 075 1.02
60 290 240 077 087 065 035 367 320 267 211 1.07 1.10

120 123 198 093 085 055 092 274 120 154 112 098 1.12
180 097 290 071 088 043 044 197 244 097 253 101 0.87
Average 221 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 S-2 refer to Sample 1 and Sample 2, respectively; STD stands for standard deviation
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Over the 28-day ponding period after 500 F-T cycles, the Cmax is 5.4 % in GA-SW-70d and 6.3 %
in GB-SW-70d within the Ax, followed by a gradual decrease at greater depths. The results from
TXM indicate a gradual increase in Cmax for both sets of concrete during the curing periods,
aligning with the trend of increasing Dc. It’s evident that Cmax increased after 500 F-T cycles for
all concrete groups, indicating damage caused by the combined effect of F-T cycles and seawater.
Group B showed higher Cmax values for both curing periods, with the 14-day cured samples
displaying higher Cmax than the 70-day cured samples after 375 F-T cycles. 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 concrete’s resistance to the combined
impact of F-T and seawater.
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Figure 3- 11 Concentration profiles for the following concrete samples after 500 F-T cycles :
(@) GA-SW-70d and (b) GB-SW-70d.

The findings presented in Figure 3- 7 to Figure 3- 11 indicate that the D¢ values 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). Figure 3- 12 illustrates 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 GA-SW-70d samples showed an 81 % increase after 500 F-T
cycles, while the GB-SW-70d samples experienced a 160 % rise in the D. value. Following 375
F-T cycles, the GA-SW-14d samples displayed a 109 % increase, whereas the GB-SW-14d
samples experienced an increase of 173 %. Whereas, GA-SW-70d and GB-SW-70d saw a 46 %
and 60 % increase, respectively, after 375 F-T cycles. Examining the changes in D¢ values pre and
post-F-T cycles reveals significant increases for both concrete sets after consecutive F-T cycles,
underscoring the combined impact of F-T cycles and seawater on chloride ingress in concrete. For
both the 14-day and 70-day cured samples, Group A demonstrates superior resistance compared
to Group B, suggesting that the anticipated impact of PVA fibers on enhancing F-T resistance did
not appear as expected. However, this could also be attributed to Group A having an improved air-
void system compared to Group B, which may have affected its resistance to F-T cycles.
Furthermore, the findings depicted in Figure 3- 12 highlight that samples cured for 14 days exhibit
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a greater increase compared to the 70-day cured samples in both concrete groups. Notably, even
after undergoing 375 F-T cycles, the GB-SW-14d samples showcase the poorest performance. The
superior performance of the 70-day cured samples presents compelling evidence that an extended
curing period can improve the chloride ingress properties of concrete in F-T cycling, surpassing
the influence of PVA fibers.

In contrast to the F-T cycles in plain water conducted by Rahat et al. (2025), the D. increased by
32 % for GA-SW-70d and 72 % for GB-SW-70d after 500 F-T cycles compared to the samples
subjected to F-T cycles in plain water. After 375 F-T cycles, the D¢ increased by 32 % for GA-
SW-14d and 60 % for GB-SW-14d compared to the plain water F-T cycles. These results clearly
demonstrate that the combined effect of F-T cycles and seawater has a significantly more negative
impact on chloride ingress in concrete.

200%
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c

GA-SW-14d . 109%
/

[EEN
N
3
>

100% - © -=GB-SW-14d

80%
60%

Percent Change i

40% -7

20% z

O% e, 1 M 1L M M M M 1L M M M M 1L M . . . 3 . . . .
0 100 200 300 400 500

No of F-T Cycles

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

Analysis from unpaired, two-tailed t-tests indicates there is insufficient evidence to support a
statistically significant difference in the D¢ values between GA-SW-70d and GB-SW-70d at 3
days, 14 days, and 28 days of ponding, both before and after 500 F-T cycles. Similar findings were
noted for the D¢ values between GA-SW-14d and GB-SW-14d before and after 375 F-T cycles.
However, there was a statistically significant difference between the D values for the samples that
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were cured for 70 days and 14 days for both Group A and Group B, both before and after 375 F-T
cycles, at a significance level of 0.05.

At a 5 % confidence level, there is a statistically significant difference between the D. values of
the 3 days, 14 days, and 28 days of ponding specimens of the same mixture before and after 500
F-T cycles (for GA-SW-70d and GB-SW-70d) using unpaired, two-tailed t-tests. However, there
is a statistically significant difference between the Dc values of the 3 days, 14 days, and 28 days
of ponding specimens of the same mixture before and after 375 F-T cycles (for GA-SW-14d and
GB-SW-14d).

3.5 Conclusions

This study investigated the combined effects of F-T cycles 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 F-T cycles and seawater on the 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 improve F-T resistance or decrease chloride ingress in concrete
as anticipated. Interestingly, Group B displayed higher diffusion rates than Group A, which
contradicts earlier studies indicating that fibers enhance durability under F-T conditions. However,
the improved air-void system in Group A could be a reason behind Group A’s superior
performance.

Longer curing periods (70 days) significantly improved resistance to F-T cycles and diffusion
mechanisms compared to 14-day cured samples. With an improved air-void system, Group
A consistently outperformed Group B in performance indicators such as UPV, SR, and mechanical
strengths.

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

The study showed that concrete exposed to F-T cycles in seawater experiences accelerated
deterioration compared to plain water, supporting earlier findings while offering new insights into
the chloride diffusion coefficient. Seawater exposure notably intensified the damaging effects of
F-T cycles, as seen in the marked increase in the D¢ values, aligning with other experimental
results.

Finally, extended curing durations are recommended to enhance the durability of concrete
structures subjected to F-T cycles in coastal environments. Air entrainment remains crucial for
improving resistance to chloride ingress and F-T damage, while the anticipated benefits of 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 cement paste’s freeze/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 metal ions (e.g.,
Na*, Ca?") in the pore solution. Three different CNF sources 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, transmission X-ray 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 ponding, the CP specimen exhibited a diffusion coefficient of 0.39 x 10 > m? s, while
specimens with CNF-1 and CNF-3 had values of 0.16 x 10> m? st and 0.33 x 10> m? s%,
respectively, corresponding to approximately 59% and 15% lower than the value of CP. However,
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, Transmission X-ray microscopy, 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 [1-3]. Damage can accumulate with each cycle of freezing 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 supplementary 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
contributes to the acceleration of steel reinforcement corrosion [5-7]. Specifically, chloride ingress
IS a 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 the risk of reinforcement corrosion,
traditional preventative measures, such as partial replacement of 97 ortland 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 chloride-induced corrosion in concrete materials 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 vulnerable to freeze/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) is 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 that 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. Transmission X-ray microscopy (TXM) has recently emerged as an
innovative imaging technique for cementitious materials, effectively overcoming the limitations
of traditional destructive or correlational methods [14-16]. By analyzing variations in gray value
of X-ray radiographs, TXM offers direct, practical, and realistic insights into ion transport
behavior, enabling the efficient and time-dependent determination of the Dc in cement-based
materials [17,18].

In addition to more traditional measures to reduce damage in concrete materials caused by
freeze/thaw action and chloride 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
nanoscale 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 [23-27], and the results indicated 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 that mortar 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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strengths 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 observed to 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 nitro-oxidized CNF suspensions, which are negatively charged,
can produce hydrogel in the presence of metal ions, and are promising as anti-freezing 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 undergoes gelation through metal ion-triggered
cross-linking, resulting in a continuous three-dimensional 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 resistance and reduce chloride ingress [20,21,23-27], they do not separate the
specific impact of nanocellulose on durability. This study completely replaces the mixing water
from the mix design with a nitro-oxidized CNF suspension that forms a robust gel network within
the cement paste matrix by cross-linking in the presence of metal ions (e.g., 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 resist freeze/thaw 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 with a negatively charged nitro-oxidized 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 the cement matrix,
which can enhance freeze/thaw durability and reduce chloride ingress, addressing key challenges
in cold region infrastructures. Moreover, TXM for non-destructive quantification of chloride
ingress provides unique insights into ion transport within these 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

4.3.1 Preparation and characterization of CNF

4.3.1.1 Preparation of CNF

Carboxylated CNF were prepared from three different raw lignocellulose biomass feedstocks using
a zero-waste nitro-oxidation process (NOP) according to earlier studies [36,37]. The three
feedstocks were a sugarcane bagasse 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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Bangladesh. Briefly, 1 g of the ground feedstock sample was soaked in 14 mL of 65 % HNO;,
followed by addition of 1 g of NaNO2. Upon addition of NaNO2, the round bottom reactor was
immediately sealed to prevent the loss of Nox fumes created by the reaction. The reactor was held
at 50 °C for 9 h, then quenched with 250 mL of deionized water. The supernatant was decanted 2
to 3 times before being washed by centrifugation at 5000 relative centrifugal force for 10 minto 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 conductivity 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 electro-swollen microfibers into nanofibers.

4.3.1.2 Potentiometric titration measurements of CNFs

The carboxylate content (COO- groups) and degree of oxidation (DO) in CNF was determined
using the potentiometric titration method. In this method, ~0.5 g of freeze-dried CNF sample was
dispersed in 70 mL of distilled water. Subsequently, 5 mL of 0.01 M NaCl and 5 mL of 0.05 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
arate of 2 mL mint. The carboxylate content of CNF was calculated using the following equation:

AVyaou * C
DO (mmol g™ty = —X2%" _ "NaO% , 1000 (1)

msample

where 4 Vnaon is the volumetric consumption of NaOH to neutralize oxidized cellulose (L), Cnaon
is concentration of NaOH (mol L), and msample is the mass of freeze-dried 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
biomasses were 1.39 mmol g%, 1.35 mmol g%, and 1.51 mmol g2, respectively.
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Figure 4- 1 Potentiometric titration curves of blank, CNF extracted from sugarcane bagasse,
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, freeze-dried solid samples were used in attenuated
total reflectance (ATR) mode. Figure 4- 2 illustrates the FTIR spectra for extracted CNFs. The
spectrum analysis displayed a significant peak around 1725 cm™!, which indicates the presence of
carbonyl stretching (—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 JEOL JEM-1400 LaBs 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 sample preparation, a 0.22 pL aliquot of a 0.1 wt.%
homogenized CNF sample was deposited on freshly glow-discharged carbon-coated grids (200
mesh), followed by a 0.5 wt.% aqueous uranyl acetate solution to stain the sample. Figure 4- 3
shows TEM images of 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 jute
(right).

4.3.2 Cement specimen preparation and material properties

In this study, a cement paste using Type I/l ordinary 102ortland cement with a 0.5 water-to-
cement ratio was employed for all specimens. Table 4- 1 shows the chemical compositions of the
cement used. Four different mixtures were created: water as control and three different
carboxylated CNF suspensions. To investigate the workability of the mixtures, a flow table test
was conducted according to ASTM C1437 [38].

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 this nitro-oxidized CNF suspension is
introduced into the cement mixture, the metal ions (e.g., Na*, Ca?*) released from cement mineral
dissolution interact with the negatively charged carboxylate groups on the CNF suspension. This
ionic interaction induces rapid crosslinking [33,36], causing the CNF suspension to polymerize
into a gel state and form CNF gels. This transformation is central to our approach, as the resulting
gel structure is expected to enhance freeze/thaw resistance in the cement paste. Table 4- 2 displays
the type of CNF suspensions used for each specimen group. From 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 for 14 days in a fog room.

Table 4- 1 Chemical compositions of cement.

Component CaO Si02 ALO; FexOs SOs MgO NaxO

Content (%) 62.7661 20.8024  4.7341 3.565 4.0796 1.868 0.5194
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Table 4- 2 Mixture compositions with different CNF suspensions

Mixture label CNF type
CP Control cement with water only
CNEF-1 Mixture with 1.0 wt.% CNF extracted from sugarcane
CNEF-2 Mixture with1.02 wt.% CNF extracted from cabbage
CNEF-3 Mixture of 2.01 wt.% CNF extracted from jute

4.3.2.1 Isothermal calorimetry

The hydration process of paste specimens with varying CNFs, including total heat and thermal
power of each mixture variation were quantified by isothermal 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 Calmetrix 1-Cal Flex Calorimeter (Calmetrix Inc., Arlington,
Massachusetts, USA) for 120 hours at an isothermal temperature of 23 °C.

4.3.2.2 Low 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 heat (MH), 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 and heating conditions. Crucibles with paste samples were
placed in DSC. The chosen heating rate was 5 °C min [39-41]. Phase changes in the hydration
products of cementitious materials did not occur within the temperature range of —30 °C to 25 °C,
rather the only phase change observed was associated with the pore solution[42].

Homogenized CNF suspension samples were prepared as mentioned in Section 2.1. Each sample,
weighing approximately 5 mg to 8 mg, was individually sealed in T-zero pans to prevent any water
loss during DSC scanning. The pans were then cooled at a rate of 5 °C min* from 25 °C to —30
°C, then left for an isothermal period of 5 min to 10 min at —30 °C, and finally heated back to room
temperature at the same rate. The melting of the FW produced 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 in 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 point [41,42].
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The integral area under the melting curve can be regarded as the quantity of FW in the frozen paste
samples [43]. Subsequently, Equation 2 was used to determine the percentage of FW by employing
the integral area of the melting peak [43,44], where Q is the enthalpy (J), Hs is the heat of fusion
of water (333.5 + 2.26T J g1), T is the freezing point (°C), and m is the mass of the sample (g).

* 100 2)

FW (%) = HQm
f

4.3.2.3 Thermogravimetric analysis (TGA)

TGA was performed both on paste specimens and 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
CO.. Additionally, 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 Castle, DE). The
samples were heated in a nitrogen environment to 1000 °C at a rate of 20 °C mint. The CNF
samples were heated in a nitrogen environment to 600 °C at a rate of 20 °C min~*. The degree of
hydration (DOH) of the paste samples was determined by TGA after 3 days and 14 days of
hydration based on the quantification of chemically bound water (CBW) [45], as shown in
Equation 3, where a(t) is the DOH of the sample at time t; Wn(t) is the amount of bound water for
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a sample at time t (in grams of water per 100 g of anhydrous cement); and Wn() is the amount of
bound water for a completely hydrated sample (in grams of water per 100 g of anhydrous cement).

W, (0) @3)
TAC M

a(t) =

The experimental determination of the Wn(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.

W) = Am sample (105°C — 1000°C) 4)
n(6) = m sample (1000°C)(t)
* 100

To determine the Wn(oo) value, 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 cement [46,47]. This study adopted the methodology proposed by Kolour et al. [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 of CO. loss, it was excluded from
consideration as CBW. Therefore, in this study, Equation 4 was adapted up to 600 °C, deviating
from the original extension to 1000 °C, to determine the DOH of the paste samples.

4.3.2.4 X-ray diffraction (XRD)

XRD was used to characterize the hydration products of the paste samples after 14 days of curing.
The hydration 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, Billerica, Massachusetts, USA) with Cu Ka radiation
(40 kV, 40 mA). The scanning range for the samples was 5° to 60° of 20 with a step size of 0.02
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 the specimen 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 the transverse and
longitudinal resonant frequency of each specimen per ASTM C215 [49]. In addition, ultrasonic
pulse velocity (UPV) testing was conducted on these specimens per ASTM C597 [50]. From this
testing, dynamic moduli, UPV, length change (ASTM C666), and mass loss (ASTM C666) can be
compared between the specimens over the various freeze/thaw cycles.
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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 were sawcut, where compression strength testing was subsequently
performed according to ASTM C39 using capping according to ASTM C1231 [51,52].

4.3.2.6 Transmission X-ray microscopy (TXM)

A TXM system was used to evaluate the apparent D¢ of the paste samples. The TXM setup [53]
(Figure 4- 5) was designed and constructed based on the methodology proposed by previous
studies [14-18,54]. Table 4- 3 shows the X-ray source details for this setup. This experimental
system was capable of acquiring a single X-ray radiograph in 10 s. To initiate the experiment, 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 one-dimensional diffusion. Figure 4- 6(a) shows
the specimens after being coated with hydrophobic wax and Figure 4- 6 (b) shows the specimens
while immersed in the ponding solution.

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

Parameter XM

Sensor Resolution (line pair per mm) 33.78
Pixel Size (um) 19
Voltage (keV) 65

Current (nA) 7000

Exposure Time (s) 0.25
LOCK LOCK
Lid of Box Lid of Box »w

X-Ray in Use
Light

\ Safety
z 1.0mm switch
Power Switch

Lead Insolated

sensor

sample

Source Remote

Power Supply

Equipment Chamber Sample Chamber

Figure 4- 5 Schematic diagram of the TXM system.

106



Figure 4- 6 Photographs of specimens coated in hydrophobic wax (a) and specimens immersed
in the ponding solution (b).

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 the cement
paste samples. By employing X-ray imaging, the penetration of iodide into cement paste was
quantified. As iodide and chloride ions are of similar size, TXM methods use iodide ingress as a
representative indicator of chloride ingress [15]. However, it should be noted that iodide has a D¢
that is 24 % higher than that of chloride, as reported by Moradllo et al. [14]. Therefore, the iodide
D. 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 rescanned after 3 days, 7 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 shown in Figure 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 alignment of the subsequent radiographs
with the reference radiograph involved local displacements, including shifts and rotations. To
minimize cupping artifacts [54-57], a region approximately 7.37 mm wide, equivalent to
approximately 280 pixels in TXM radiographs, was defined, as depicted in Figure 4- 7 Each line
in the image corresponds to a specific depth and represents a grayscale value, which was computed
by averaging the values from the 280 individual lines to obtain the final gray-value profile.
Concrete is a heterogeneous composite material, meaning that its composition varies across
different directions within the concrete matrix. To account for this variability, 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

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

Finally, with the regression approach, the apparent D¢ and surface concentration (Cs) was
determined based on Fick's second law of diffusion, as demonstrated in ASTM C1556 [58]. The
D. value in this study combines the impact of fluid transport mechanisms such as diffusion,
absorption, convection, and chemical binding into one term. The D value 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 expression to determine the iodide concentration
Cw.p at depth of x from the surface after time t:

i} )
C(x,t) = CS 1- erf (2\/D_t>

where x is the distance from the sample surface, Cs is the surface iodide concentration, and erf is
the Gaussian error function.

4.4 Results and discussion

4.4.1 Visual observations

During mixing, the consistency of the specimens varied depending on the type of CNF suspensions
used or if water was used. 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 rapidly polymerize into
hydrogels by ionic crosslinking with metal ions (e.g., Na*, Ca?*) in solution from cement mineral
dissolution. Figure 4- 8 shows the dispersed 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 suspensions: CNF-3 showed the lowest workability, with a flowability of 105 %,
CNF-2 had the highest workability, with a flowability of 120 %, and CNF-1 demonstrated 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 suspensions demonstrated 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, potentially 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 the isothermal
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 from
different groups after the flow table test.
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4.4.2 Isothermal 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 was lower 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 results - thermal 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 value generally increased with
time as expected, but the percentage was always less than 100 %. CNF-2 exhibited values closest
to CP, reaching 86 % of the CP’s total heat after 120 h. In contrast, CNF-1 and CNF-3 showed
much lower percentages during the first 24 h to 48 h, but then steadily increased to approximately
76 % for CNF-1 and 83 % for CNF-3 of the CP’s total heat after 120 h.
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Table 4- 4 Total heat at various time intervals 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

CNF-1 0.118/0.12% 2.93/1.1% 127/29% 322/62% 408/72% 466/ 76%
CNF-2 29.7 1 30% 144/54% 347/78% 427/83% 482/85% 528/86%
CNF-3 76/7.7% 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 results in Table 4-
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 increased dramatically as the time increased.
Additionally, CNF-1 and CNF-3 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 values (labeled as the second peak in Table 4- 5).

Table 4- 5 Time and value of thermal power peaks.

. First peak Second Second peak
. First peak
Mixture time (h) thermal power peak thermal power
(mig™) time (h) (mig™)
CP 8.5 4.16 22.5 4.33
CNF-1  Peak Unclear N/A 54.5 3.31
CNF-2 16 2.83 31 3.43
CNF-3  Peak Unclear N/A 39.5 4.12

Overall, CNF-2 had the least delay time for thermal power peaks and highest total heat after 120
h compared to CNF-1 and CNF-3. These results indicate that the hydration process in cement
pastes containing CNF suspensions is delayed and progresses more slowly, potentially due to
organic 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 specimens discussed in Section 4.3.1.

443 LT-DSC

The LT-DSC experiments provided the freezing points and MH values for the CNF suspensions
derived from various sources. The CNF-1 suspension derived from bagasse exhibited a freezing
point of —2.0 °C and a MH of 338.2 J g~*. The CNF-2 suspension obtained from cabbage showed
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a freezing point of —1.4 °C and a MH of 335.8 J g. Lastly, the CNF-3 suspension derived from
jute had a freezing point of —1.5 °C and a MH of 322.3 J g*.

Figure 4- 10 shows the freezing points of various paste samples for different curing periods. As
depicted in Figure 4- 10, the incorporation of CNF suspensions has a favorable influence on
reducing the freezing point of the pore solution in cement pastes. According to the LT-DSC results,
CNF-2 exhibited the lowest freezing point, followed by CNF-3, CNF-1, and CP in descending
order. During the 6-hour hydration period, the CNF-2 sample exhibited the lowest freezing point
at —2.2 °C, whereas CP had the highest at —1.9 °C. Despite this, CNF-2 showed limited progress
in hydration, as indicated by isothermal calorimetry, XRD, and TGA. With the increasing period
of hydration, for instance, after 28 days of curing, CNF-2 maintained the lowest freezing point at
—6.5 °C, surpassing CP, which registered —5.2 °C. This suggests that CNF-2's hydration improved
significantly over time, enhancing its ability to lower the freezing point, unlike CNF-1 and CNF-
3. However, after 28 days of curing, CNF-1 and CNF-3 also showed improved freezing points of

—4.4 °C and —4.9 °C.

CNF-1 CNF-2 CNF-3
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Figure 4- 10 Freezing points of different cement paste samples for different curing periods.

Figure 4- 11(a) and Figure 4- 11(b) show the MH and %FW content of different cement paste
samples at various curing periods. It was found that the inclusion of CNF suspensions could
increase the MH, indicating a lower consumption rate of free water due to limited hydration
progress with 6 h of curing. For 6 h of curing, CP exhibited the lowest MH (-118.7 J g ) and FW
(3.0%) among all samples. Among the CNF samples, CNF-2 had the lowest MH (-163.2 J g ™)
and FW (4.1 %), while CNF-3 had the highest MH (-169.8 J g%) and FW (4.2 %), followed by
CNF-1 with a MH of —168.4 J g~* 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 of hydration
in the samples [39—41]. Initially, the CP samples showed the lowest MH and FW values, consistent
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with the isothermal calorimetry experiments. However, CNF-2 exhibited high values in both
metrics after 6 hours but improved substantially with the increasing period of hydration. For
instance, after 28 days, CNF-2 exhibited a MH of —74.9 J g% and FW of 1.9 %, closely aligning
with CP (MH: —71.2 J g! and FW: 1.8 %). In contrast, CNF-1 and CNF-3 showed poorer
performances until 14 d of curing. After 28 days, CNF-1 and CNF-3 showed improved results,
with CNF-1 having a MH of -80.1 J g! and FW of 2.0 %, and CNF-3 having a MH of -75.5J g~
Land FW of 1.9 %, demonstrating progress in hydration.

Overall, these LT-DSC results reveal that while CNF suspensions incorporation 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 durability of the cement paste.
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Figure 4- 11 (a) MH (J g) and (b) FW (%) of cement paste samples for different curing
periods.

4.4.4 XRD

Figure 4- 12 shows the results from XRD analysis. It was seen that the incorporation of CNF
suspensions influenced the common phases 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-2
exhibited slightly lower-intensity peaks than CP. In contrast, CNF-1 and CNF-2 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 process for cement pastes containing CNF suspensions.

115



E- Ettringite, P- Portlandite, CC-
Calcite, C- CSH, A- Alite, B- Belite

Intensity (arbitary unit)
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Figure 4- 12 XRD pattern of different cement paste samples for 14 d.

445 TGA

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 C-S-H gel can be observed within the 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 decomposition can occur between 600 °C and 850 °C [59]. 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 °C [33,60].

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, primarily attributed to the loss of
water. CNF-1, CNF-2, and CNF-3 suspensions showed their water loss peaks at 105 °C, 140 °C,
and 150 °C, respectively, indicating varying water-CNF bonding strengths. The CNF
decomposition occurred in the range of 200 °C to 600 °C, with distinct stages influenced by the
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CNF type, implying the impact of the water interaction with the CNF scaffold at elevated
temperatures. These results are consistent with the findings of previous studies [61,62].

Figure 4- 14 and Figure 4- 15 show the TGA profiles of varying cement paste samples after 3 d
and 14 d curing, respectively. The results in these figures indicate higher portlandite levels in the
control samples compared to the CNF containing samples for both 3 d and 14 d curing. However,
the weight loss peak at approximately 150 °C, associated with C—-S—H and AFt decomposition,
remained relatively consistent for all the samples after 3 d curing. In contrast, for 14 d curing, the
control CP sample exhibited greater decomposition than the CNF containing samples. This
reduced peak at 14 d could be attributed to reduced ettringite formation in the CNF containing
samples. As explained in a prior study [26], the addition of CNF can mitigate ettringite formation
in cement paste without sulfate exposure, owing to its capacity to bind with calcium ions.

The DOH values for the 3 d cured samples of CP, CNF-1, CNF-2, and CNF-3 were 38 %, 35 %,
38 %, and 35 %, respectively. This aligns with the isothermal calorimetry results, indicating a
similar DOH for CP and CNF-2, whereas CNF-1 and CNF-3 exhibit a slower DOH. Conversely,
for the 14 d samples, the DOH values of CP, CNF-1, CNF-2, and CNF-3 were 55 %, 53 %, 53 %,
and 53 %, respectively. This result was attributed to CNF-1 and CNF-3 catching up with the
hydration rate, in contrast to CNF-2, during the extended curing period.
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Figure 4- 13 TGA results of CNF suspensions (dashed lines represent the % weight loss
profiles, and solid lines represent the DTA curves).
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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).
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Figure 4- 15 TGA results and DOH values of varying paste samples cured for 14 days (dashed
lines represent the % weight loss profiles, and solid lines represent the DTA curves).

4.4.6 Freeze/thaw test results

Figure 4- 16 shows the dynamic modulus of elasticity results at each freeze/thaw cycle interval.
In addition, the percent change in dynamic modulus of elasticity with number of cycles can be
found in Figure 4- 17. As observed in Figure 4- 17, CNF-2 had the smallest percent change in
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dynamic modulus of elasticity, while the control sample had the largest percent change. This
suggests that the relative freeze/thaw resistance was: CNF-2 > CNF-1 > CNF-3 > CP. However,
when comparing the CP samples to each type of CNF sample at 130 cycles of freeze/thaw testing,
there is not sufficient evidence to conclude the difference in percent change in dynamic modulus
of elasticity is statistically significant (at a 0.05 significance level).
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Figure 4- 16 Dynamic modulus of elasticity versus number of freeze/thaw cycles.
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Figure 4- 17 Percent change in the dynamic modulus of elasticity versus the number of
freeze/thaw cycles.

Figure 4- 18 illustrates the average ultrasonic pulse velocity of each specimen type at the various
freeze/thaw cycles. Additionally, Figure 4- 19 shows the average percent decrease in ultrasonic
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pulse velocity with the number of cycles. In Figure 4- 19, it is observed that CNF-2 exhibited the
least percent change in ultrasonic pulse velocity after 130 cycles, followed by CNF-3, CP, and
CNF-1. Although CNF-2 exhibits the smallest percent change in UPV (Figure 4- 19), it only
indicates that its UPV is less sensitive to freeze/thaw cycling effects. The actual freeze/thaw
resistance should be assessed based on the average UPV values, as higher UPV values generally
correlate with better structural integrity and lower internal damage. In our study, the average UPV
values (Figure 4- 18) do not show a statistically significant difference among the specimens at 130
cycles (at a 0.05 significance level), suggesting that the overall freeze/thaw resistance of CNF-2 is
comparable to that of CP samples.
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Figure 4- 18 Ultrasonic pulse velocity (UPV) results versus number of freeze/thaw cycles.
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Figure 4- 19 Percent change in UPV versus number of freeze/thaw cycles.

Mass loss and reduction in length of each specimen was also recorded after each freeze/thaw
interval. Figure 4- 20 and Figure 4- 21 report the percent mass loss versus the number of
freeze/thaw cycles and percent length reduction versus the number of freeze/thaw cycles,
respectively. As observed in these figures, CNF-2 exhibited the least percent mass loss, followed
by CNF-3, CP, and CNF-1. Additionally, CNF-3 exhibited the least percent length reduction,
followed by CNF-2, CNF-1, and CP. These results indicate that both CNF-2 and CNF-3 exhibited
good freeze/thaw resistance when compared CNF-1 and CP. However, when comparing CP to
different CNF samples at 130 cycles of freeze/thaw testing, the differences in percent mass loss
and percent length change were also not statistically significant (at a 0.05 significance level).
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4.4.7 Compressive strength testing results

The compressive strength results for the varying samples before (3 d, 7 d, and 14 d) and after 130
freeze/thaw (F-T) cycles are presented in Figure 4- 22. Examining the 3 d curing period, the
compressive strength values for CP, CNF-1, CNF-2, and CNF-3 were 17.7 MPa, 10.0 MPa, 10.2
MPa, and 10.8 MPa, respectively. All CNF samples displayed notably lower compressive strength
than CP , which was attributed to the lower heat of hydration associated with the presence of CNF.
Although CNF-3 possessed a lower DOH, it exhibited a higher compressive strength than CNF-2,
possibly because of the higher CNF percentage in CNF-3 (2.0 wt%) compared to CNF-2 (1.0 wt%)
and the influence of different CNF types.

Unpaired, two-tailed t-tests for the 3 d results indicated a statistically significant difference
between the compressive strength of CP and those of CNF samples at a significance level of 0.05.
However, there was insufficient evidence to conclude a statistically significant difference between
the strength results of the paste samples prepared with CNF suspensions at 3 d, given that the p-
value exceeded the significance level.

After 7 d and 14 d, the compressive strength increased for all samples. Similar to the 3-day results,
the CNF samples exhibited lower compressive strength compared to CP, which could be attributed
to the lower heat of hydration. The CNF-3 sample, despite having a lower DOH, displayed a higher
compressive strength than CNF-2, likely due to its higher CNF percentage (2.0 wt% vs. 1.0 wt%)
and different CNF types.

Unpaired, two-tailed t-tests for the 7 d results showed a statistically significant difference between
the CP and CNF strengths, with sufficient evidence at the 0.05 significance level. Additionally,
there was significant evidence to conclude a statistically significant difference between CNF
suspensions at 7 d. For the 14 d results, there was a statistical difference between the CP and the
CNF strengths. Additionally, CNF-3 displayed a significant difference from both CNF-1 and CNF-
2. However, there is insufficient evidence to conclude a statistically significant difference between
CNF-1 and CNF-2 after 14 d.

After 130 F-T cycles, CP, CNF-1, and CNF-2 exhibited similar average compressive strengths,
whereas CNF-3 had the highest average compressive strength. CNF-2 and CNF-3 demonstrated
the smallest percentage change in compressive strength (46 %), followed by CNF-1 (47 %), while
CP displayed the largest percentage change (71 %). This indicates that CNF-2 and CNF-3 had the
highest freeze/thaw resistance, whereas CP had the lowest. Comparing CP to each CNF sample,
there wasn't sufficient evidence to conclude a statistically significant difference in the percent
change in dynamic modulus of elasticity at 130 cycles of freeze/thaw testing (at a 0.05 significance
level).
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Figure 4- 22 Compressive strength of paste samples before and after exposing to 130 F-T
cycles.

4.4.8 Time dependent diffusion coefficient and concentration profile

Figure 4- 23 depicts the average concentration profiles and Dc values for CP, CNF-1, CNF-2, and
CNF-3 after 3 d, 7 d, and 14 d, respectively. In these figures, it is seen that all sample groups
exhibit notably low D value. Analysis of the D, for CP over ponding durations of 3 d,7d,and 14
d reported values of 5.71 x 10?2 m2 s, 1.27 x 102 m? s, and 0.39 x 102 m2 s~ respectlvely
Similarly, CNF-1 showed D values of 0.50 x 1012 m2 st after 3 days, 0.44 x 10 2 m2 st after 7
days, and 0.16 x 10"*2 m2 s after 14 days. For CNF-2, the corresponding D values were 2.69 x
1012 m2 st after 3 days, 1.96 x 102 m2 s* after 7 days, and 1.60 x 1012 m2 s after 14 days.
Finally, CNF-3 exhibited D¢ values of 0.94 x 102 m2s?,0.65 x 10?2 m2 s, and 0.33 x 10? m?
st after 3 days, 7 days, and 14 days of ponding, respectively. Additionally, during the ponding
period, the iodide concentration reached a maximum value (Cmax) of 9.8 % for CP, 10.0 % for
CNF-1, 12.5 % for CNF-2, and 11.5 % for CNF-3 after 14 days within the first layer below the
surface (Ax), followed by a gradual decrease in the iodide concentration at lower depths. This
observed increase is likely due to the combination of capillary absorption and diffusion during the
initial penetration of the solution [54,56,57].
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Figure 4- 23 Concentration profiles for (a) CP, (b) CNF-1, (c) CNF-2, and (d) CNF-3.

Upon analyzing the apparent D¢ values presented in Figure 4- 23, a pattern becomes evident in all
samples with lower D¢ values than that of CP. Remarkably, CNF-1 and CNF-3 exhibited the
highest resistance to diffusion, displaying the lowest D. values, followed by the CP and CNF-2
samples. Interestingly, the previously observed ability of CNF-2 to mitigate freeze/thaw damage
seems to conflict with its performance against diffusion, which suggest that the matrix of CNF-2
may be more porous than those of the other groups. Moreover, a noticeable improvement in the
cement paste matrix performance against chloride ingress and diffusion mechanisms was evident
when CNFs were incorporated.

A summary of the D. values for all mixture types is presented in Table 6 (Figure 4- 23 shows the
average values obtained from this table). The variations in the apparent D. values for different
angles in Table 6 reflects the variations in the paste matrix in the tested samples at different angles.
Unpaired two-tailed t-tests indicated a statistically significant difference between the D values for
CNF-1and CNF-2at 3d, 7 d, and 14 d; CNF-2 and CNF-3 at 3 d, 7 d, and 14 d; and CP and CNF-
2 at 14 d at a significance level of 0.05. Additionally, at a 5 % significance level there was not
enough evidence to conclude that there is a difference between the D¢ values of the 3 d, 7 d, and
14 d samples of the same mixture compositions using unpaired two-tailed t-tests.
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Table 4- 6 D¢ (1012 m2 s™1) values of different paste samples.

CP
3 Days 7 Days 14 Days
Angle D¢ D¢ D

0 6.01 0.19 0.10
60 7.25 0.13 0.19
120 9.05 2.50 0.49
180 0.54 2.25 0.78

CNF-1
3 Days 7 Days 14 Days
Angle D D D¢

0 0.11 0.71 0.07
60 0.95 0.79 0.10
120 0.81 0.13 0.32
180 0.12 0.12 0.15

CNF-2
3 Days 7 Days 14 Days
Angle D. D D.

0 3.09 2.64 0.59
60 3.46 2.05 2.07
120 2.99 2.14 1.94
180 1.21 0.99 1.81

CNF-3
3 Days 7 Days 14 Days
Angle D. D D.

0 0.71 0.44 0.31
60 1.48 1.01 0.38
120 0.49 0.64 0.37
180 1.06 0.52 0.23

4.5 Conclusions

In this study, the effects of three different nitro-oxidized CNF suspensions were examined on
cement paste specimens. Based on visual observations, the inclusion of CNF suspensions appeared
to thicken the paste mixtures and increase the time required for the paste to harden. Furthermore,
it was observed that the inclusion of CNF suspensions delayed the hydration process, which may
be attributed to the presence of organic materials in the CNF, such as lignin. This was evidenced
by the results obtained from isothermal calorimetry, LT-DSC, XRD, and TGA. Notably, CNF-2
(derived from cabbage) demonstrated a faster hydration rate compared to CNF-1 (derived from
bagasse) and CNF-3 (derived from jute). Furthermore, LT-DSC results showed inclusion of CNF
suspensions lowered the freezing point of pore solution, with CNF-2 showing the lowest freezing
point, followed by CNF-3, CNF-1, and CP. In compression testing of varying samples after being
subjected to freezing and thawing, CP, CNF-1, and CNF-2 performed similarly, while CNF-3
exhibited the highest strength. However, CNF-2 and CNF-3 demonstrated the smallest percentage
change in compressive strength (46 %), followed by CNF-1 (47 %), whereas CP displayed the
largest percentage change (71 %). This indicated that CNF-2 and CNF-3 had the highest
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freeze/thaw resistance, although the differences between the compression testing values were not
significantly different. In freeze/thaw testing, CNF-2 performed best regarding the percent
decrease in dynamic modulus, percent decrease in ultrasonic pulse velocity, and percent decrease
in mass loss. These results indicate that the inclusion of CNF suspensions can improve the
freeze/thaw characteristics of cementitious materials; however, the difference when comparing
CNF samples to CP was not statistically significant for these parameters. TXM successfully
determined the Dc values for all samples, in spite that they were all very small. CNF-1 and CNF-
3 exhibited the highest resistance to diffusion, followed by CP and CNF-2. This underscores the
potential of CNF suspensions to reduce diffusion rates and enhance the overall performance of
cementitious matrices against chloride ingress or diffusion mechanisms.

Based on the above results, it is recommended that additional microstructural analysis be
conducted on samples containing CNF suspensions to achieve a comprehensive understanding of
microstructure of the samples. In addition, the impact of freeze/thaw cycles on chloride ingress
should be investigated by the TXM method. Further investigation is also required to examine the
cumulative impact of seawater exposure and freeze/thaw cycles on paste samples incorporated
with CNF suspensions. While these results are promising, more work is needed to ensure that
similar results can carry over to mortar and concrete mixtures.
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5.1 Abstract

The impact of moisture conditions on the overlay transition zone (OTZ) in cement-based concrete
pavement repairs was investigated in this study. The OTZ plays a crucial role in bond formation
between the repair material and substrate, similar to the interfacial transition zone in concrete. The
mechanical properties, fracture properties, and chloride diffusion characteristics of the OTZ were
examined and also the effect of freeze/thaw (F-T) cycling were explored, which is a common
environmental condition experienced by concrete pavements. A novel technique, transmission X-
ray microscopy (TXM), was used to quantify the time-dependent chloride diffusion coefficient
within the OTZ before and after F-T cycles. The findings reveal that, while moisture levels do not
appear to directly impact F-T damage resistance in mechanical tests, the moisture conditions
significantly influence fracture properties. For instance, the average peak load reductions were
65% and 81% for repair specimens prepared against substrates at saturated surface dry (SSD) and
oven dry conditions, respectively. Additionally, the TXM results show that the OTZ interface has
a higher diffusion coefficient — upwards of nine orders of magnitude higher — than the concrete
substrate. Between the substrate moisture conditions, the SSD specimens showed better
performance against diffusion than the Sub-SSD. In conclusion, this study provides valuable
insights into the complex relationship between moisture conditions, F-T cycling, and fracture
properties of OTZ in concrete pavement repairs. These findings contribute to a more informed
approach to pavement repair practices with potential implications for enhancing the longevity and
performance of repaired concrete pavements.

Keywords: Freeze/Thaw cycle, Repair, Overlay Transition Zone, Diffusion, Fracture
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5.2 Introduction

In repairs of concrete pavements with a cement-based repair material, an overlay transition zone
(OTZ) is known to form (Beushausen et al., 2017; Li et al., 2001.; Zhou et al., 2016), which is
analogous to the interfacial transition zone (ITZ) that is known to form between cement paste and
aggregates (Scrivener et al., 2004). While a number of factors will affect the mechanical bond
between the repair and the substrate, such as surface roughness, repair material design, use of
bonding agents, etc. (Fathy et al., 2022), the importance of surface moisture condition of the
substrate has received little attention relative to these other factors. While relatively few studies
(e.g., Beushausen et al., 2017; Courard et al., 2011; Julio et al., 2004; Lukovic and Ye, 2016) have
considered the effect of substrate moisture condition on the bond performance, no studies have
considered how the substrate moisture condition impacts the fracture properties and durability of
the bond. Previous research by the authors has established that the ITZ with recycled concrete
aggregates is drastically affected by the aggregate moisture condition (Brand and Roesler, 2018),
so this study hypothesized that the OTZ would be affected similarly. Specifically, this study
focused on how the substrate moisture condition influences the bond formation and the OTZ by
extension. Mechanical and fracture properties and the chloride diffusion along the OTZ were all
explored in this study, including how freeze/thaw (F-T) affects this bond.

5.2.1 Significance of the Study

The performance of bonded concrete overlays and concrete-concrete pavement repairs (e.g., partial
and full depth repairs, patching) can be significantly diminished by F-T cycling and chloride
ingress (Freeseman et al., 2022; Guo et al., 2018; Li et al., 2021; Ram et al., 2016). Previous data
in the literature have not sufficiently established the impact of substrate moisture condition at the
time of repair casting on the fracture and F-T durability properties and on the chloride ingress
along the OTZ. This study is also the first to utilize a novel non-destructive technique, transmission
X-ray microscopy (TXM), to quantify the time-dependent diffusion coefficient along the OTZ.

5.3 Experimental Design

5.3.1 Materials and Mix Design

The water-to-cement material (w/c) ratio employed in this study was determined to be 0.45, based
on the ACI 211-1 design procedure (Dixon et al., 1991). This ratio was used to mix both the
substrate and the repair portion of the concrete. The concrete mix design used in this study is
presented in Table 1. The concrete was not air-entrained.

Table 5- 1 Concrete mix design

Component Design (Ib/yd?®) Design (kg/m?)
Cement 744.4 441.6
Water 335.0 198.7
Fine Aggregate (FA) 1561.0 926.1
Coarse Aggregate (CA) 1305.1 774.3
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The concrete mix design used Type I/11 portland cement and a polycarboxylate superplasticizer
dosed at 97.59 ml per 100 kg of cement. The specific gravity values for cement, fine aggregate
(FA), and coarse aggregate (CA) were 3.15, 2.57, and 2.77, respectively. Additionally, the
absorption capacity of FA and CA was 3.6% and 1.4%, respectively. The aggregates were oven
dried and cooled prior to mixing, and the mixing water was adjusted accordingly to account for
aggregate absorption.

5.3.2 Sample Preparation

The substrate material used in this study was prepared according to ASTM C192. Specifically, the
specimens were batched in prism molds measuring 75 mm by 75 mm by 305 mm for flexural
strength testing and 80 mm by 150 mm by 700 mm for fracture testing and cylinder molds
measuring 100 mm diameter and 200 mm height. After a moist curing period of 35 days, both the
beam and cylinder specimens underwent saw-cutting at the midspan. Following the cutting
process, the substrate halves underwent a thorough cleaning and scrubbing procedure in water to
eliminate residual debris. Subsequently, the cleaned substrate halves were transferred to an
environmental chamber where they were exposed to a predetermined relative humidity level for
18 £ 2 h. The moisture conditions assessed in this study included three distinct states: saturated
surface dry (SSD), sub-saturated surface dry (Sub-SSD), and oven dry (OD). An environmental
chamber was used to ensure consistent substrate moisture conditions during all testing procedures.
The use of an environmental chamber facilitated conditioning of the specimens within a controlled
environment, wherein the temperature and humidity were regulated to ensure the highest precision
across a wide range of desired moisture conditions. The environmental chamber maintained a
constant 23°C temperature and relative humidity levels of 98%, 80%, and 10% to achieve the SSD,
Sub-SSD, and OD conditions, respectively.

Following the completion of the substrate conditioning, the substrate halves were removed from
the chamber and subsequently repositioned within the molds. The repair concrete was cast
alongside the substrate halves within the molds. The repair concrete used the same mix design as
the substrate concrete. The experimental procedure was carried out for every specified moisture
condition. Subsequently, the specimens designated for substrate repair underwent a moist curing
process spanning an additional 35 days in preparation for the subsequent experimental testing
phase.

5.3.3 Experimental Procedure

Strength testing was performed before and after F-T cycling. Fracture testing was conducted to
investigate the impact of moisture content on the OTZ before but not after F-T cycling.
Compressive and flexural strength tests followed ASTM C39 and ASTM C293, respectively.
Fracture testing followed the RILEM draft standards (RILEM TC 89-FMT, 1990a, 1990b). After
completing the sample preparation, compressive and flexural testing specimens underwent 20 F-
T cycles in accordance with the guidelines outlined in ASTM C666.
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5.3.3 Transmission X-ray Microscope (TXM)

A custom-built TXM system was utilized to quantify the apparent diffusion coefficient (Dc) in the
OTZ of the substrate-repair concrete. To investigate the Dc of the OTZ of the repair substrate-
repair concrete in terms of F-T cycles, 125 F-T cycles were conducted, and two different moisture
conditions were considered: SSD and Sub-SSD. This system was constructed following the design
by Behravan et al. (2023). Figure 5- 1 shows the schematic of the system. To track the gray value
changes over time, images were taken in a consistent orientation. Figure 5- 2(c) shows the sample
test setup used with TXM to ensure consistent orientations for each image. It should be noted that
the TXM system is very fast to complete the measurement: the exposure time is 0.25 s and it takes
only 5 seconds to complete the X-ray imaging.

LOCK LOCK

Lid of Box Lid of Box »

X-Ray in Use

Ligh ¢ Safety

1 Omm switch

Power Switch Lead Insolated

seuson
smnple

Source Remote

Power Supply

Equipment Chamber Sample Chamber

Figure 5- 1 Schematic view of TXM system.

5.3.3.1 Sample Preparation for Diffusion Test in TXM

To measure the chloride ion diffusion rate of the OTZ, 19 mm diameter cores were cut from the
OTZ of the substrate-repair concrete prior F-T testing. Except for the top surface, the sides of the
specimens were sealed with a hydrophobic wax. This allowed one-dimensional diffusion from the
top surface of the specimen, following ASTM C1556. A hexagonal nut was glued to the bottom
of each specimen to fit the X-ray stage, which ensured that the same orientation was scanned for
each measurement, as shown in Figure 5- 2(a).
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Figure 5- 2 (a) Cored prepared specimens for the TXM system; (b) TXM system; and (c)
specimen on the stage ready for X-ray imaging.

A 0.6 M potassium iodide (K1) solution was used to pond the cored specimens. This concentration
was chosen to ensure satisfactory contrast between the tracer and specimens. X-ray imaging can
be used to detect iodide diffusing through concrete. lodide and chloride ions are similar in size,
and iodide has 24% higher diffusion coefficient than chloride; thus, iodide diffusion serves as a
more conservative measurement of chloride diffusion (Behravan et al., 2023; Khanzadeh Moradllo
etal., 2017).

5.3.3.2 Data Collection and Analysis Method

In this study, all core specimens were scanned to capture the initial images of the original
specimens and the initial gray values were determined, which are referred to as the reference
image. After that, the core specimens were ponded in 0.6 M KI solution, and the specimens were
again scanned to capture images of the specimens after 3 days and 7 days so that the images could
be easily compared with the reference image to evaluate the changes in gray values. For the
specimens that underwent F-T cycles, a reference image was taken after 125 F-T cycles, and the
specimens were then placed in 0.6 M KI solution and subjected to the same procedures to capture
X-ray images.

To conduct the radiographic analysis, a software code was employed (Behravan et al., 2023) to
align the radiographic images captured at 3-day and 7-day intervals following the ponding process
with the corresponding reference image for each individual specimen. The alignment procedure
involves the application of local displacements, specifically shifts and rotations, to the subsequent
radiograph of a given specimen. This was performed to project the radiograph onto the reference
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radiograph. Figure 5- 3 shows the subtracted image of 3 days ponded specimen from the reference
image under different moisture conditions, where the iodide concentration at the OTZ interface is
visible in the subtracted image. The iodide concentration along the OTZ interface exhibits a “V”’
shape, which supports the findings of Li et al., (2023). To determine the mean gray values at
various depths for each specimen, a region with a width of approximately 3.93 mm (equivalent to
approximately 120 pixels in TXM radiographs) was employed, as shown in Figure 5- 3. This
action was undertaken to mitigate the occurrence of cupping artifacts (Behravan et al., 2023).
Every line exhibited a grayscale value corresponding to a distinct depth. The final profile of the
gray values was determined by calculating the average of 120 individual lines. According to
Beharavan et al. (2023), diverse angle radiographs are recommended for calculating the apparent
diffusion coefficient (Dc) for concrete specimens, and the results should be reported as the average
Dc. Because concrete is composite in nature, focusing only on the central strip of radiographs for
analysis can be compromised by aggregate inconsistencies. In this study, radiographs were taken
at angle of 0° and 180° for all specimens to calculate the apparent Dc.

&_l I_Ll Subtracted Image

I Substrate I

5

Before Freeze-Thaw

| [ otz-sub-ssp |

OTZ-SSD

Figure 5- 3 Subtracted Radiograph for different moisture conditions in a specific region of
interest.

Finally, the concentration profiles were analyzed using fitting procedures following Fick's second
law of diffusion, as described in Equation (1), following ASTM C1556. By applying curve-fitting
techniques to individual concentration profiles, it was possible to determine the values of the
apparent diffusion coefficient (Dc) and surface concentration (Cs) for each specimen. The obtained
Dc includes various liquid-transport mechanisms (i.e., diffusion),
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where, x = distance from the specimen surface, Dc = apparent diffusion coefficient, Cs = surface
iodide concentration, and Cx) = iodide concentration at depth of x from the surface after time t.

5.4 Results and Discussions

5.4.1 Compressive and Flexural Strength

To investigate the internal microstructure damage after 20 freeze-thaw (F-T) cycles, compressive
and flexural strength tests were conducted. The compressive strength and flexural strength results
before and after F-T are depicted in Figure 5- 4.
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Figure 5- 4 Compressive strength of the concrete mix before and after F-T, and (b) flexural
strength before and after F-T.

Figure 5- 4 reveals a 10% decline in compressive strength after 20 F-T cycles for the substrate
concrete specimens, which is consistent with prior research (Komar and Boyd, 2017), since the
concrete was not air entrained. Examining the data in Figure 4(b) shows no clear connection
between moisture and F-T damage resistance. The Sub-SSD specimens had the highest flexural
strength after the F-T cycles, while the SSD specimens had the lowest. All the specimens
experienced a major decrease in flexural strength after 20 F-T cycles, with a reduction of over
50%. This is consistent with Sun et al. (1999), who found decreases of 33% and 25% for w/c ratios
of 0.45 and 0.32 after 20 F-T cycles. The reductions observed in this study were more severe than
those reported in other studies. This was likely due to the OTZ between the substrate-repair
material and its inability to resist F-T damage, because higher porosity increases OTZ saturation
(Beushausen et al., 2017), leading to greater F-T damage. The literature suggests that initial cracks
along the ITZ propagate during F-T cycling, leading to increased degradation in this region (Yang
etal., 2018).

141



5.4.2 Fracture Properties

The results of peak load (Pmax), modulus of elasticity (E), critical stress intensity factor (Kic),
critical crack tip opening displacement (CTODy), initial fracture energy (Gic), and total fracture
energy (Gr) from fracture testing for different moisture conditions are displayed in Table 2. A few
instances of premature failure were observed during testing. These failures have been thoroughly
reported and are clearly distinguishable from the rest of the data in the presentation.

A comprehensive analysis of the fracture test results presented in Table 5- 2 provides several
crucial insights. The specimens cast at Sub-SSD substrate moisture conditions and those subjected
to OD conditions displayed unloading failures, indicating potential deficiencies in the bonding
strength between the substrate and repair materials, which likely contributed to the lack of adhesion
observed during both loading and unloading phases. The fracture parameters, including the peak
load, critical stress intensity factor, and both the initial and total fracture energies, demonstrated a
noticeable decline, highlighting compromised structural integrity when bonding issues were
present. For the SSD and OD specimens the average peak load reductions were 65% and 81%,
respectively, which is consistent with previous studies on OTZ weakness between the substrate
and repair concrete (Li et al., 2023). The coefficient of variation (COV) for the substrate-repaired
specimens was notably high, indicating a substantial variation in the measured data, emphasizing
the inherent unpredictability of the fracture response. The increase in the coefficient of variation
(COV) from SSD to OD indicates that unpredictability is exacerbated at lower moisture levels.
Increased unpredictability may lead to reluctance to use the OD condition for field repairs, as the
outcomes could vary considerably. Furthermore, Sub-SSD specimens exhibited relative weak
bond strengths, with three instances of failure occurring before the material could respond to any
unloading response. All specimens exhibited failure directly through the OTZ, indicating
insufficient adhesion between the interfaces. Finally, these findings highlight the complex
challenges involved in achieving robust adhesion and predictable fracture behavior within bonded
overlays, particularly when faced with varying moisture conditions and interface gradation issues.
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Table 5- 2 Fracture properties of different moisture conditions specimens

Substrate No. Prmax E Kic CTODc Gic Gr
Condition (kN) (GPa) (MPa- (mm)  (N/m) (N/m)
m1/2)
1 4.76 27.7 2.117 0.0680 161.7 244.1
2 3.46 28.3 1.249 0.0235 55.1 138.9
Substrate 3 3.58 23.6 1.034 0.0247 45.2 161.3
4 4.45 33.7 1.879 0.0465 104.8 242.0
Avg. 4.06 28.3 1.570 0.0407 91.7 196.6
COV 15.7% 14.6 32.6% 51.8% 58.3% 27.7%
1 1.37 25.9 0.355 .0049 4.9 14.1
2 0.64 19.0 0.168 0.0023 1.5 13.8
ssD 3 1.22 24.9 0.315 .0049 4.0 10.2
4 0.93 17.9 0.271 .0060 4.1 11.1
Avg. 1.04 21.9 0.277 .0045 3.6 12.3
COV 31.1% 4.1% 29.05 347% 40.6% 15.8%
1 0.89 15.9 - - - 1.26
2 1.66 28.3 - - - 1.33
3 1.58 23.1 0.311 .0040 4.7 4.7
Sub-SSD 4 1sg 261 i i i 24.3
Avg. 1.43 23.4 - - - -
COV 21.8% 20.1% - - - 7.9
1 0.79 21.5 0.234 0.0048 2.6 8.1
2 1.14 29.8 0.420 0.0087 5.9 14.3
oD 3 0.27 8.0 0.088 0.0029 1.0 4.1
4 0.95 18.0 - - - 1.2
Avg. 0.79 19.3 0.247 0.0055 3.2 6.9
COV 476% 46.7% 67.3% 541% 78.9% 81.9%

5.4.3 Concentration Profile and Time-Dependent Diffusion Coefficient of OTZ

For the TXM study, only SSD and Sub-SSD conditions were considered due to the higher
coefficient of variation (COV) observed in the fracture testing results for the OD condition. The
Dc within the OTZ of substrate-repaired concrete was quantified before and after subjecting the
specimens to 125 F-T cycles using TXM. It should be noted that the concentration profile and Dc
represent the averages from radiographs scanned at 0° and 180° of the specimens. The changes in
the concentration profiles for specimens subjected to 3- and 7-day ponding periods before the

freeze-thaw cycles are illustrated in Figure 5- 5.
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Figure 5- 5 (a) 3-day concentration profile before F-T cycle, and (b) 7-day concentration
profile before F-T cycle.

Figure 5- 5(a) reveals the data of 3-day ponding period before subjecting F-T cycles. When
examining the Dc of the OTZ of the Sub-SSD specimens, these specimens exhibited the highest
iodide concentration, measuring at 4.75%, along with a Dc of 8.03x1073 m?s. In contrast, the OTZ
of the SSD specimens showed a slightly lower maximum iodide concentration of 4.1% and a Dc
of 6.48x10° m?/s. Meanwhile, the substrate specimens displayed iodide concentration of 4.5% and
a Dc of 5.09x107? m?%/s, which is a value consistent with the literature. Conventional Dc values for
concrete is in the range of 5.0x10*! to 5x10713 m?/s (Alexander et al., 2017). Therefore, these data
suggest that the Dc of the OTZ is nine orders of magnitude higher than the bulk concrete; this is
the first study to quantify Dc of the OTZ, so there are no existent data to corroborate this dramatic
difference.

Figure 5- 5(b) shows the data after ponding for 7 days, it was observed that the OTZ of the Sub-
SSD specimens exhibited a maximum iodide concentration of 5.0%, with a Dc of 6.59x10 m?/s.
The OTZ of the SSD specimens displayed a maximum concentration of 5.1% and a Dc of 5.31x10
¥ m?%s. Meanwhile, the substrate specimens maintained a concentration of 5.0% but had a
considerably lower Dc of 3.63x1071? m?/s, this Dc value for the concrete substrate specimens align
with the findings of Behravan et al., (2023). Additionally, it is worth noting that SSD specimens
exhibited a lower diffusion coefficient at OTZ interface than the Sub-SSD specimens, which could
be attributed to the higher moisture content, which allows for better hydration at the repair-
substrate interface, resulting in increased C-S-H contents.

Figure 5- 6 depicts the average the concentration profiles and Dc values for specimens subjected
to 3-day and 7-day ponding following 125 F-T cycles. Notably, detectable concentration peaks
were evident at greater depths within specimens across all tests. The Dc values for substrate
specimens after 3 and 7 days were 4.41x10"°> m?/s, and 3.57x10°° m?/s respectively. This substantial
increase in the Dc values can be attributed to the damage caused to the microstructure of the
concrete owing to repeated F-T cycles. Notably, the concrete specimens used in this study were
not air-entrained, making it more susceptible to the adverse effects of F-T cycles.
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Figure 5- 6 (a) 3-day concentration profile after 125 F-T cycle, and (b) 7day concentration
profile after 125 F-T cycle.

Table 5- 3 Dc (m?s™?) values for the OTZ and substrate specimens

Specimen Name Tﬁgg?g‘fy) NIS_'.IE) f ([')D‘e g%leee) Dc Average
3 0 0 3.07E-12
3 0 180 710e-12  OO9FL2
7 0 0 6.22E-12  3.63E-12
Substrate 7 0 180 1.03E-12
3 125 0 1.07E-05  4.41E-05
3 125 180 7.74E-05
7 125 0 1.35E-05  3.57E-05
7 125 180 5.78E-05
3 0 0 4.75E-03  6.48E-03
3 0 180 8.20E-03
7 0 0 6.75E-03  5.31E-03
ssD 7 0 180 3.87E-03
3 125 0 5.23E-02  4.17E-02
3 125 180 3.11E-02
7 125 0 3.65E-02
7 125 180 178802 > 7%E02
3 0 0 9.13E-03  8.03E-03
3 0 180 6.94E-03
7 0 0 9.65E-03  6.59E-03
7 0 180 6.75E-03
Sub-S5D 3 125 0 271E-02  4.57E-02
3 125 180 6.43E-02
7 125 0 2.10E-02  3.85E-02
7 125 180 5.60E-02
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On the other hand, OTZ of the Sub-SSD specimens consistently displayed a higher iodide
concentration at greater depths compared to the SSD specimens and the concrete substrate. When
examining the Dc values for Sub-SSD and SSD specimens after 3 and 7 days of ponding, a clear
trend emerged. The OTZ of the Sub-SSD specimens exhibited Dc values of 4.57x102 m?/s and
3.85x102 m?/s, after 3 and 7 days respectively. Meanwhile, the OTZ of the SSD specimens
exhibited Dc values of 4.17x10 m?%/s and 2.72x102 m?/s, after 3 and 7 days respectively. The
differing response is a result of the porosity of the OTZ interfaces with varying moisture
conditions. During the F-T cycles, these OTZ interfaces provide accommodation for water volume
expansion during freezing, preventing a drastic increase in the diffusion coefficient, as observed
in the concrete substrate specimens.

Finally, the results suggest that Sub-SSD exhibited lower resistance to diffusion than the SSD
specimens, both before and after exposure to 125 F-T cycles. Since the presented concentration
profiles and Dc values represent the average of the measurements of radiographs taken at angles
of 0° and 180°, to obtain a thorough understanding of the Dc values before and after 125 F-T cycles
under various conditions, Table 3 shows that the apparent Dc values vary for the two different
angles and this inconsistency can be attributed to differences in the paste aggregate matrix at
different angles within the concrete specimens.

5.5 Conclusions and Recommendations

5.5.1 Conclusions

The study examined the impact of freeze-thaw (F-T) cycles and moisture conditions on the
durability and performance of a substrate-repaired concrete’s overlay transition zone (OTZ). Three
surface moisture conditions, saturated surface drying (SSD), subsaturated surface drying (Sub-
SSD), and oven dry (OD) were employed. TXM was used to investigate the effect of F-T cycles
and moisture conditions on the diffusion coefficient within the OTZ of the substrate-repaired
concrete. Time-dependent concentration profiles were developed, and time-dependent apparent
diffusion coefficients (Dc) were calculated for the substrate-repaired concrete interface under
various moisture conditions before and after exposure to the F-T cycles. A comprehensive analysis
was conducted to assess the overall impact of F-T cycles and moisture conditions on substrate-
repair concrete, including the evaluation of fracture properties, compressive and flexural strengths.
The findings of this study suggest the following conclusions:

e Moisture levels did not show a clear correlation with F-T damage resistance from the mechanical
experiments results.

e Compressive strength decreased by 10% after 20 F-T cycles, indicating mechanical property
degradation.

e Although Sub-SSD specimens exhibited the highest flexural strength after 20 F-T cycles, all
specimens experienced over a 50% reduction, highlighting OTZ vulnerability.

o The Decline in fracture parameters underlines compromised structural integrity in the presence of
bonding issues.

e Two of the three moisture conditions experienced premature failure, resulting in a substantial
reduction in the fracture properties between the substrate and repair specimens. For the SSD and
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OD specimens the average peak load reductions were 65% and 81%, respectively, which is
consistent with previous studies on OTZ weakness between the substrate and repair concrete.

e Results indicate the diffusion coefficient of the OTZ is up to nine orders of magnitude greater than
the concrete substrate.

o Before F-T cycles the Sub-SSD specimens had the highest concentration and diffusion coefficient
than the other specimens.
After 125 F-T cycles, concentration peaks at greater depths were observed in all categories. Sub-
SSD specimens showed higher iodide concentration at greater depths compared to SSD specimens
and the concrete substrate. Additionally, the diffusion coefficient for concrete substrate specimens
significantly increased at both 3- and 7-days intervals due to microstructural damage from repeated
F-T cycles without air entrainment.

5.5.2 Recommendations

In future investigations into the transport properties of the OTZ, it is advisable to explore various
factors that can affect its behavior, such as different water-to-cement ratios and curing periods, the
use of fiber-reinforced concrete, the use of air entrainment, and the effects of an increased number
of freeze-thaw cycles. To gain a more comprehensive understanding of the OTZ interface, it is
also recommended to incorporate non-destructive testing methods, including ultrasonic pulse
velocity, surface resistivity, and resonant frequency analysis. This broader approach will enable a
thorough evaluation of the relationship between substrate moisture repair-substrate concrete.
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6.1 Abstract

This study investigates the impact of varying water-to-cement (w/c) ratios in repair mixtures on
the durability of concrete repair-substrate interfaces subjected to freeze-thaw (F-T) cycles. Repair
mixtures with w/c ratios of 0.38, 0.40, and 0.45 were applied to a substrate (w/c = 0.45) under
saturated surface-dry (SSD) conditions to assess their influence on the overlay transition zone
(OTZ), the weakest region of repair-substrate concrete analogous to the interfacial transition zone
between aggregates and paste in concrete. Mechanical properties, water absorption, rapid chloride
penetrability, ultrasonic pulse velocity, F-T resistance, and diffusion coefficient were evaluated at
the repair-substrate interfaces. Results showed that the lowest w/c ratio (0.38) in Repair-1
significantly improved durability, yielding a 22% reduction in chloride penetration and a 45%
lower initial sorptivity compared to the highest wi/c ratio in Repair-3. After 240 freeze-thaw cycles,
Repair-1 exhibited a 405% increase in the apparent diffusion coefficient (D¢), compared to 221%
for the substrate, underscoring persistent porosity challenges in the OTZ. These findings suggest
that while reducing the w/c ratio in repair mixes enhances interface durability, the OTZ remains a
critical point of vulnerability under freeze-thaw exposure. In the absence of surface preparation,
employing a lower wi/c ratio is recommended to mitigate OTZ deficiencies and improve the long-
term performance of concrete repairs in cold environments.

Keywords: freeze-thaw resistance, transmission X-ray microscopy, concrete repair, overlay
transition zone, chloride ingress, diffusion coefficients

153



6.2 Introduction

Concrete is one of the most widely used construction materials in modern society, valued for its
availability and cost-effectiveness (Imbabi et al. 2012; Rabi et al. 2022). However, its performance
can be undermined by a variety of deterioration mechanisms, including alkali-silica reaction,
chloride attack, corrosion, freeze-thaw (F-T) damage, environmental impacts, etc. (Baloch et al.
2021; Brandt 2008; Shi et al. 2012; Wang et al. 2022). This deterioration often manifests as
delamination, cracking, and spalling, with structures in cold regions being particularly vulnerable
to damage from repeated F-T cycles (Lin et al. 2022). Such degradation reduces the service life of
concrete structures and necessitates timely repair or rehabilitation, which typically involves
removing the damaged sections and applying cement-based overlays to mitigate further damage
(Skripkiunas et al. 2013).

However, selecting an appropriate repair material and ensuring strong interfacial bonding at the
interface is critical to achieving a durable and practical repair. A critical aspect of concrete repairs
is the formation of an overlay transition zone (OTZ), which functions similarly to the interfacial
transition zone (ITZ) between cement paste and aggregates in concrete (Beushausen et al. 2017;
Li et al. 2001; Zhou et al. 2016). The mechanical bond strength between the repair overlay and
substrate is influenced by multiple factors, including surface roughness, substrate moisture
conditions, repair mix composition, and the use of bonding agents (Beushausen et al. 2017;
Courard et al. 2011; Fathy et al. 2022; Julio et al. 2004; Lukovic and Ye 2016; Rahat et al. 2024a).
Despite advances in understanding these factors, the impact of the water-to-cement (w/c) ratio of
repair mixes on the durability of the repair-substrate interface during F-T cycles has not been
thoroughly explored.

Research has shown that aggregate moisture conditions play a significant role in ITZ development
when using recycled concrete aggregates (Brand and Roesler 2018; Le et al. 2017). Extending this
understanding, (Rahat et al. 2024a) hypothesized that the OTZ might exhibit similar behavior and
conducted studies assessing the impact of substrate moisture conditions on bond formation. This
study included analyses of mechanical and fracture properties, the apparent diffusion coefficient
along the OTZ, and the effects of F-T cycles on bond performance. Although no definitive
correlation between substrate moisture levels and F-T damage resistance was observed, results
indicated that repairs performed on substrates with saturated surface-dry (SSD) conditions showed
enhanced performance, pointing to the need for further exploration of other influencing factors.

Based on these findings, the present study investigates how varying w/c ratios in repair mixes
affect bond formation and OTZ durability under repeated F-T cycles. This research also evaluates
mechanical properties, rapid chloride penetrability, water absorption, ultrasonic pulse velocity
(UPV), the apparent diffusion coefficient in the OTZ, and bond performance after F-T exposure.
The outcomes of this study aim to provide deeper insights into the design of more resilient concrete
repair systems for cold environments.
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6.2.1 Significance of the Study

The performance of bonded concrete overlays and concrete pavement repairs (e.g., partial and full-
depth repairs) can be significantly diminished by F-T cycling and chloride ingress (Freeseman et
al. 2022; Guo et al. 2018; Li et al. 2021; Ram et al. 2016). However, the impact of the w/c ratio in
repair mixes during casting on F-T durability, water absorption, and chloride ingress along the
OTZ has not been well-established in the literature. This study addresses this gap by investigating
the influence of different w/c ratios in repair mixes on bond formation and OTZ durability under
repeated F-T cycles. This study also utilizes a novel non-destructive technique, transmission X-
ray microscopy (TXM), to quantify the time-dependent apparent diffusion coefficient (Dc) along
the OTZ before and after F-T cycles.

6.3 Experimental Design

6.3.1 Materials and Mix Design

In this study, a w/c ratio of 0.45 was used for the concrete substrate (Substrate), following the ACI
211-1 design procedure (Dixon et al. 1991). Three different water-to-cement (w/c) ratios were
used for the repair sections: 0.38 for Repair-Substrate 1 (Repair-1), 0.40 for Repair-Substrate 2
(Repair-2), and 0.45 for Repair-Substrate 3 (Repair-3). The concrete was not air-entrained to assess
F-T effects on non-air-entrained concrete and examine how substrate moisture conditions
influence durability and interface performance. The mix design incorporated Type I/l portland
cement and a polycarboxylate superplasticizer dosed at 98 ml per 100 kg of cement. Table 6- 1
and

Table 6- 2 provide details on the chemical composition of the cement and the concrete mix designs
used in this research. The specific gravity values for the cement, fine aggregate (FA), and coarse
aggregate (CA) were 3.15, 2.57, and 2.77, respectively. The absorption capacity of FA and CA
was 3.6% and 1.4%, respectively. The maximum aggregate size of CA used in this study was 19
mm. Before mixing, the aggregates were oven-dried and cooled, and the mixing water was adjusted
to achieve an SSD condition to compensate for the aggregate absorption. The FA used in this study
was natural river sand composed predominantly of siliceous minerals. In contrast, the CA was
crushed limestone, a carbonate-rich material widely used in concrete applications. Although
detailed chemical and mineralogical characterization was not performed, both aggregates complied
with ASTM C33 requirements.

While the cement contents used in this study (as shown in

Table 6- 2) were higher than typical field values, they were deliberately chosen to maintain
constant water content across all repair mixes and systematically isolate the effect of the wi/c ratio
on durability. This experimental design ensures that observed performance differences are
attributable solely to changes in the w/c ratio, minimizing confounding effects from other
parameters. These laboratory-controlled conditions support mechanistic understanding and will
inform future optimization for practical applications.
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Table 6- 1 Chemical composition of cement

Component CaO SiO2 Al203 Fe203 SO3 MgO Na2O

Content (%) 62.9 20.8 4.6 3.6 4.1 1.9 0.5

Table 6- 2 Mix design of concrete

Groups Cement FA CA Water  Substrate  Repair
3 3 3 3 wi/c
(kg/m?®) (kg/m?®) (kg/m?®)  (kg/m®) w/c
Substrate 481.1 698.7 913.1 216.5 0.45 -
Repair-Substrate 1 569.8 626.4 923.4 216.5 - 0.38
Repair-Substrate 2 541.4 649.7 923.4 216.5 - 0.40
Repair-Substrate 3 481.1 698.7 913.1 216.5 - 0.45

6.3.2 Replicate Preparation Procedure

The substrate material for this study was prepared following ASTM C192 guidelines. A total of
24 beam prisms (75 mm by 75 mm by 300 mm) and 24 cylinders (100 mm diameter by 200 mm
height) were cast. After a 28-day moist curing period, the beam specimens were saw-cut at their
midspan, and cylinder specimens were saw-cut along the axis. The substrate halves were cleaned
and scrubbed in water following the cutting process to remove residual debris. The cleaned
substrate halves were then transferred to an environmental chamber, where they were conditioned
at 98 % relative humidity and 23 °C for 18 h + 2 h. This conditioning was selected based on the
findings of (Rahat et al. 2024a), which indicated that this moisture condition enhances the bond
strength at the repair-substrate interface.

Following the completion of the substrate conditioning, the substrate halves were removed from
the chamber and subsequently repositioned within the molds. The repair concrete mixes were cast
alongside the substrate halves within the molds. The molds were cleaned and lightly oiled before
use. Freshly mixed repair concrete was poured in two layers, each compacted manually using a
standard tamping rod to minimize entrapped air and ensure good contact with the pre-conditioned
substrate surface. After casting, the specimens were covered with plastic sheeting for 24 hours
before commencing moist curing. The specimens designated for repair-substrate underwent a
moist curing process for an additional 28 days in preparation for the subsequent experimental
testing phase. Before casting the repair materials, no mechanical surface roughening or bonding
agent was applied to the substrate. This decision was made to (1) preserve the integrity of the OTZ
for diffusion coefficient analysis and (2) avoid variability from inconsistent surface preparation
across specimens. The experimental procedure was conducted on the repair-substrate concrete
specimens, which were divided into three groups and termed Repair-1 (w/c of 0.38), Repair-2 (w/c
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of 0.40), and Repair-3 (w/c of 0.45). Figure 6- 1 depicts a process of repair-substrate specimen
preparation.

75 mm

Substrate Repair I

A

Figure 6- 1 Process of preparing repair-substrate specimen.

6.3.2 Replicate Testing Procedure
6.3.2.1 Water Absorption Test

In this study, ASTM C1585 was employed to evaluate the water absorption rate along the interface
of the repair-substrate concrete specimen to explicitly see how much more water is absorbed due
to the interface. Three cylindrical specimens from each group, as shown in Figure 6- 2, with
dimensions of 50 mm in thickness and 100 mm in diameter, were prepared and conditioned to a
specific moisture content before having their bottom surfaces exposed to water. The specimens
were conditioned for 18 days, starting with 3 days in an environment maintained at 50 °C and 80
% relative humidity. Subsequently, the specimens were stored in air containers at 23 °C for 15
days to allow moisture redistribution before testing. The specimens were then sealed with
hydrophobic wax on all sides, exposing only the top surface to initiate sorptivity from one
direction. During testing, mass changes were recorded frequently over the first 6 hours of water
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contact (initial sorptivity), with daily measurements taken over the next 8 days (secondary
sorptivity). The absorbed water was then determined by the cross-sectional area of the exposed
specimen using Equation 1, | is the water absorption, m¢ represents the change in specimen mass
in grams, at the time t, a is the exposed area of the specimen, in mm?, and d represents the density
of water in g mm~3and a value of 0.001 g mm~3 is used.

[ = 1)
axd

The absorbed water volumes were plotted as a function of the square root of time. The initial
sorptivity was calculated as the slope of the curve during the first 6 h, while the secondary
sorptivity was determined from the slope of the measurements taken between 1 day and 8 days,
following the guidelines provided in ASTM C1585. The water absorption test, though applied
across the specimen cross-section, was designed to emphasize moisture uptake along the OTZ by
slicing across the bonded interface. Specimens were sealed laterally and base-side to enforce one-
dimensional flow across the interface. While complete separation of interface-only absorption is
not feasible using ASTM C1585, the testing configuration emphasizes interface effects and is
consistent with reported methods.

Interface of Repair-Substrate Specimen Prepared Sample for Water Absorption Test

Figure 6- 2 Specimens prepared for evaluating water absorption along the interface of repair-
substrate concrete.

6.3.2.2 Rapid Chloride Penetrability Test (RCPT)

The RCPT test was conducted following ASTM C1202 to explicitly assess the impact of the repair-
substrate interface on chloride penetrability. Cylindrical specimens (100 mm diameter, 200 mm
height) were moist-cured for 28 days, after which three 50 mm thick slices were extracted from
each cylinder. The slices were sealed with epoxy on the circumference, exposing only the top and
bottom surfaces, ensuring chloride penetration along the interface. The specimens were then
vacuum-saturated for 24 hours to reach SSD conditions. The test was performed by applying 60 V
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across the specimen for 6 hours, with one side exposed to 3% NaCl solution and the other to 0.3
N NaOH solution. The total charge passed (in coulombs) was recorded, indicating the chloride ion
penetrability at the interface.

6.3.2.3 Freeze/Thaw Testing

A total of 12 concrete specimens (75 mm by 75 mm by 300 mm) from all groups underwent a 28-
day moist curing period in a fog room. Subsequently, the specimens were exposed to F-T cycles
following ASTM C666 Procedure A. The primary deviation from the ASTM C666 standard was
the curing duration, which was extended from 14 days to 28 days in this study to evaluate the
impact of prolonged curing on F-T resistance. Each F-T cycle lasted 4.5 h. During the freezing
phase, the temperature was rapidly reduced from 4.4 °C to —18 °C within 1 h, maintaining the —18
°C for 2 h. In the subsequent thawing phase, the temperature increased from —18 °C to 4.4 °C in
0.5 h and remained steady at 4.4°C for an additional hour. Mass loss (ML) and relative dynamic
modulus of elasticity (RDME) measurements were taken after every 28 to 36 F-T cycles, utilizing
Equations 2 and 3. In these equations, m, is the mass of the specimen at 0 F-T cycles, mn represents
the mass of the specimens after n F-T cycles, Am is the percentage (%) of the ML of the concrete
specimens after n F-T cycles, no is the fundamental transverse frequency of the specimens at 0 F-
T cycles, nn represents the fundamental transverse frequency of the specimens after n F-T cycles,
and Pn is the RDME of the concrete specimens after n F-T cycles.

Am =22 "™ 100 )

my

nZ 3
RDME, B, = — ®)
Ny

Additionally, UPV (ASTM C597) was measured along the interface of the repair-substrate
concrete specimens, and the fundamental transverse frequency (ASTM C215) was recorded before
the start of F-T cycles and at intervals of approximately every 28 to 36 F-T cycles. Furthermore,
both the compressive strength (ASTM C39) and flexural strength (ASTM C293) were assessed
before the initiation of F-T cycles and after the specimens failed due to exposure to F-T cycles for
all concrete samples.

6.3.2.4 TXM Testing Procedure

A custom built TXM was used to assess the apparent D¢ along the OTZ of the repair-substrate
concrete specimens before and after 300 F-T cycles. The schematic of the TXM setup is shown in
Figure 6- 3(a) (Rahat et al. 2024a; b) and was developed following previous studies (Behravan et
al. 2021, 2023; Ley 2023; Moradllo et al. 2017; Moradllo and Ley 2017a; b). The TXM system
enables quick, non-destructive testing, capturing an X-ray radiograph in about 10 s. Table 3
provides the specifications of the X-ray source. As shown in Figure 6- 3(b), the figure illustrates
core cutting and sample preparation for TXM testing, including extraction along the OTZ and
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sealing for diffusion analysis. Two concrete cores measuring 19 mm in diameter and 25 mm in
height were extracted from the specimens. Two replicate cores were extracted per group for each
test condition. Specifically, one core was taken from the top and one from the bottom region of a
single repair-substrate prism, totaling two cores per specimen. This allowed for vertical profile
averaging and minimized local variability before and after exposure to 300 F-T cycles. These cores
were sealed by applying a hydrophobic wax layer to the sides and bottom, while the top surface
remained uncoated to allow for solution ponding and facilitate 1D diffusion.

LOCK LOCK

Lid of Box Lid of Box »

X-Ray in Use
Light

\ Safety
x 1.0mm switch
Power Switch

Lead Insolated

sensor

M
L

Stage

Source Remote

Power Supply

Equipment Chamber Sample Chamber

Immersed in 0.6M KI

(b)

Figure 6- 3 (a) Schematic illustration of the TXM system, (b) procedure of core cutting and
sample preparation for TXM experiment
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Table 6- 3 X-ray source details

Sensor Resolution (line pairs per millimeter)  33.78

Pixel Size (um) 19

Voltage (keV) 65
Current (nA) 7000
Exposure Time (s) 0.25

A potassium iodide (KI) solution with a concentration of 0.6 M was utilized to pond the cored
specimens. This specific concentration was selected to ensure optimal contrast between the tracer
and the specimens. X-ray imaging can be employed to observe the diffusion of iodide through the
concrete. Since iodide and chloride ions are similar in size, and iodide has a D¢ 24 % higher than
that of chloride, the diffusion of iodide can be considered a more conservative measure of chloride
diffusion (Behravan et al. 2023; Moradllo and Ley 2017a).

In this study, two replicate cores from each group were tested. All core specimens were initially
scanned to capture their original images, and the initial gray values were determined, serving as
the reference image. Subsequently, the core specimens were immersed in a 0.6 M KI solution and
then rescanned after 3 days, 14 days and 28 days to obtain images for comparison with the
reference image, enabling the evaluation of changes in gray values. For the specimens subjected
to F-T cycles, a reference image was captured after 300 F-T cycles, followed by immersion in the
0.6 M KI solution and the same scanning procedures to capture X-ray images. While numerous
studies have investigated chloride diffusion in concrete (Florea and Brouwers 2012; Jasielec et al.
2020), research on iodide diffusion is still relatively scarce. This study utilized KI as a tracer for
NaCl, taking advantage of its chemical stability and diffusion characteristics that closely resemble
those of chloride ions (Moradllo and Ley 2017a; b). Both iodide (I') and chloride (Cl") are
monovalent anions with similar properties, making iodide a suitable substitute for chloride in
diffusion studies (Jin et al. 2024). In contrast to chloride, iodide exhibits minimal reactivity in the
alkaline environment of concrete, resulting in only minor reaction products, such as
3Ca0-Al;03-Calz-8H20, with unhydrated cement phases like C3A (Jin et al. 2024). This reduced
reactivity ensures that the cement matrix remains largely unaffected during testing. Previous
research corroborates iodide’s effectiveness for quantifying diffusion kinetics in concrete (Jin et
al. 2022, 2024; Liu et al. 2022).

To conduct the radiographic analysis, a software code was utilized to align the radiographic images
captured at intervals of 3 days, 14 days, and 28 days following the ponding process with the
corresponding reference image for each individual specimen. The alignment process involved
applying local displacements, such as shifts and rotations, to the subsequent radiograph of a given
specimen in order to superimpose it onto the reference radiograph. Figure 6- 4 presents the
subtracted image of the 3-day ponded specimen compared to the reference image, revealing the
iodide concentration at the OTZ interface. The iodide concentration along the OTZ interface
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exhibited a "V" shape, confirming the findings of a previous study (Li et al. 2023a). To determine
the mean gray values at various depths for each specimen, a region approximately 7.9 mm wide
(equivalent to approximately 300 pixels in TXM radiographs) was used, as shown in Fig. 3, to
minimize the occurrence of cupping artifacts (Behravan et al. 2023). Each line represented a
grayscale value corresponding to a distinct depth. The final profile of the gray values was obtained
by averaging 300 individual lines. According to Beharavan et al., (Behravan et al. 2023), it is
recommended to use various angle radiographs to calculate the apparent D¢ for concrete specimens
and to report the results as an average D.. Given that concrete is a heterogeneous composite
material, analyzing only the central strip of the radiographs may be influenced by inconsistencies
in the aggregates. In this study, radiographs were taken at 0" and 180° angles for all specimens to
accurately calculate the average Dc.

0 Day 3 Day l Subtracted Image |

ﬁ*
300 Lines Penetrated Depth l
7 89 mm

Figure 6- 4 Subtraction of radiographs within a specified area of interest at an interface of
repair-substrate concrete core.

Finally, by using nonlinear regression, the apparent D¢ is calculated using a solution derived from
Fick's second law of diffusion, as applied in Equation 3 according to ASTM C1556, which defines
the solution for the 1D diffusion condition. In this equation, x represents the distance from the
sample surface, Cs is the surface iodide concentration, C) denotes the iodide concentration at a
depth of x from the surface after time t, and erf stands for the Gaussian error function. The D value
in this study combines the impact of fluid transport mechanisms such as diffusion, absorption,
convection, and chemical binding into one term.

y (3)
ZJD_Ct)

C(x,t) = CS 1-— erf(
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6.4 Results and Disscussions

6.4.1 Water Absorption Results

Figure 6- 5 shows the water absorption results of different repair-substrate concrete specimens. In
Figure 6- 5, it is evident that Repair-3 specimens exhibited the highest water absorption after 8
days of testing, followed by Repair-2 and Repair-1 specimens. The substrate specimens showed
the lowest water absorption compared to all other specimens.

0.06 Initial absorption
0.05 .-
0.04 e

0.03 - ‘\

0.02 Secondary absorption

0.01 ==Substrate ==Repair-Substrate 1

Water Absorption, I (mm)

==Repair-Substrate 2 ==Repair-Substrate 3

0 100 200 300 400 500 600 700 80O
Time (s'2)

Figure 6- 5 Water absorption results of different repair-substrate concrete specimens.

The initial sorptivity (occurring in the first 6 h) and secondary sorptivity (occurring from 6 h to 8
days) values for all specimen groups were calculated from Figure 6- 5, following ASTM C1585.
The results show that the Repair-2 and Repair-3 specimens exhibited the highest initial sorptivity
at 1.7 x 10* mm s 2, followed by Repair-1 at 1.6 x 10* mm s 2, and the Substrate specimens
with the lowest value of 0.9 x 10* mm s 2 after 6 h of water absorption. The initial sorptivity of
substrate specimens aligns with a previous study by (Castro et al. 2011). Compared to the substrate,
Repair-2 and Repair-3's initial sorptivity was 89 % higher, whereas Repair-1 showed increases of
78 %.

This increased initial sorptivity in the repair-substrate specimens is likely due to the elevated
porosity in the OTZ of repair-substrate specimens. The OTZ often exhibits higher porosity
(Lukovi¢ et al. 2014), which can facilitate water penetration due to weaker bonding,
microcracking, or insufficient compaction during the repair process

Regarding secondary sorptivity, the substrate specimens exhibited the highest value at 0.3 x 10~
mm s V2, while all repair groups (Repair-1, Repair-2, and Repair-3) showed much lower values at
0.1 x 10 mm s¥2, This suggests that although the initial sorptivity was higher in the repair
specimens due to OTZ porosity, the overall matrix of the repair mixes was less permeable during
the long-term absorption phase, as reflected by the lower secondary sorptivity values. Table 6- 4
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presents the summary of initial and secondary sorptivity data of all the replicates used in this
experiment.

Table 6- 4 Summary of initial and secondary sorptivity data (x 10 mm s*?)

Initial sorptivity
Substrate Repair-Substrate 1  Repair-Substrate 2 Repair-Substrate 3

Replicate 1 0.5 1.7 1.2 1.5

Replicate 2 1.1 1.3 1.4 1.6

Replicate 3 1.0 1.9 2.5 2.0
Average 0.9 1.6 1.7 1.7
Standard ——, 5 0.3 05 0.2
deviation

Secondary sorptivity
Substrate Repair-Substrate 1  Repair-Substrate 2 Repair-Substrate 3

Replicate 1 4.3 0.1 0.1 0.1

Replicate 2 2.5 0.1 0.1 0.1

Replicate 3 2.0 0.1 0.1 0.1
Average 3.0 0.1 0.1 0.1
Standard 4 0.01 0.02 0.01
deviation

For both initial and secondary sorptivity results, a statistically significant difference was observed
at a significance level of 0.05 when comparing the substrate specimens with Repair-1, Repair-2,
and Repair-3. However, there is insufficient evidence to conclude a statistically significant
difference among the specimens within the Repair groups for initial sorptivity. Moreover, the
secondary sorptivity results indicated a strong correlation among the Repair groups, with P-values
of 1.0000 suggesting a consistent performance across these groups.

6.4.2 RCPT Results

Figure 6- 6 shows the RCPT results for the repair-substrate specimens. The Substrate had a total
passed charge of 3050 C, indicating moderate chloride penetrability as per ASTM C1202. The
RCPT value of substrate specimens aligns with findings in the literature for concrete with a w/c
ratio of 0.45 (Bassuoni et al. 2006). In comparison, the Repair-1, Repair-2, and Repair-3 specimens
exhibited total passed charges of 6510 C, 7040 C, and 7050 C, respectively, classifying them as
having a high rate of chloride ion penetrability.

The repair groups showed significant increases in chloride penetrability compared to the substrate:
113 % (Repair-1), 131 % (Repair-2), and 131 % (Repair-3). This suggests that the OTZ is more
porous, allowing greater chloride penetration and making them prone to faster degradation in
environments exposed to chloride ions, such as marine structures or deicing salts. Among the
repair-substrate systems, Repair-1 (w/c 0.38) exhibited the best performance in terms of chloride
ion penetrability, followed by Repair-2 (w/c 0.42) and Repair-3 (w/c 0.45). These findings are
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similar to the initial sorptivity results, where Repair-1 performed better, followed by Repair-2 and
Repair-3.

Finally, a statistically significant difference was observed at a significance level of 0.05 when
comparing RCPT results of the Substrate specimens with Repair-1, Repair-2, and Repair-3.
However, insufficient evidence exists to conclude a statistically significant difference among the
specimens within the Repair groups for RCPT results.

8000 - ¥ Substrate ® Repair-Substrate 1
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Figure 6- 6 RCPT results of different repair-substrate concrete specimens; error bars represent
one standard deviation.

Coulombs (C)

6.4.3 Freeze/Thaw Test Results

Figure 6- 7(a), (b), and (c) depict the changes in ML and RDME, as well as the dynamic modulus
of elasticity (DME) values for concrete samples from all the concrete specimen groups. The degree
of deterioration of concrete specimens during F-T cycles is directly related to their RDME changes.
According to ASTM C666 procedure A, testing should be conducted on each specimen until it has
undergone 300 cycles or until its relative dynamic modulus of elasticity decreases to 60 % of the
initial modulus. The results in Figure 6- 7 (a) and (b) indicate that the Substrate specimens
successfully withstood 300 F-T cycles. In contrast, the Repair-1 and Repair-2 specimens failed
after 240 F-T cycles, while the Repair-3 specimens exhibited failure after 180 F-T cycles. This
data highlights the differing resilience of the repair methods in comparison to the original substrate.

ML in this study is a combination of surface scaling and liquid uptake, reflecting the mass of debris
scaled from the surface due to F-T damage and the increased mass of the remaining concrete
caused by water absorption into internal cracks and pores during the F-T cycles. As illustrated in
Figure 6- 7(a), the Substrate specimens underwent ML of 0.1 % after 300 F-T cycles, which aligns
with findings in the literature for concrete with a wi/c ratio of 0.45 (Jiang et al. 2015). In contrast,
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Repair-1 and Repair-2 exhibited mass losses of 0.2 % and 0.3 %, respectively, after 240 F-T cycles.
Repair-3 specimens showed a mass loss of 0.2 % following 180 cycles.

As shown in Figure 6- 7 (b), the Substrate specimens underwent RDME of 56 % after 300 F-T
cycles, which aligns with findings in the literature for concrete with a w/c ratio of 0.45 (Meng et
al. 2020). Repair-1 and Repair-2 exhibited RDME of 54 % and 52 %, respectively, after 240 F-T
cycles, whereas Substrate specimens showed an RDME of 68 %. Repair-3 specimens exhibited an
RDME of 53 % after 180 F-T cycles, compared to Substrate specimens, which showed an RDME
of 77 %. In contrast, after 180 F-T cycles, Repair-1 demonstrated an RDME of 71 %, while Repair-
2 had an RDME of 65 %.

Repair-1 exhibited the best overall performance among all Repair groups, followed by Repair-2
and then Repair-3, as indicated by both the ML and RDME results. This suggests that the
performance of the repair-substrate composite system improves with a lower w/c ratio in the repair
materials. With a w/c ratio of 0.38, Repair-1 outperformed the others due to its denser
microstructure, which leads to reduced porosity and improved durability. This enhanced matrix
structure effectively minimizes moisture ingress and the resulting F-T damage by limiting the
formation and expansion of ice within the pore spaces.

After 240 F-T cycles, no statistically significant differences in both ML and RDME were found at
a significance level of 0.05 when comparing the Substrate specimens to Repair-1 and Repair-2.
Similarly, after 180 F-T cycles, no significant differences in ML and RDME were observed at the
same significance level when comparing the Substrate specimens to Repair-3. Additionally, there
was insufficient evidence to indicate a statistically significant difference between Repair-1 and
Repair-2 after 240 F-T cycles. Likewise, after 180 F-T cycles, no statistically significant
differences in ML and RDME were observed at the 0.05 significance level when comparing
Repair-3 with Repair-1 and Repair-2.
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Figure 6- 7 Change of (a) mass and (b) RDME, and (c) DME value over F-T cycles for
different concrete groups. The error bars represent one standard deviation.

6.4.4 UPV Results

The percent change in UPV and UPV values during F-T cycles for all groups of specimens are
depicted in Figure 6- 8 (a) and (b). It is apparent that Substrate specimens consistently maintained
higher UPV values compared to Repair specimens. The initial UPV values for Substrate, Repair-
1, Repair-2, and Repair-3 are 4250 m s%, 3860 m s%, 3820 m s%, and 3750 m s respectively. It
is evident that Substrate specimens have the highest initial UPV value, followed by Repair-1,
Repair-2, and Repair-3.

As shown in Figure 6- 8 (a), the Substrate specimens experienced a 30.0% decrease in UPV value
after undergoing 300 F-T cycles. This finding aligns with previous literature regarding concrete
with a w/c ratio of 0.45 (EI-Mir and El-Zahab 2022). Repair-1 and Repair-2 exhibited UPV value
changes of 42 % and 47 %, respectively, following 240 F-T cycles, while the Substrate specimens
recorded a change of 23 %. Additionally, Repair-3 specimens demonstrated a 45 % change in UPV
value after 180 cycles, in contrast to the Substrate specimens, which showed a 20 % change.
Notably, after 180 F-T cycles, Repair-1 exhibited a change in UPV of 31 %, whereas Repair-2
recorded a change of 33 %.

Repair-1 demonstrated the best overall performance among all the Repair groups, followed by
Repair-2 and then Repair-3, as evidenced by the UPV results, which align with the findings
reported in Section 3.3 for ML and RDME. This indicates that the effectiveness of the repair-
substrate composite system improves as the wi/c ratio in the repair materials decreases. With a w/c
ratio of 0.38, Repair-1 surpassed the others due to its denser microstructure, which contributes to
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reduced porosity and enhanced durability. This improved matrix structure effectively minimizes
moisture ingress and the associated F-T damage by restricting the formation and expansion of ice
within the pore spaces.

After 240 F-T cycles, statistically significant differences in UPV values were observed at the 0.05
significance level when comparing the Substrate specimens with Repair-1 and Repair-2. Similarly,
after 180 F-T cycles, significant differences in UPV values were noted at the same significance
level when comparing the Substrate specimens to Repair-3. Furthermore, there was insufficient
evidence to demonstrate a statistically significant difference between Repair-1 and Repair-2
following 240 F-T cycles. Likewise, after 180 cycles, no statistically significant differences in
UPV values were found at the 0.05 significance level when comparing Repair-3 with both Repair-
1 and Repair-2.
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Figure 6- 8 (a) Percent change in UPV and (b) UPV value over F-T cycles for different
concrete groups. The error bars represent one standard deviation.

6.4.5 Strength Testing Results
Compressive strength was performed using 100 mm (diameter) by 200 mm (height) cylinders per
ASTM C39, while flexural strength (modulus of rupture) was measured using 75 mm by 75 mm
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by 300 mm prisms per ASTM C293. The specimens were taken from identical batches to those
subjected to F-T cycles. Figure 6- 9 presents the compressive and flexural strength results for the
different concrete groups before and after F-T cycles. Before being subjected to F-T cycles, the
compressive strength of the Substrate, Repair-1, Repair-2, and Repair-3 specimens was measured
at 39.0 MPa, 35.2 MPa, 34.4 MPa, and 33.0 MPa, respectively. Similarly, the modulus of rupture
for these groups was recorded as 6.80 MPa, 2.05 MPa, 1.95 MPa, and 1.95 MPa, respectively. The
Substrate group exhibited the highest compressive and modulus of rupture, indicating superior
structural integrity compared to the repair materials. It is noteworthy that although the compressive
strength of the repair groups was comparable to that of the substrate, the modulus of rupture values
revealed a significant disparity. The repair materials exhibited roughly one-fourth of the flexural
strength of the substrate, highlighting potential weaknesses when subjected to bending or tensile
loads. This discrepancy suggests that while compressive loads may not drastically compromise the
integrity of repair materials, their flexural response might be a significant limitation in applications
where tensile stress is a concern.

Among the repair groups, Repair-1 demonstrated superior performance in both compressive and
flexural strength compared to Repair-2 and Repair-3. This can be attributed to the repair material’s
lower w/c ratio in the Repair-1 mix, which likely contributed to denser microstructures and
enhanced mechanical properties. The reduced w/c ratio typically results in improved bond strength
and lower porosity, which may explain Repair-1's comparative advantage in resisting both
compressive and flexural stress.

Unpaired, two-tailed t-tests conducted on the before F-T cycle results revealed statistically
significant differences in compressive and flexural strength values among Substrate, Repair-1,
Repair-2, and Repair-3 at the 0.05 significance level.

After 300 F-T cycles, Substrate specimens showed a decrease in compressive strength and flexural
strength of 39 % and 41 %, respectively. In comparison, after 240 F-T cycles, Repair-1 and Repair-
2 specimens experienced compressive strength reductions of 63 % and 68 %, and flexural strength
reductions of 35 % and 37 %, respectively. Additionally, Repair-3 specimens demonstrated
decreases in compressive strength and flexural strength of 68 % and 42 % after 180 F-T cycles.
The results underscore that while Repair groups showed greater compressive strength reductions
under F-T cycles than the Substrate group, their flexural performance had similar percentage
reductions. Although Repair-1 and Repair-2 showed improved flexural durability compared to
Repair-3, they remained significantly lower than the Substrate, suggesting that optimized mix
design alone may not fully close the gap in flexural performance under F-T exposure.

Unpaired, two-tailed t-tests conducted on the after F-T cycles results indicated a statistically
significant difference in compressive and flexural strength values between the Substrate and
Repair-1 (after 240 F-T cycles), Repair-2 (also after 240 F-T cycles), and Repair-3 (after 180 F-T
cycles) at a significance level of 0.05. However, there is insufficient evidence to establish
statistically significant differences in compressive and flexural strength values among Repair-1,
Repair-2, and Repair-3.
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Figure 6- 9 (a) Compressive strength, and (b) modulus of rupture of different concrete groups
for before and after F-T cycles, error bars represent one standard deviation.

6.4.6 Time-Dependent Dc and Concentration Profile

Figure 6- 10 depicts the average concentration profiles and apparent D¢ values for all groups of
concrete specimens after 3, 14, and 28 days of ponding before the F-T cycles. Based on the data
from Figure 6- 10, substrate concrete specimens exhibited the lowest apparent D value before
undergoing F-T cycles, similar to the concrete specimens with a 0.45 w/c ratio. For the repair-
substrate specimens, it is evident that all the groups Repair-1, Repair-2, and Repair-3 exhibited
higher apparent D¢ values than substrate specimens. These findings are consistent with the results
of the RCPT test. Table 6- 5 shows the average D. values for Substrate, Repair-1, Repair-2, and
Repair-3 specimens after 3 days, 14 days, and 28 days of ponding before F-T cycles.
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Figure 6- 10 Concentration profiles for the following concrete samples before undergoing F-T

cycles: (a) Substrate, (b) Repair-1, (¢) Repair-2, and (d) Repair-3.

Table 6- 5 Average D¢ (x 1012 m?s™) values for concrete samples before F-T cycles

Substrate Repair-1 Repair-2 Repair-3
Pondi_ng Average Starjda_lrd Average Star_lda}rd Average Star)da}rd Average Staqda}rd
Duration Deviation Deviation Deviation Deviation
3 Days 2.50 0.45 7.74 212 2.68 25.7 2.59
14 Days 1.42 0.81 5.59 3.06 3.36 16.30 1.10
28 Days 0.78 0.32 3.59 0.58 1.39 9.30 2.64

These D. values confirm that the Repair-1 specimens exhibit lower apparent D, than other repair
groups. The lower w/c in Repair-1 leads to reduced D. values, indicating enhanced resistance to
ion ingress at the OTZ of the repair-substrate specimens. This improvement can be attributed to
the lower w/c in Repair-1, which likely resulted in a denser matrix with fewer interconnected
capillary pores, reducing the overall penetrability to chloride ions.

However, the Repair-2 and Repair-3 specimens demonstrated higher apparent D¢ values than
Repair-1, suggesting that the higher w/c ratios in these repair materials were less effective in
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improving resistance to ion ingress at the OTZ of the repair-substrate concrete specimens. Despite
better performance among the repair groups, Repair-1 still exhibited higher apparent D¢ values
than the substrate specimens. After 28 days of immersion in a 0.6 M KI solution, the D¢ values of
Repair-1, Repair-2, and Repair-3 were 460 %, 1080 %, and 1190 % higher, respectively, compared
to the substrate D¢. This indicates that the OTZ in the repair-substrate interface remains more
porous than the substrate alone, allowing rapid ion penetration. As a result, the repair-substrate
systems may be more vulnerable to accelerated degradation in environments exposed to chloride
ions, such as marine structures or those subjected to deicing salts.

It can be seen from the above figures over the 28-day ponding period, the iodide concentration
reached its peak (Cmax) of 4.7 % in Substrate within the surface layers just below the surface (Ax),
followed by a gradual decrease at greater depths. In contrast, the iodide concentration peaked at
5.2 % in Repair-1, 5.2 % in Repair-2, and 4.7 % in Repair-3 within Ax. This rise is likely attributed
to capillary absorption, convection, and diffusion during the initial solution penetration, which is
termed as maximum phenomenon in the literature (Behravan et al. 2023; Moradllo and Ley 2017a;
Zacchei and Bastidas-Arteaga 2022). For the Repair groups, the concentration profiles showed that
after reaching Cmax, the iodide concentration approached zero and then exhibited minor secondary
peaks before gradually declining at greater depths. This behavior suggests the presence of physical
impediments, such as coarse aggregates (Jiang et al. 2020; Ju et al. 2022; L. et al. 2023b), which
may disrupt ion ingress and lead to localized reductions in concentration. These barriers cause ions
to penetrate in a staggered pattern, resulting in an intermediate peak before further diffusion occurs.

Several minor peaks in the repair groups at greater depths imply higher diffusion rates compared
to the substrate group. This increased diffusion is likely due to greater porosity at the OTZ between
the repair and substrate materials. The OTZ can form preferential pathways or micro-channels that
facilitate deeper ion penetration. The repair group's higher porosity contrasts with the substrate’s
more compact matrix, which acts as an effective barrier to deeper ion transport and explains the
absence of secondary peaks in its concentration profile. These observations indicate that the
microstructural characteristics of the OTZ play a crucial role in ion transport. The higher porosity
and presence of microchannels in the OTZ contribute to increased ion diffusion, making it a critical
zone for ingress.

Figure 6- 11 depicts the average concentration profiles and apparent D¢ values for Substrate and
Repair-1 concrete specimens after 3, 14, and 28 days of ponding after F-T cycles. It is important
to note that all specimens from the Repair-2 and Repair-3 groups failed during the coring process
required for TXM analysis after the F-T cycles. Consequently, the authors were only able to collect
cores from the Substrate and Repair-1 specimens for this analysis. Table 6- 6 shows the average
D. values for Substrate, and Repair-1 specimens after 3, 14, and 28 days of ponding after F-T
cycles.
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Figure 6- 11 Concentration profiles for the following concrete samples after undergoing F-T
cycles: (a) Substrate (300 F-T cycles), (b) Repair-1 (240 F-T cycles).

Table 6- 6 Average D¢ (x 1012 m?s™1) values for concrete samples after F-T cycles

Substrate Repair-1
(300 F-T cycles) (240 F-T cycles)
: : Standard Standard
Ponding Duration Average Deviation Average Deviation
3 Days 4.84 1.33 70.5 2.36
14 Days 1.99 0.32 59.7 4.24
28 Days 1.72 0.24 14.6 2.79

Based on the analysis of Figure 6- 11 and Table 6- 6, both Substrate and Repair-1 specimens
exhibited significant increases in apparent D¢ values following F-T cycles. Repair-1 specimens
failed after 240 F-T cycles, while Substrate specimens endured up to 300 F-T cycles before failure.
After 28 days of ponding in a 0.6M KI solution, Repair-1 specimens demonstrated a remarkable
405 % increase in D¢ values after 240 F-T cycles compared to their initial values prior to F-T
cycles. In contrast, Substrate specimens exhibited a 221 % increase in D¢ values after 300 F-T
cycles.

When comparing D¢ values at their respective points of failure during F-T cycles, Repair-1
specimens exhibited an 846 % higher D, compared to Substrate specimens at the point of their
failure. This contrasts with pre-F-T cycle measurements, where Repair-1 specimens already
exhibited a 460 % higher D. than Substrate specimens. This substantial increase indicates that
Repair-1 specimens experienced severe internal damage during F-T cycles, likely due to the
propagation of microcracks. These microcracks could have formed interconnected microchannels,
significantly enhancing diffusion rates within the OTZ of Repair-1 specimens. Moreover, Repair-
1's OTZ, being inherently weaker than that of the Substrate specimens, further exacerbated this
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damage mechanism. The enhanced diffusion within Repair-1's OTZ highlights the role of
microstructural deficiencies in accelerating damage progression under repeated F-T cycling.

Table 6- 7 and Table 6- 8 summarize the D. values before and after F-T cycles for all groups of
concrete specimens. The variations in the apparent D values for different angles in the table result
from variations in the paste-aggregate matrix within the concrete samples at various angles.

The unpaired, two-tailed t-tests indicate statistically significant differences in the D values
between Substrate and Repair-1, Repair-2, and Repair-3 specimens at 3, 14, and 28 days of
ponding before F-T cycles. After F-T cycles, statistically significant differences were observed
only between Substrate and Repair-1 specimens at the 5 % significance level.
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Table 6- 7 D¢ (x 10?2 m2 s™) values before F-T cycles

Substrate
3 Days 14 Days 28 Days
Angle S1 S2 S1 S2 S1 S2
0 2.09 3.15 0.88 1.16 1.08 0.75
180 2.40 2.37 2.62 1.02 0.35 0.94
Average 2.50 £ 0.44 1.42 +0.79 0.78£0.31
Standard 0.45 0.81 0.32
Deviation
Repair-1
3 Days 14 Days 28 Days
Angle S1 S2 S1 S2 S1 S2
0 4.82 9.84 577 7.23 3.75 2.89
180 8.44 7.84 1.23 8.12 3.45 4.28
Average 7.74 £2.07 5.59+3.00 3.59 + 0.57
Standard 212 3.06 0.58
Deviation
Repair-2
3 Days 14 Days 28 Days
Angle S1 S2 S1 S2 S1 S2
0 29.5 30.8 11.2 16.9 9.95 8.58
180 31.1 25.3 18.6 17.8 8.39 6.57
Average 29.2 £ 2.62 16.1 + 3.29 8.37 £1.36
Standard 2.68 3.36 1.39
Deviation
Repair-3
3 Days 14 Days 28 Days
Angle S1 S2 S1 S2 S1 S2
0 29.5 25.0 15.8 175 8.54 6.71
180 24.2 24.0 15.0 16.8 13.0 8.90
Average 25.7+2.54 16.3 +1.07 9.28 +2.59
Standard 259 1.10 2.64
Deviation

Note: the value after the + symbol represents a 95 % confidence interval. S1
and S2 refer to Sample 1 and Sample 2, respectively.
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Table 6- 8 D¢ (x 10?2 m2 s™) values after F-T cycles

Substrate
3 Days 14 Days 28 Days
Angle S1 S2 S1 S2 S1 S2
0 4.54 5.97 1.56 1.98 2.05 1.63
180 5.76 3.08 2.09 2.32 1.47 1.71
Average 484 +1.30 1.99+0.31 1.72+0.24
Standard 1.33 0.32 0.24
Deviation
Repair-1
3 Days 14 Days 28 Days
Angle S1 S2 S1 S2 S1 S2
0 72.8 71.2 59.9 53.9 12.8 11.8
180 70.7 67.2 61.2 63.9 15.6 18.0
Average 705+231 59.7+4.15 146 +2.74
Standard 2.36 4.24 2.79
Deviation

Note: the value after the + symbol represents a 95 % confidence interval.
S1 and S2 refer to Sample 1 and Sample 2, respectively.

6.5 Conclusions and Recommendations

This study evaluated the impact of varying wi/c ratios in repair mixes on the durability of concrete
repair-substrate interfaces subjected to F-T cycles. The findings provide key insights into the
performance of repair-substrate systems, particularly emphasizing the OTZ as a critical factor in
durability under harsh environmental conditions.

v

Repair-1 (w/c = 0.38) consistently outperformed Repair-2 (w/c = 0.40) and Repair-3 (w/c =
0.45) in terms of lower water absorption, reduced chloride ion penetrability, and higher
resistance to F-T damage. This improved performance is likely due to a denser microstructure,
which could result from the lower wic ratio.

Substrate specimens exhibited superior resilience, enduring 300 F-T cycles with minimal ML
and RDME reduction. Repair-1 demonstrated the highest durability among repair mixes,
failing after 240 F-T cycles, compared to 180 cycles for Repair-3. However, the OTZ continued
to serve as a pathway for increased diffusion, especially after F-T cycling.

The D¢ value in the OTZ from TXM analysis showed a notable increase after F-T cycles.
Repair specimens, especially Repair-1, demonstrated better resistance to diffusion than other
repair groups but were still more vulnerable than the Substrate specimen. OTZ porosity
remained a challenge, with Repair-1 showing a 405 % increase in D¢ post-F-T cycles,
compared to 221 % for the Substrate. These results highlight the critical role of repair material
mix design in mitigating OTZ deficiencies and suggest strategies to improve concrete repair
resilience in cold environments.
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Future research should focus on incorporating supplementary cementitious materials, fibers, or
nanomaterials into repair mixes to address OTZ vulnerabilities and enhance resistance to chloride
ingress and F-T damage. Expanding TXM and similar non-destructive testing techniques can
provide valuable insights into ion transport mechanisms and microstructural evolution under
environmental stressors. Additionally, validating these findings under real-world environmental
conditions is essential to optimize repair mix designs for diverse applications and ensure long-term
durability. These strategies collectively aim to improve the resilience of concrete repairs in cold

environments.
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7.1 Abstract

Neutron radiography was employed in this study to monitor real-time pore water movement in
portland cement mortar exposed to subzero temperatures, providing novel insights into freeze-
thaw (F-T) damage mechanisms. Deuterated water (D20) was used to hydrate the cement in the
mortar specimens, and the pore structure was saturated with water (H20), allowing for a contrast
that enabled detailed tracking of water movement. The mortar sample was placed on a chiller plate
set to subzero temperatures, thereby providing a one-dimensional temperature gradient vertically
in the sample. Neutron radiography revealed that unfrozen water migrated upward as the freezing
front advanced, and this mechanism can create hydraulic pressure within the mortar
microstructure, which may contribute to the initiation and propagation of microcracks during F-T
cycles. Additional characterization of the concrete made with D20 showed a marked contrast to
the samples made with H20, including delayed hydration, diminished compressive strength, and
greater porosity. Therefore, while mortar made with D,O allowed for greater neutron contrast to
the pores filled with H2O, further study is required to produce mortars with similar properties to
those made with H»O. In addition, further refinement is needed to the radiography experiment to
allow for greater control of temperatures and potential quantification of the water concentration.
Keywords: Freeze-thaw resistance, Neutron radiography, Macropores, air-void system, hydration
kinetics

7.2 Introduction

The main goal of this study is to expand the understanding of damage accumulation in portland
cement concrete resulting from freeze-thaw (F-T) cycles in cold climates. Concrete is the most
widely used construction material globally [1,2], including in colder regions, where F-T damage
is acknowledged as the leading cause of diminished durability in concrete structures [3—10]. While

186



engineers have created empirical approaches to lessen the impact of F-T damage, mechanistic
solutions remain elusive due to the complex and not fully understood mechanisms of damage
accumulation. It is well known that the expansion of water by 9 % upon freezing contributes to
damage; however, this is not the sole reason for the damage, as damage still occurs in partially
saturated concrete [11]. In fact, additional mechanisms have been proposed [12,13], and the
existing data show conflicting views on how these proposed mechanisms relate to each other and
whether all, some, or none of them are the true causes of damage accumulation. In the process of
F-T cycling, concrete damage occurs due to various mechanisms, such as the volume expansion
of water when it freezes, the hydraulic and osmotic pressures exerted by pore water, the stresses
arising from cryosuction and ice crystallization, and the formation of micro-ice lenses [12,14-16].
All these factors contribute to internal stresses that can result in cracking and deterioration. To
fully comprehend the intricate processes leading to F-T damage in concrete, monitoring the
movement of pore water and potentially ice crystallization within the concrete macropores during
exposure to subzero temperatures, in real-time, in both quantitative and non-destructive manners
is crucial to understanding these mechanisms. This study aims to observe the movement of pore
water within the concrete macropores in real-time while exposed to subzero temperatures, with the
expected outcome being new insights to design more resilient concrete infrastructure in cold and
Acrctic regions.

Choosing an appropriate technique for imaging the internal structure of composite materials like
concrete is determined by the specific characteristics of the studied material. Neutron radiography
and synchrotron X-ray tomography are viable methods for this investigation [17,18]. Although
synchrotron X-ray tomography provides detailed structural characterization, neutron radiography
is particularly effective for examining water movement within concrete due to its high sensitivity
to hydrogen, superior contrast in complex and dense materials [19,20], and capability to provide
detailed insights into moisture dynamics [21-26].

Previous studies utilizing neutron radiography have successfully quantified water absorption
processes, the degree of pore saturation, and the spatial distribution of water within concrete and
mortar, demonstrating its capability to analyze moisture ingress and redistribution under various
environmental conditions [25-27]. Lucero et al., [25] investigated the absorption of salt solutions
into the mortar using neutron imaging, revealing changes in transport properties due to pore
blocking by reaction products such as Friedel’s salt and calcium oxychloride. Kichanov et al., [28]
conducted neutron tomography to evaluate the 3D distribution of pores and cracks in cement-based
materials for radioactive waste conditioning, supporting matrix optimization for long-term
durability. Additionally, neutron imaging has been utilized to examine concrete under high
temperatures, helping researchers understand moisture migration under thermal gradients [20,29].
Recent methodological advancements further enhance the applicability of neutron radiography for
evaluating concrete durability and service life prediction by developing methodologies to quantify
settlement and water content distribution in fresh concrete using neutron imaging, overcoming
traditional limitations in laboratory measurements [30,31]. Neutron imaging has also been
employed to monitor internal curing, carbonation processes, and internal structural features within
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concrete, significantly expanding the range of possible investigations [32—-35]. Considering these
capabilities and demonstrated outcomes, neutron radiography is chosen as the primary imaging
method for this study.

7.2.1 Significance of the study

The significance of this study is that it will monitor the pore water movement in the mortar
macropores in real time during freezing for the first-time using neutron radiography. While similar
experiments to track water movement have been conducted while heating concrete [20,29], and
one workshop presentation has reported preliminary neutron imaging under F-T conditions[36],
no study in the literature has presented a neutron imaging study of water movement during freezing
of concrete. This study will provide fundamental in-situ insights into the timing and movement of
water within mortar macropores under F-T cycles, aiding future research and the design of more
resilient concrete structures. This work will also help guide other researchers who are interested in
using neutron imaging to study moisture movement in cement-based materials during freeze-thaw
conditions.

7.3 Experimental methodology

7.3.1 Materials and mix design

This study prepared mortar specimens using deuterated water (D2O). To compare hydration
kinetics, pore structure, freezing points of pores, air-void system, and mechanical properties of the
D.O mortar group, an additional set of specimens was prepared using water (H20). Mortar
mixtures were proportioned according to the volumetric method outlined in ACI 211.1 [37]. Type
I/11 portland cement was used and had a specific gravity of 3.15. The fine aggregate (FA) was a
natural quartz sand with a fineness modulus of 2.6, while the coarse aggregate (CA) was a crushed
limestone with a maximum particle size of 5 mm. The FA and CA had absorption capacities of
1.3% and 1.1% by mass, respectively. Before mixing, the aggregates were oven-dried and cooled
to room temperature. The mixing water was adjusted to account for their absorption capacity,
ensuring a saturated surface dry condition. Since D20 is denser than H-O, equal volumetric water
contents yielded different water-to-cement ratios (w/c): 0.54 for the H.O mortar mix and 0.60 for
the DO mortar mix. No admixtures (e.g., AEA, water reducers, and superplasticizers) were added,
so pore-water movement was governed solely by the cement—aggregate matrix, unmodified by
chemical admixtures. The chemical composition of the cement, and the mass (kg/m®) and
volume-based mix designs are given in Table 7- 1 and Table 7- 2.
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Table 7- 1 Chemical composition of cement

Component CaO SiO» AlO3 Fe 03 SO3 MgO NaO

Content (%) 62.77 20.80 4.73 3.57 4.08 1.87 0.52

Table 7- 2 Mix design of mortar

D,O Mortar H>0O Mortar
Mortar Quantity Quantity
3 3
Component (ke/m?) Volume (m”) (ke/m?) Volume (m”)
Cement 4331 0.138 433.1 0.138
FA 712.6 0.269 712.6 0.269
CA 913.1 0.338 913.1 0.338
Water 278.3 0.251 252.3 0.252

7.3.2 Isothermal calorimetry

The hydration kinetics of paste samples prepared with D>O and H>O, maintaining the same w/c as
the mortar mix design mentioned in section 2.1, were evaluated using isothermal calorimetry to
assess total heat and thermal power. Paste specimens weighing between 7.5 g and 8.5 g were
manually mixed in 15 mL plastic containers. These samples were then placed in a Calmetrix I-Cal
Flex Calorimeter (Calmetrix Inc., Arlington, MA, USA) and monitored for 72 hours under a stable
temperature of 23 °C.

7.3.3 Low temperature differential scanning calorimetry (LT-DSC)

A TA DSC Q2500 (TA Instruments, New Castle, Delaware, USA) was utilized to examine the
impact of D>O incorporation on the freezing point, melting heat (MH), and frozen water (FW)
content in cement pastes. Paste samples cured for 3 days, 14 days, and 28 days, weighing
approximately 30 mg to 40 mg, were placed in aluminum crucibles and subjected to rapid cooling
and heating cycles. The crucibles containing the samples were positioned in the DSC, and a 5 °C
mint heating rate was applied [38—40]. Within the temperature range of =30 °C to 25 °C, no phase
transitions were observed in the hydration products of cementitious materials; instead, the only
detected phase change was associated with the pore water [41].

The melting of FW resulted in an endothermic peak, with the freezing point of pore water defined
in a simplified way as the temperature at which the tangent line intersects the baseline of the lowest
part of the melting curve, as illustrated in Figure 7- 1. In reality there is a gradual freezing of pore
water as temperature is lowered in saturated hardened cement paste. The smaller the pore size of
a pore, the lower is the freezing point of the water in the pore. This endothermic peak temperature
is commonly referred to as the freezing point [38,41].
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The total area under the melting curve represents the amount of FW present in the paste samples
[42]. The percentage of FW was then calculated using Equation 1, which incorporates the integral
area of the melting peak [42,43].

1)

FW (%) = (im* 100

f
where, Q is the enthalpy (J), m is the mass of the sample (g), Htis the temperature-dependent heat
of fusion of water (J g) calculated using the same linear relationship used by Jacobsen et al. [44],
as shown in Equation 2, and X is the freezing point of water in the concrete pore (°C).

H; = 333.6 +2.2 X )

7.3.4 Thermogravimetric analysis (TGA)

TGA was conducted on paste specimens prepared with DO and H.O. Before analysis, the
specimens were finely pulverized using a mortar and pestle in a ventilated fume hood. Each sample
weighing approximately 15 mg to 25 mg was then placed onto the platinum pan of a Discovery
TGA 5500 (TA Instruments, New Castle, DE, USA). The samples were heated in a nitrogen
atmosphere up to 1000 °C at a controlled rate of 20 °C min ~*. The degree of hydration (DOH) of
the paste samples was assessed after 3 days and 14 days of hydration by quantifying the chemically
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bound water (CBW) [45]. This was determined using Equation 3, where a(?) represents the DOH
at a given time t, Wy (t) is the chemically bound water content at time t (expressed in grams of
water per 100 g of anhydrous cement), and W, (o) denotes the chemically bound water content for
a fully hydrated sample (in grams of water per 100 g of anhydrous cement).

NACH ®)
= W, () 100

a(t)

Equation 4 can be employed to experimentally determine the Wy (t) value, provided that no
carbonation is present in the cement paste and that the anhydrous cement experiences minimal
weight loss prior to reaching 1000 °C.

W (E) = Am sample (105°C — 1000°C) 4)
n(6) = m sample (1000°C)(t)
* 100

To estimate the value of W, (), the National Institute of Standards and Technology provided a
theoretical approximation of the bound water[46,47]. Although originally developed for H>O-
based matrix, this approximation can also be applied to D>O-based matrix. This study utilized the
approach outlined by Kolour et al. [48] to simplify the experimental procedure. Since the mass
loss above 600 °C primarily resulted from the decomposition of various calcite forms due to CO-
release since carbonation was not completely prevented, it was not considered part of the CBW.
Consequently, in this study, Equation 3 was modified to account for mass loss only up to 600 °C,
diverging from its original application extending to 1000 °C to determine the paste sample DOH.

7.3.5 X-ray diffraction (XRD)

XRD was employed to analyze the hydration products of the paste samples after 3 days and 14
days of curing. The hydration of the samples was stopped using ethanol, and then the samples were
pulverized using a mortar and pestle and micronized. XRD analysis was performed using a Bruker
D8 Advance diffractometer (Bruker, Billerica, MA, USA) equipped with Cu Ka radiation (40 kV,
40 mA). Data were collected over a scanning range of 5° to 55° (26) with a step size of 0.02° per
second.

7.3.6 Hardened air-void content

In this study, the air-void system in hardened mortar was analyzed using the point count method
in accordance with ASTM C457 Procedure B [49]. The specimens were polished and scanned with
a digital scanner. To enhance contrast, the surface was stained with a black permanent marker to
darken the cement paste. Air voids were filled with fine Aluminum Oxide (Al.Oz) powder with a
particle size range of 1 um, following the procedure described by ASTM C457. The scanned
images were then processed using ImageJ for quantitative analysis of the air-void system. A grid
was overlaid for manual assessment, with a pixel size of 10.6 um and a total scanned area of 5.0
cm by 5.0 cm. This analysis enabled the determination of key air-void parameters, including the
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air content (A), paste-air ratio (p/A), average chord length (1), void frequency (n), specific surface
(@), and spacing factor (L) for hardened DO and H.O mortar specimens.

7.3.7 N2 gas adsorption

Nitrogen adsorption measurements were performed using a Quantachrome NOVA 2200
(Quantachrome Instruments, Boynton Beach, FL, USA) gas sorption analyzer to characterize the
pore structure of the paste samples. Before analysis, the samples underwent an outgassing process
under vacuum at 3.5 x 10> torr and 100 °C for approximately 24 hours to remove any physically
adsorbed moisture or contaminants. After degassing, the adsorption cells were transferred into the
analysis chamber, and nitrogen adsorption-desorption measurements were conducted at —196 °C,
with the cells placed in liquid nitrogen. During the analysis, adsorption and desorption isotherms
were recorded across a relative pressure (P/Po) range of 0.002 to 0.9. The Multi-point Brunauer-
Emmett-Teller (BET) method was applied to determine the specific surface area (SSA), using the
data within a P/Po range of 0.07 to 0.3. For pore volume analysis, the Barrett-Joyner-Halenda
(BJH) method was employed over the full relative pressure range; however, calculations were
based on the adsorption branch of the isotherm. The adsorption isotherm was selected because it
provides more reliable data for relatively smaller pores, as they fill progressively with increasing
pressure, avoiding hysteresis effects that can complicate desorption-based analysis. This approach
ensures a more accurate assessment of the fine pore structure and pore size distribution while
ignoring alterations (coarsening) of the pore structure due to drying in the outgassing process
before No-BET analysis. The total accessible pore volume for nitrogen, corresponding to pore sizes
in the 0.4 nm to 8.5 nm range, was quantified using this method.

7.3.8 Compressive strength

For each sample group, nine 50 mm by 50 mm by 50 mm mortar cube specimens were prepared
and cured in lime-saturated plain water, and compression strength testing was performed on
specimens cured for 3 days, 14 days, and 28 days according to ASTM C109 [50]. Three replicates
were tested at each age.

7.3.9 Preparation for neutron radiography experiment

The neutron radiography experiment for this study was conducted at the Multimodal Advanced
Radiography Station (MARS) on the CG-1D beamline of the High Flux Isotope Reactor (HFIR)
at Oak Ridge National Laboratory (ORNL). Preparing for the MARS HFIR beamline CG-1D
investigation required a crucial step in calculating the optimal mortar sample thickness. This
thickness calculation was followed by systematically applying various characterization techniques
to assess the constituent materials intended to prepare mortar samples, explicitly focusing on
achieving the necessary chemical compositions. The ORNL Neutron Imaging Toolbox (NEUIT)
web application [51] was utilized to develop an effective chemical formula that incorporated the
determined chemical compositions. The aim was to establish a predictive formula determining the
minimum sample thickness required for neutron signal transmission exceeding 20%. A w/c of 0.54
was selected for the mortar mix design; for this mix design, it was found that a 15 mm thick mortar
sample had a transmission rate of 25.035% and an attenuation rate of 74.965%, which satisfied the
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required threshold of >20% transmission rate. For the web-based calculation and actual sample
preparation, D20 was used instead of H20O due to its lower neutron attenuation, which enhances
transmission and allows the use of thicker samples while maintaining imaging quality [26].

In this study, neutron radiography was employed to investigate pore water movement within a
mortar sample subjected to one-dimensional cooling, with the aim of reducing the interior
temperature toward —12.5 °C. Figure 7- 2 (a) shows the schematic of the experimental setup and
Figure 7- 2 (b) shows the experimental setup at the MARS beamline. The mortar sample (15 x
150 x 150 mm?) was created using D20 and cured in a fog room for 14 days. Following curing, it
was kept in an environmental chamber at 50% relative humidity (RH) and 23 °C for 8 days to
facilitate drying. The dried sample was then vacuum-saturated with H>O for 5 hours to ensure
complete filling of the pores. Since H20 and D0 exhibit different contrasts in neutron imaging,
this procedure enabled the distinct tracking of H2.O movement within the DO prepared mortar
pore system [26].

Subsequently, the sample was positioned on a cooling stage controlled by an external chiller, with
its 150 x 150 mm? face exposed to the neutron beam. To prevent moisture ingress or loss during
imaging, all sample sides except the bottom were sealed with black glass foam, which was then
placed on the cooling stage. The black glass foam was chosen based on a previous study[20],
demonstrating its effectiveness as a thermal insulator and a vapor barrier during neutron
radiography. Two thermocouples, labeled Thermocouple 1 and Thermocouple 2, were embedded
at discrete locations within the mortar, as shown in Figure 7- 3, to correlate radiographic data with
temperature measurements, and this setup allowed the identification of the onset of pore water
freezing as indicated by a temperature drop. RH sensors were also embedded in positions adjacent
to the thermocouples to monitor internal moisture conditions; however, the RH sensors failed to
provide any usable data during the experiment.

A similar experimental setup was reported by Toropovs et al. [20] for studying moisture
distribution in concrete subjected to high temperatures. In the present study, a single mortar sample
was imaged, with each radiograph captured over a 90-second exposure. 2D radiographic images
were acquired at 90-second intervals during the cooling process, facilitating real-time monitoring
of water movement.

An external water bath chiller, operating within a temperature range of —20 °C to 20 °C, regulated
the cooling stage. A glycol water mixture was used to avoid freezing and enabling the chiller to
maintain a setpoint of —12.5 °C, with imaging initiated once the sample’s bottom reached this
temperature. Thermal insulation on the cooling stage minimized temperature losses, while a copper
plate ensured efficient heat transfer to the sample. Before initiating the F-T cycles, the sample was
preconditioned in a refrigerator at 4.4 °C for 2 hours to stabilize its surface temperature and
mitigate ambient temperature influence hindering the freezing cycle. Each experimental cycle
comprised a 10-hour freezing period at —12.5 °C followed by a 1-hour thawing period until the
sample temperature reached 15 °C.
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Figure 7- 2 (a) Schematic of experimental setup, and (b) experimental setup for neutron
radiography at MARS beamline.
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Figure 7- 3 Location of embedded thermocouple and RH sensor.

7.3.10 Neutron radiography and image processing and analysis

Radiographs were collected using a QHY600M sCMOS camera (QHYCCD, Suzhou, China)
optically coupled to a 40-micron-thick, gadolinium-oxide-based scintillator. The relatively high
thickness of the sample, including hydration water and foam insulation, led to low transmission
(~15% to 20%) and thus exhibited beam hardening effects. To compensate, the exposure time per
radiograph was set to 90 seconds with field of view of ~10 x 10 cm?. Radiographs with a pixel
size of 15.6 um were acquired continuously as the temperature varied. The raw 16-bit images were
normalized to open beam images (without a sample) as in Equation 5 and registered via rigid body
translations to account for sample drift. The final step consisted of dividing the image stack by a
sample image above the freezing point, as shown in Figure 7- 4. In this way, the relative change
in pixel intensity reveals the freezing dynamics of water. Neutron transmission follows the Beer-
Lambert Law, as shown in Equation 5:

Ty) = = exp(-2d) (5)
where I and [, are the image intensities per pixel (x,y) with and without a sample in the beam,
respectively, d is the sample thickness, and 2 is the macroscopic neutron cross section. However,
beam-hardening effects were evident in the radiographs. Figure 7- 4. shows a representative
neutron radiograph where conventional image normalization corrections were attempted but failed,
as evident by the bright spots/bands, which are leftover beam structures that would normally be
corrected.
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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 above freezing processed radiographs at selected image index
numbers (1-3) showing water redistribution during freezing.

7.4 Results and discussions

7.4.1 Isothermal calorimetry results

Figure 7- 5 presents the results obtained from the isothermal calorimetry. The D>O sample
displayed lower and delayed thermal power peaks compared to the H>O sample. Additionally, the
total heat measured at each time interval was less for the DO sample than for the H.O Sample.
Previous studies reported analogous findings, observing that the incorporation of DO in the
mixture resulted in delayed hydration compared to the mixture created with H20 [26]. This delayed
hydration may be attributed to confined D,O in cement paste exhibiting slower molecular

dynamics than H2>O due to a stronger hydrogen-bond network that limits water mobility and delays
hydration kinetics [52].
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Figure 7- 5 Isothermal calorimetry results - thermal power and total heat versus time (solid
lines represent the thermal power curves, and dashed lines represent the total heat curves).

Table 7- 3 presents the total heat values of the samples at various time intervals and compares the
D20 sample with the H2O sample. As anticipated, the total heat percentage of the DO sample
relative to the H2O sample increased over time due to its delayed hydration, although it remained
below 100 %. Notably, after 72 hours, the D-O sample reached 77 % of the H2O sample’s total
heat.

Table 7- 3 Total heat at various time intervals for all mixtures compared to the H,O sample.

Mixture Total Heat (W g') / % Total Heat at that time of H.O
12 h 24 h 48 h 72h
H20 56.7 179 349 462
D20 18.6 /33% 88.5/49% 186/ 53% 355/ 77%

Table 7- 4 summarizes the timing and magnitude of the thermal power peaks for each sample
group. In agreement with the total heat data in Table 7- 3, the H.O samples exhibit an early first
peak at 8.2 hours (1.93x102 mJ g) and a second peak at 18.2 hours (6.60x10° mJ g%). In
contrast, the D>O samples do not display a distinct first peak; instead, they show a reduction in the
rate of thermal power increase before reaching a clearly defined second peak at 32.98 hours
(4.52x107° mJ g1). This delayed peak in the D2O samples contributes to the progressively higher
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cumulative total heat observed over time in the H2O samples compared to in D20, see Figure 7-
5.

Table 7- 4 Time and value of thermal power peaks.

. First peak Second Second peak
. First peak
Mixture time (h) thermal power peak thermal power
(mig™) time (h) (mig™)
H20 8.2 1.93 18.2 6.60
D20 Peak Unclear N/A 32.98 4.52

7.4.2 LT-DSC results

Figure 7- 6 shows the freezing points of D>O and H.O incorporated paste samples for different
curing periods. For H20 samples, the freezing point decreases with curing time from —2.6 °C at 3
days to —3.2 °C at 14 days and further to —5.3 °C at 28 days, indicating continued hydration and
pore refinement. D.O samples exhibit consistently higher freezing points but follow a similar
trend, decreasing from —0.5 °C at 3 days to —1.3 °C at 14 and —4.1 °C at 28 days.
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Figure 7- 6 Freezing points of different cement paste samples for different curing periods
(error bars represent one standard deviation).

Figure 7- 7 (a) and (b) show the MH and %FW content of cement paste samples created with H.O
and D20 at various curing periods. D>O samples consistently exhibited higher MH and FW values
than H2O samples, indicating slower hydration, which aligns with the isothermal calorimetry
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results. For three days of curing, H20 samples exhibited lower MH (-98.3 J g') and FW (2.5 %)
than D20 samples, which showed MH of —165.7 J g! and FW of 4.1 %.

The integral area of the endothermic curves represents the amount of FW in each sample, where a
lower value corresponds to lower and refined pore volume where porewater freezes at lower
temperature due to a higher degree of hydration [39,40,53]. Initially, H,O samples showed low
MH and FW values, consistent with the isothermal calorimetry findings. However, D>O samples
exhibited higher values in both metrics, MH and FW, after 3 days of curing but showed significant
improvement with increasing hydration periods. For instance, after 28 days, D>O samples
exhibited an MH of —88.5 J g and FW of 2.2 %, approaching the values observed for H.O samples
(MH: —=71.2 J g* and FW: 1.8 %). This indicates that the hydration of DO samples gradually
approaches that of H,O samples over time, reflecting the continuous but slower hydration in D,O
samples.
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Figure 7- 7 (a) MH (J g 1), and (b) FW (%) of cement paste samples for different curing
periods (error bars represent one standard deviation).

7.4.3 TGA results
In TGA of cement paste samples, the temperature interval of 30 °C to 105 °C generally signifies
the evaporation of free water and the decomposition of gypsum and ettringite (AFt) [54]. During
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this stage, the initial loss of bound water from the C-S-H can also be observed between 110 °C and
170 °C [54]. Additionally, the breakdown of the monosulfoaluminate (AFm) phase occurs within
the temperature range of 150 °C to 170 °C, and the decomposition of portlandite takes place
between 400 °C and 550 °C. In comparison, calcium carbonate decomposes from 600 °C to 850
°C [54].

Figure 7- 8 shows the TGA profiles of cement paste samples prepared with H.O and D>O cured
for 3 days and 14 days, respectively. The results indicate that the H.O samples exhibit higher
portlandite content than the D>O samples for both curing durations, as evidenced by the more
pronounced weight loss peaks between 400 °C and 550 °C corresponding to portlandite
decomposition. Additionally, the mass loss peak around 154 °C, associated with the decomposition
of C-S-H and AFm phases, follows a consistent trend with the portlandite peaks across all samples.
Moreover, the 14-day cured samples generally show lower mass loss than the three-day cured
samples, indicating more advanced hydration and a denser microstructure over time. Notably, the
D.O samples cured for three days maintain the highest weight percentage throughout the
temperature range, suggesting slower hydration kinetics, likely due to the isotopic effect of
deuterium.

The DOH value of the H20 sample cured for 3 days achieved 37.7 %, while DOH of D>O sample
cured for 3 days reached only 12.0 %, indicating slower hydration kinetics in the D20 sample than
in the H20 sample. However, after 14 days, the DOH for the D.O sample increased significantly
to 43.9 %, suggesting that despite hydration is slower in the DO early stage, it progresses steadily
over time. The H20 sample cured for 14 days attained a higher DOH of 49.6 %. These trends align
with the isothermal calorimetry results, showing slower but continuous hydration in D20 samples.
This confirms that while DO reduces the initial hydration rate, the reaction continues over an
extended curing period.
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Figure 7- 8 TGA results of paste samples cured for 3 and 14 days (dashed lines represent the
% weight loss profiles, and solid lines represent the DTA curves).

7.4.4 XRD results

Figure 7- 9 (a) and (b) show the XRD patterns of cement paste samples cured for 3 days and 14
days created with H2O and D0, revealing that DO significantly influences the formation and
intensity of key hydration phases, including portlandite and C-S-H. Specifically, the D>O samples
exhibit lower peak intensities for portlandite and C-S-H while retaining more pronounced peaks
for clinker phases, particularly alite and belite, which suggests a slower hydration process due to
isotopic effects that reduce water mobility and reactivity [52,55]. This slower phase transformation
highlights the impact of D>O on hydration dynamics and the reduced formation of conventional
hydration products, aligning with isothermal calorimetry findings and underscoring the unique
retardation effects of D>O on cementitious matrix.
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7.4.5 Hardened air-void content results

Table 7- 5 summarizes the hardened air-void characteristics of the mortar groups. The DO mortar
specimen exhibits a slightly higher total air content (5.6%) than the H2O mix (5.3%). In addition,
the void frequency is higher in the D20 specimen (0.172 mm™ vs. 0.163 mm™), indicating a denser
distribution of air voids. The average chord length is also slightly lower for the D20 specimen
(0.323 mm) than for the H>O specimen (0.328 mm). Furthermore, the paste-air volume ratio value
is lower for the D-O specimen (5.158) than the H>O specimen (5.451), which reflects the slightly
higher air void content in D20. Both group’s mortar specimens show an identical specific surface
value of 12 mm and a consistent spacing factor of 0.16 mm. Both groups meet the ASTM C457
requirement for moderate F-T exposure (spacing factor < 0.20 mm). It should be noted that no
AEA admixtures were added to either of the mortar mixtures. These results imply that the D,O-
based mortar may offer a slightly more refined and evenly distributed air-void system than the
H>0-based mortar.

Table 7- 5 Hardened air-void system data for mortar specimens

A (%) n (mm™) p/A [ (mm) a (mm™) L (mm)
DO 5.6 0.172 5.158 0.323 12 0.16
H>O 5.3 0.163 5.451 0.328 12 0.16

7.4.6 N2 gas adsorption results

Table 7- 6 shows the data obtained from the N2 gas adsorption experiment for both D2O- and H2O-
incorporated paste samples. The adsorption data illustrate distinct differences in the measured
properties of the cement paste created with H.O compared to D.O, offering valuable insights into
the pore structure and microstructural density. When utilizing H20O, the average SSA is measured
at 18.75 m? g, with a specific pore volume of 0.037 cm?® g~X. In comparison, D-O samples exhibit
values nearly double those of the H2O samples, presenting an average SSA of 40.60 m? gt and a
specific pore volume of 0.077 cm® g*. The elevated SSA and pore volume measured with D20
indicates a more finely divided porous microstructure. Conversely, the lower values measured with
H>0 imply a relatively denser microstructure characterized by fewer and/or less accessible pores.
Although surface area and pore volume differ, the average pore radii are nearly identical (around
0.459 nm for H.O and 0.453 nm for D.O). This indicates that the intrinsic pore size distribution
and the fundamental pore dimensions of the cement paste remain consistent. In addition to the
accessibility issues it is noticeable that the BET specific surfaces are quite low compared to classic
values for well hydrated portland cement measured and calculated with sorption and BET: in the
order of 100-200 m? g*. This indicates that the pre-drying with outgassing and 100 °C drying has
caused some damage to the pore structure. In addition, the degree of hydration is low: < 0.5
according to the TGA results in section 7.4.3, which also contributes to low SSA.

In summary, the data indicate that the cement paste exhibits a more porous microstructure when
utilizing D20 instead of H.O. At the same time, results obtained with H>O reflect a relatively
denser structure with reduced accessibility to the pore space.
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Unpaired, two-tailed t-tests indicated a statistically significant difference between H,O and D,O
samples in SSA and specific pore volume at the 0.05 significance level. However, there was
insufficient evidence for the pore radius measurement to conclude a statistically significant
difference between the two groups.

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

H20 D20
SSA Specific Pore Pore Radius ~ SSA Specific Pore Pore Radius
SN (m® o) Volume (nm) (m® g ) Volume (nm)
(cm® g) ¢ (em® g )
1 17.96 0.035 0.45 39.83 0.076 0.45
2 19.01 0.037 0.46 38.66 0.074 0.46
3 19.00 0.038 0.47 42.23 0.080 0.45
4 19.02 0.038 0.46 41.71 0.079 0.45
Avg 18.75 0.037 0.46 40.60 0.077 0.45
STD 0.539 0.001 0.01 1.66 0.002 0.00

***Note: Avg stands for average,; STD stands for standard deviation.

7.4.7 Compressive strength testing results

Figure 7- 10 shows compressive strength for H.O and DO specimens cured for 3 days, 14 days,
and 28 days. For H2O specimens, the compressive strength increases from 9.5 MPa at 3 days to
24.9 MPa at 14 days, a 162% increase. At 28 days, strength reaches 29.3 MPa, a 208% increase
compared to 3 days. In contrast, D.O specimens start at 2.9 MPa at 3 days, then increase by 676%
to 22.5 MPa at 14 days and by 855% to 27.7 MPa at 28 days. These results indicate that although
D20 specimens show slower early hydration, they gain strength more rapidly with time.

Unpaired, two-tailed t-tests for the 3-day and 14-day results indicated a statistically significant
difference in the compressive strength between H20 and D20 specimens at a significance level of
0.05. However, at 28 days, there was insufficient evidence to conclude a statistically significant
difference in compressive strength between the mortar specimens prepared with DO and H20O, as
the p-value exceeded the significance level.
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Figure 7- 10 Compressive strength of paste samples (error bars represent one standard
deviation).

7.4.8 Neutron radiography results

Figure 7- 11 shows a series of neutron radiographs taken at different intervals, focusing on the
region of interest (ROI) where Thermocouple 1 was embedded. At the initial stage (0 min), the
temperature at the ROI was 12.4 °C, well above freezing, and the divided image revealed no
change in pixel intensity. As freezing initiated at the bottom of the specimen at —12.5 °C, the
temperature at the ROI gradually began to drop from 12.4 °C. After 51 minutes, the ROI
temperature decreased to 7.6 °C. However, the divided image showed no noticeable contrast shift,
suggesting that pore water within this region had not yet undergone any phase change or
redistribution. By 300 minutes, however, the temperature reached 2.7 °C, and the corresponding
divided image displayed a subtle contrast shift in the ROI, indicating that water was beginning to
migrate in the ROI macropores from the bottom area of the ROI. At 500 minutes, the temperature
at the ROI dropped further to 1.9 °C, and the divided image revealed an even more pronounced
change in pixel intensity, suggesting a higher local moisture content in that area. Figure 7- 12
offers additional insight by illustrating the relative change in ROI intensity over time, with each
data point color-coded to represent the corresponding temperature, thereby emphasizing the
relationship between the cooling trajectory and the progressive increase in pixel intensity.

In this study, mortar samples were created using D20, dried, and then vacuum saturated with H-O.
According to LT DSC data, the pore water in the DO samples has a freezing point of —4.1 °C,
slightly higher than in paste with H20: around -5 C . The most reasonable explanation for the
contrast shifts in the ROI is the upward movement of unfrozen water, driven by the freezing front
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advancing from below. Apparently, ice forms in the mortar pores at the lower part of the sample,
which was continuously maintained at —12.5 °C, and moves unfrozen pore water upwards into
regions that remain above the freezing point. The thermocouple measurements confirm that the
ROI remains near 1 °C to 2 °C when these contrast changes become most evident, implying that a
liquid waterfront persists above the frozen zone. This liquid accumulation suggests that the pores
were only partially saturated before freezing began. As ice forms at lower elevations, additional
pore water is forced into the upper pores, increasing local saturation.

The radiographic evidence of incremental grayscale changes, coupled with temperature data, thus
provides valuable insight into how pore water moves during freezing. It highlights that partial
saturation and upward pore water movement are key factors in generating hydraulic pressure
within the mortar microstructure. This mechanism can potentially initiate and propagate
microcracks, leading to F-T deterioration of concrete materials.

However, several limitations restricted additional analysis beyond Figure 7- 12. Due to limited
beamtime, only one non-air-entrained sample was imaged, preventing comparative studies. RH
sensors embedded in the sample failed to provide usable data, and the external chiller was unable
to sufficiently lower the temperature of the upper regions, likely due to the effects of ambient
temperature and the sample’s thermal mass. These factors and partial saturation of the pores
limited observable water movement above the ROI.

Beam hardening artifacts caused by sample thickness also reduced image quality despite
normalization efforts. Planned dry-state imaging before saturation was not feasible due to safety
concerns over potential contamination during vacuum saturation. Additionally, pressure sensors
could not be embedded due to constraints on sample thickness. Such sensors would have allowed
direct measurement of pore pressure build-up during freezing, providing critical data to correlate
water movement with internal stress development, one of the key mechanisms driving F-T damage
and microcracking. While CT imaging could provide 3D insights, the required cylindrical
geometry and slower acquisition times are not ideal for capturing dynamic water movement at
high temporal resolution.

Future work should address these limitations by incorporating multiple sample types (e.g., with
AEA), improving cooling control and sensor reliability, enabling dry-state imaging under safe
conditions, and exploring complementary 3D imaging techniques to understand F-T damage
mechanisms in concrete better.
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Figure 7- 11 Divided neutron radiographs above the freezing point as a function of time; the
bottom refers to the chiller plate; the listed temperature for each ROl is from Thermocouple 1,
located 62.5 mm from the left edge and 35 mm above the chiller plate, aligned with the ROI.
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7.4 Conclusions

In this study, neutron radiography successfully monitored real-time pore water movement in
mortar macropores during exposure at subzero temperature. In addition, this study examined the
effects of D20 on the hydration kinetics and pore structure.

The results of isothermal calorimetry, LT-DSC, XRD, and TGA collectively demonstrated that
incorporating D>O delayed the hydration kinetics compared to H>O. This delay was attributed to
the stronger hydrogen bonding in DO, which restricted molecular mobility and decelerated
hydration reactions. Despite the initial delay, the compressive strength of D>O specimens
ultimately became comparable to H20 specimens by 28 days, indicating that the hydration process
continued steadily.

D20 specimens exhibited a similar air-void system in hardened air-void analysis compared to H.O
specimens. N2 gas adsorption analysis also indicated that DO samples had a more porous
microstructure with higher specific surface area and pore volume than H>O samples, reflecting a
less dense microstructure.

In compression testing, DO and H>O specimens showed no significant difference in strength at
28 days, confirming that while D2O delays early hydration and results in lower early strength, it
does not compromise the long-term strength of mortar.

Neutron radiography revealed that as the specimen was cooled at subzero temperature, the freezing
front advanced from the bottom. As the freezing front advanced, the region of interest remained
above the freezing point, causing unfrozen water to migrate upward in the pore system. This pore
water movement was observed as incremental changes in image relative intensity and confirmed
by thermocouple measurements showing temperatures near 1 °C to 2 °C in the ROI. These
observations indicate that pore water movement from lower to upper regions can be critical in
creating hydraulic pressure in the mortar microstructure, potentially initiating and propagating
microcracks that lead to F-T deterioration.

Finally, partial saturation and pore water movement are key mechanisms behind F-T damage in
concrete. This study provides novel insights into water dynamics within concrete microstructure
under subzero conditions. It demonstrates the capability of neutron radiography as a powerful tool
for real-time monitoring of pore water movement in mortar macropores.

7.5 Limitations and recommendations

This study was limited by beam hardening and the intrinsic beam structure effects on the MARS
beamline, which compromised radiographic image quality. Additionally, the constraints on sample
thickness restricted the integration of standard RH sensors, limiting the ability to monitor freezing
dynamics fully. Also in this study, no admixtures (e.g., AEA, water reducers, and
superplasticizers) were added, so pore-water movement was governed solely by the cement—
aggregate matrix, unmodified by chemical admixtures. To address these limitations, future studies
should utilize the Versatile Neutron Imaging Instrument (VENUS) beamline for its imaging
capacity, improved spatial resolution, and advanced imaging modes suitable for capturing fine

209



microstructural and moisture-related changes in concrete, allowing for enhanced image correction
and integration of humidity sensors. Additionally, applying combined neutron and X-ray imaging
systems, such as the Neutron and X-ray Tomography (NEXT) beamlines, could help differentiate
between liquid water and ice due to their complementary contrast mechanisms. It is also
recommended that neutron radiography be used to track the pore structure of concrete samples
before, during, and after saturation (dry/wet) and before and after F-T cycles with different
concrete mix designs, including air-entrained and non-air-entrained concrete samples. This
approach would provide a more comprehensive understanding of moisture distribution, pore
dynamics, and F-T damage mechanisms, enhancing the applicability of the findings to real-world
conditions.
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Chapter 8. Conclusions and recommendations

8.1 Overview

This dissertation provides a comprehensive investigation into the durability performance of
cementitious materials under Arctic environmental stressors, with a specific focus on the
synergistic effects of freeze-thaw (F-T) cycles and chloride ingress. Given climate change’s
accelerating impacts, particularly in high-latitude regions such as Alaska, concrete structures are
increasingly susceptible to degradation mechanisms that reduce service life and increase
maintenance obligations. The research conducted in this dissertation was motivated by the need to
enhance the long-term resilience of Arctic infrastructure.

The study was structured around three primary research aims: (1) understanding the mechanisms
of F-T damage and chloride ingress in concrete, (2) improving cementitious material durability
and repair strategies through novel additives and techniques, and (3) enabling real-time monitoring
of pore water movement during F-T exposure. Six experimental studies were conducted and
reported in Chapters 2, 3, 4, 5, 6, and 7 to achieve these goals, integrating advanced techniques
such as Transmission X-ray Microscopy (TXM) and Neutron Radiography (NR) to reveal
microstructural and time-dependent deterioration phenomena.

This dissertation has contributed to advancing the global understanding of how concrete
infrastructure performs under extreme environmental stressors, such as freeze-thaw cycles and
chloride exposure, which are increasingly established due to climate change. The integration of
optimized curing practices, fiber reinforcement (PVA, CNF), and moisture-sensitive repair
strategies has enhanced the durability and sustainability of cementitious systems across diverse
climatic conditions. Moreover, the application of real-time neutron imaging to visualize pore water
dynamics represents a methodological innovation that can be applied worldwide to better predict
degradation and inform the design of resilient infrastructure. Together, these contributions support
international efforts toward climate-adaptive, low-maintenance, and long-lasting concrete
infrastructure.

8.2 Major findings
The major findings of this dissertation are as follows:

v" Impact of curing and fiber reinforcement: Conventional air-entrained concrete
outperformed PVA fiber-reinforced concrete in resisting F-T damage and chloride
ingress due to a more robust air-void system. Longer curing durations significantly
improved resistance across all metrics, underscoring the importance of adequate curing
in cold-region applications.

v' Combined effects of seawater and F-T exposure: Synergistic seawater exposure and
F-T cycling significantly accelerated deterioration, increasing chloride ingress, mass
loss, and decreasing RDME. F-T damage increased permeability, while chlorides
weakened the microstructure, compounding overall degradation. These results
underscore the need for protection strategies that resist chloride penetration and F-T
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damage, such as optimized air-void systems and extended curing duration in the arctic
coastal concrete structure.

Role of CNF gels: CNF suspensions prepared via nitro-oxidation create hydrogel-like
networks within the cement matrix, aided by ionic interactions with metal ions from the
pore solution. These networks improved F-T resistance and reduced chloride diffusivity.
TXM confirmed slower chloride diffusion and a denser microstructure in CNF-modified
systems, indicating enhanced durability.

Durability of concrete repairs: Repair overlays with lower water-to-cement (w/c)
ratios applied to saturated surface-dry (SSD) substrates demonstrated superior
mechanical performance and reduced chloride ingress. The overlay transition zone
(OTZ), identified as the weakest region, benefited significantly from moisture
optimization and mix design adjustments.

Neutron radiography for real-time pore water monitoring: In situ neutron imaging
successfully captured water movements in concrete pores during freezing. Water was
observed to move upward ahead of the freezing front, which can generate hydraulic
pressure and induce microcracking. This provides the first in-situ neutron imaging
evidence of water dynamics as a function of freezing contributing to F-T damage.

8.3 Significance and study importance
This dissertation makes several significant contributions to the field of concrete durability and
infrastructure resilience:

v

The first application of TXM to chloride ingress in concrete exposed to F-T cycles,
offering a non-destructive means to quantify ion diffusion under complex exposure
conditions.

Using in situ neutron radiography for the first time in the literature to monitor pore water
movement during freezing in cementitious materials provides critical in-situ data on
hydraulic pressure development and damage onset.

Introduction of CNF-based cement paste systems, derived from bio waste, as a
sustainable approach to improving F-T resistance and reducing ion diffusion.
Mechanistic understanding of repair performance under F-T conditions, establishing
repair practices for optimizing bond durability through moisture control and mix
proportioning.

Integration of performance metrics (e.g., RDME, UPV, SR, D¢) with imaging,
mechanical, and fracture analysis to comprehensively assess cementitious material
response against F-T damage.

Together, these contributions support the development of advanced resilient concrete systems
and maintenance practices tailored to the demands of Arctic and coastal environments.

8.4 Recommendation for future work
Based on this dissertation’s findings, several opportunities exist to expand understanding and
enhance the applicability of the proposed approaches. The following recommendations are
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offered for future work to refine cementitious material performance in Arctic coastal regions
and support practical implementation.

v

Further research should focus on optimizing the dosage and dispersion of PVA fibers to
preserve the integrity of the air void system in F-T environments. Controlled studies
aligning air content between fiber and non-fiber mixes are needed to isolate fiber effects
and clarify their role in F-T resistance and chloride ingress.

A more detailed examination of the fiber-cement paste interface and air-void stability
using SEM, nano-CT, or puXCT could reveal critical insights into microcrack
development under cyclic freezing, especially in fiber-reinforced systems.

Investigate the long-term behavior, chemical interaction, and pore structure of different
CNF-based cementitious materials, particularly under repeated F-T and chloride
exposure.

Future studies should examine a broader range of moisture conditions, repair materials
(including fibers and air entraining admixtures), and extended F-T cycles to assess the
durability of the overlay transition zone (OTZ).

The chloride diffusion coefficients obtained using TXM under F-T conditions could be
integrated into predictive multi-physics models to simulate long-term deterioration
scenarios in Arctic environments.

Future work should cover high-capability neutron imaging with improved spatial
resolution and neutron flux to enhance image quality and capture detailed
microstructural and moisture changes. It should also include integrating humidity and
pressure sensors, and examining various concrete mix designs, including air-entrained
and non-air-entrained samples, to better understand moisture distribution, pore
dynamics, and freeze-thaw damage mechanisms under realistic conditions.

Finally, Pilot-scale or field implementation studies should be conducted in Arctic and
sub-Arctic environments (e.g., Alaska) to validate laboratory results under real service
conditions, particularly in curing, exposure sequencing, and combined degradation
mechanisms.

8.5 Limitations

This dissertation presents novel findings on the durability of cementitious materials under
Arctic exposure conditions using advanced testing and imaging techniques. However, several
limitations were identified across the experimental studies:

v

The study focused on a fixed set of concrete mix designs. Supplementary cementitious
materials-based concretes, alternative binder systems, and recycled aggregate concretes
were not considered, limiting the applicability of the results to a broader range of
material classes.

PVA fiber dispersion, alignment, and interaction with air entrainment were not directly
characterized. Reduced workability and possible fiber clustering may have interfered

218



with air bubble formation and stability. Air content was not equalized between fiber and
non-fiber mixes, making it difficult to isolate the specific effects of fiber inclusion on
freeze-thaw and chloride resistance. No SEM or XCT analysis was performed to
examine the fiber—paste interface.

v" CNF suspensions were evaluated only in cement paste systems. Their performance in
mortar or concrete, including interactions with aggregates, workability effects, and
scaling behavior, was not investigated. This limits the direct applicability of findings to
structural-scale concrete.

v Repair-substrate interfaces were cast under well-controlled laboratory conditions
without any surface preparation. This approach does not reflect field-relevant factors
such as substrate roughness, ambient humidity, or temperature gradients, which could
significantly influence the durability of the OTZ.

v' While RDME, UPV, SR, and mechanical strength tests were used to assess F-T
durability, no real-time techniques (i.e., strain gauges) were employed to monitor
damage initiation and progression during F-T cycling.

v In the neutron radiography experiments, beam hardening artifacts and limited neutron
transmission affected image quality and reduced the quantitative resolution for tracking
water movement. These limitations compromised the spatial accuracy of moisture
redistribution measurements during freezing. Additionally, relative humidity (RH)
sensors embedded in the specimens failed under subzero conditions, preventing in-situ
monitoring of internal moisture profiles. Furthermore, elevated ambient temperature at
the ORNL MARS beamline hindered the cooling stage from reaching the target subzero
temperature before imaging, which delayed the initiation of pore water freezing and
affected the initial conditions of the experiment.

8.6 Practical applications

The findings of this dissertation have direct implications for improving the resilience and service
life of concrete infrastructure in Arctic and coastal environments:

v" The demonstrated influence of extended curing and air void optimization supports the
importance of tailored mix design and curing protocols in Arctic concretes. These findings
support updates to the mix guidelines for the Alaska Department of Transportation
(AKDQT), the United States Army Corps of Engineers (USACE), and municipalities in
cold regions.

v The interference of PVA fibers with air entrainment highlights a key trade-off between
improving mechanical strength and preserving F-T durability. These findings guide fiber
selection and dosage for AEA-based concrete mix in Arctic regions.
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v The successful use of bio-based CNF suspensions to improve F-T and chloride resistance
suggests a promising, sustainable additive for cold-weather concrete. CNFs can be
incorporated into concrete used for DOT pavement repairs, airfield slabs, and coastal
structures to enhance F-T durability and reduce chloride penetration in harsh environments.

v Findings on the performance of OTZ under F-T exposure provide a framework for
optimizing surface preparation, moisture conditioning, and wi/c ratio selection during patch
repair. This can inform Arctic concrete repair protocols for airfields, bridges, and ports.

v' TXM can analyze concrete cores from pavements, airfields, or bridge decks to develop
time-dependent ion ingress rates. This helps government agencies and engineers assess
how well structures resist chloride ingress over time and supports decisions on
maintenance, repair, or material upgrades in Arctic and coastal environments.

v Neutron imaging provides critical insights into the timing of pore water movement and
temperature changes during freezing at specific locations within concrete. This information
can help design teams better understand F-T dynamics, predict damage risk more
accurately, and optimize mix design for Arctic-resilient concrete.

Together, these applications highlight the value of this research in guiding the design, repair, and
assessment of durable concrete infrastructure for Arctic and coastal regions.
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