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Chapter 1. INTRODUCTION

1.1 Background

Concrete, the second most utilized material after water, plays a vital role in human
development and in shaping the global environment. However, modern architectural
advancements, such as large-span bridges, skyscrapers, and severe weather conditions, demand
higher-strength concrete to meet increased load requirements. Consequently, the market for high-
strength concrete is expanding rapidly. In 2022, the High-Strength Concrete Market Size was
valued at $19.3 billion and is projected to grow to $33.9 billion by 2032 [1].

High-strength concrete typically requires more cement but reduces the overall volume of
concrete needed. It’s also contributes to energy savings and a reduction in the carbon footprint by
more than 50% [2],[3]. Additionally, high-strength concrete consumes less water, creating a denser
pore structure that limits water availability for further hydration [4], [5]. While external curing
methods can supply hydration water near the curing surface, they often fail to hydrate cement
particles located away from the water source [6]. According to Powers’ studies [7], external curing
alone is insufficient to fully hydrate cement when the water-to-cement (W/C) ratio is below 0.36.
In such cases, internal curing becomes essential to maximize cement utilization. Furthermore,
insufficient pore water in high-strength concrete can lead to autogenous shrinkage, resulting in
volumetric contraction and early-age cracking [8].

Extreme weather, particularly in cold regions, significantly impacts concrete durability. This
has led to deterioration of road infrastructure, imposing a substantial economic burden in the
United States. Estimates suggest that maintaining and repairing national road infrastructure
requires an annual investment of $231.4 billion [9]. Notably, approximately 70% of these roads
are located in areas with harsh winter conditions, where freezing temperatures are a primary
contributor to concrete degradation.

A critical challenge in such climates is concrete’s resistance to the freezing of water in
concrete pores, which expands and exerts hydrostatic tension stresses, potentially leading to
cracking [10]. These cracks facilitate atmospheric interaction with reinforcing steel, accelerating
corrosion and structural failure. To mitigate the expansion of freezing water and the resulting
tensile stresses, improving the void structure in the concrete is a common strategy. However, in
high-strength concrete with low W/C ratios, the volume of capillary voids is minimal, which
exacerbates durability challenges, particularly at freezing temperatures [11].

1.2 Internal Curing Agents

High-strength concrete prepared with a low W/C ratio exhibits exceptional mechanical
properties and durability [12]. A lower water content reduces the surplus water available for
evaporation, which minimizes void formation. Consequently, concrete with a low W/C ratio has
lower porosity and permeability. Typically, external curing methods—such as water spraying, wet
burlap coverings, or chemical sealant applications—are employed to prevent water evaporation
from the specimen or to supply water consistently to sustain the hydration process, enabling the
concrete to develop its strength. However, the low porosity of high-strength concrete restricts the



effectiveness of conventional external curing methods from penetrating deep enough to supply
sufficient moisture internally. This limitation leads to incomplete hydration of the cement,
resulting in autogenous shrinkage, and micro-cracking at an early age [7], [8].

As per Powers' studies [ 7], external curing alone is insufficient to fully hydrate cement when
the W/C ratio is below 0.36. This underscores the necessity of an internal curing mechanism to
fully utilize the available cement and mitigate moisture deficits. Internal curing techniques address
water shortages, enabling continuous cement hydration and enhancing volumetric stability
(illustrated in Figure 1.1). Two widely used approaches for internal curing include:

e Introducing porous materials.
¢ Incorporating water-absorbing materials.
These methods are explained below.
External Curing External Curing

— 34333

‘ ‘ /‘ Addition of internal

Aggregate curing agent . @ .
O |mmmmmb T() @)
la Internal
@) © @Q

curing agent
Figure 1.1 External and internal curing mechanisms in concrete.
1.2.1 Porous Material

Porous materials store water within their continuous internal porosity and gradually release
it into the cementitious matrix. Internal curing with porous materials is typically achieved by
replacing coarse aggregates with wet lightweight aggregates (LW As) such as ceramic aggregates
and recycled concrete aggregates or fine aggregates with superfine powders like bottom ash [13]
and rice husk ash [14]. Various pre-wetted LWAs, including expanded clay [15], zeolite [16],
limestone [17], and wood fibers [18], have been successfully utilized for internal curing of cement-
based materials. However, traditional pre-wetted LW As often have low water absorption capacity
and poor water retention, necessitating a large volume of LW As to achieve effective internal curing
[19]. This increased demand can lead to a significant reduction in the material's overall strength.
Alternatively, mesoporous superfine powders provide water to the surrounding cementitious
matrix while also enhancing strength through pozzolanic activity [20]. Despite these advantages,
both LWASs and superfine powders generally exhibit limited water absorbability, restricting their
widespread application.

Bentonite clay is an exception, as it can absorb up to 10 times its weight in water. When
used as a partial cement replacement, it acts as an internal water reservoir to mitigate autogenous
shrinkage [20], [21]. However, incorporating bentonite clay as a partial replacement for cement
can negatively impact the flowability of fresh concrete, posing challenges in practical applications.
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1.2.2 Super Absorbent Polymer (SAP)

Superabsorbent polymers (SAPs) are specialized materials capable of absorbing and
retaining large amounts of water, often more than 300 times their weight. This remarkable property
is attributed to their three-dimensional, crosslinked hydrophilic polymer structure [16]. Common
examples of chemically-based SAPs include sodium polyacrylate and polyacrylamide copolymers,
widely used in applications such as diapers, hygiene products, agriculture, and industrial processes.
Bio-based SAPs, on the other hand, are primarily composed of natural materials like starch,
cellulose, or chitosan and are commonly used in agriculture, food packaging, and disposable
hygiene products.

The water absorption capacity of SAPs is influenced by factors such as chemical
composition, crosslink density, and particle size [22]. SAPs are synthesized from monomers,
typically acrylic acid and acrylamide, in the presence of an initiator and a cross-linker [23]. The
hydrophilic groups in acrylic acid form bonds with water molecules, enabling absorption.
Increasing the initiator concentration during synthesis (up to a critical threshold) enhances water
absorption by generating more monomer radicals. Conversely, increasing the cross-linker
concentration raises the crosslink density of the polymer network, reducing solubility in water and
improving water retention [23], [24].

Hydrogels retain water through two primary mechanisms: Van der Waals forces and
hydrogen bonding [25], [26]. Van der Waals forces, a relatively weak attraction between the
hydrogel surface and nearby water molecules, allow water to be easily separated. SAPs with
smaller particle sizes rely more on Van der Waals forces due to their larger surface area [27].
Hydrogen bonding, a stronger interaction, primarily retains water in SAPs with larger particle
sizes. This is facilitated by the side chains of polymers located near the hydrogel core, which
enhance the bonding with water molecules [28], [29].

1.3 SAP-Cementitious Matrix Interaction

SAPs have been incorporated into cementitious materials in small quantities (0.05%—1% by
weight of cement) as internal curing agents due to their ability to retain water in their swollen state
and release it to mitigate shrinkage and sustain cement hydration [30], [31]. However, selecting an
appropriate SAP for internal curing requires more than evaluating its pure water absorption
capacity. Several methods have been proposed in the literature to measure SAP absorption and
desorption behavior in a cementitious environment [30]-[37]. Among these, the tea-bag method
and filtration method are widely used.

Typically, absorption tests involve the use of cement pore solutions extracted from cement
slurries prepared with various W/C ratios, such as 0.36, 1, 2, 2.5, 4, 5, and even 10 [34]-[40].
Cement pore solutions are extracted through techniques like compressed nitrogen extraction [41],
cellulose membrane filtration [42], microfiber filtration [38], or decantation after constant stirring
for variable durations [36]. Additionally, some studies have estimated SAP absorption in cement
paste by analyzing heat evolution and capillary pressure changes [43]. Increased water content
delayed the hydration peak and reduced capillary pressure, with both variations linked to water
uptake by SAPs. This relationship was used to calculate SAP absorption [44]. However, these tests



often fail to represent the actual behavior of SAPs within mortar or concrete due to the lack of
interaction with aggregates, time-dependent ion concentration changes, and the distinct
interactions between SAPs and the hardened cementitious matrix after setting.

The interaction of SAPs with the hardened cementitious matrix is notably different from
their interaction with cement pore water or slurry. To address this, some studies [44]-[47]
evaluated swollen hydrogel performance in hardened cementitious systems. For instance, a
saturated hydrogel dyed with pigmented water was placed in a dish surrounded by cement paste,
and its water release and the resulting internal humidity changes during cement hardening were
monitored. Initially, a rapid water release occurred due to ion concentration gradients, followed by
a slower release driven by humidity gradients [24]. The region around the SAP showed increased
hardness and reduced porosity due to enhanced hydration product formation [45].

Another approach involved placing a swollen hydrogel layer between polished hardened
concrete sections and measuring volume changes in the hydrogel using optical profilometry over
intervals up to 28 hours. This revealed that capillary adhesion at the interface increased desorption
due to Laplace pressure development [46]. Similarly, saturated SAPs dyed with ink were inserted
into hardened cement paste, and the spread radius of the color was used to estimate internal curing
effects [47]. Despite these efforts, current literature has not thoroughly investigated the in-situ
behavior of hydrogels during the fresh, initial setting, and final setting phases of concrete, leaving
a critical gap in understanding their real-time interaction with the cementitious matrix.

1.4 Air Entrainment Agents

Concrete structures in cold climates face significant challenges due to freezing temperatures.
When water trapped within the concrete’s pores freezes, it expands, creating internal pressure that
can damage the cement matrix. This often results in surface scaling, cracks, or delamination [48].
To mitigate these effects, deicing agents such as sodium chloride and calcium chloride are
frequently used to lower water’s freezing point. However, these agents pose additional risks.
Chloride ions react with cement hydration products like monosulfate (AFm), forming expansive
Friedel’s salt [49]-[51], which exacerbates internal stress. Furthermore, deicing solutions can
leach calcium ions from key components like calcium hydroxide and C-S-H gel, leading to gradual
strength loss [51], [52]. The combined impact of freezing, chemical reactions, and calcium
depletion accelerates concrete deterioration over time.

One effective strategy to counter freeze-thaw damage is optimizing the air void structure
within the concrete. Properly distributed small air voids provide space for freezing water to
expand, reducing stress on the matrix. These voids are intentionally introduced using air-entraining
admixtures or air-entraining cement. In contrast, larger, irregularly distributed entrapped air voids,
formed during mixing and compaction, can weaken the concrete’s strength and durability [53].
Effective vibration and consolidation techniques are necessary to minimize such voids and
maintain structural integrity [54], [55].

The composition of an air-entrained agent typically includes a water-soluble polar
hydrophilic head and a water-insoluble non-polar hydrophobic tail. The hydrophilic end can have
various charges or be non-ionic (neutral) [56]. When the air-entrained agent interacts with the air-



water interface, it undergoes adsorption. The surfactant arranges itself by extending the
hydrophobic end inward towards the air bubble, while the hydrophilic head forms a stable outer
layer with lower surface tension, surrounded by water molecules (Figure 1.2). This mechanism of
air entrainment is crucial for the formation of a well-distributed network of air voids within the
concrete matrix.

Hydrophilic (water Hydrophobic (water
loving) head repellent) tail

.

Air bubble

water

Figure 1.2: Working principle of surfactant-based air-entrained agents.

Air entrainment agents can be classified into two broad categories: bio-based and
chemically synthesized materials [57]. Bio-based agents include natural wood resins, petroleum
acids, and vegetable and animal fats [58]. These substances can react with calcium hydroxide,
which is produced during cement hydration, resulting in the formation of hydrophobic calcium
salts. This reaction plays a crucial role in generating stable air bubbles within the concrete mixture
[57]. However, the widespread availability of bio-based materials in large quantities can pose
challenges in meeting the industry's demands. On the other hand, chemically synthesized air
entrainment agents are primarily derived from aliphatic, aromatic, and sulfonated hydrocarbons
[59]. These synthetic agents are specifically designed to create and stabilize air voids in concrete
by reducing the surface tension of water films on air bubbles [60]. The effectiveness of these agents
can vary based on the composition. For instance, an air-entrained agent with a positively charged
hydrophilic head (cationic surfactant) exhibits a strong attraction toward negatively charged
cement particles, while anionic surfactants interact with the positive portion of cement particles
[61]. Anionic surfactants are commonly available and cost-effective, resulting in a finer void
system. However, non-ionic surfactants have the weakest attraction to cement particles. To strike
a balance between achieving a finer air void structure and maintaining compression strength, a
combination of non-ionic and anionic surfactants can be used. This combination limits the
adsorption of cement particles, thereby providing a cost-effective solution with a more refined air
void structure [62].

Air-entraining agents are commonly incorporated into concrete to introduce an air content
of about 5-7%, enhancing durability against freeze-thaw damage [63]. However, this approach
has some drawbacks. The additional air voids reduce the overall density of the solid matrix, leading



to a notable strength reduction—approximately 5% for every 1% increase in air content [64]-[67].
Unlike SAPs, air-entraining agents do not contribute to cement hydration and may even interfere
with it [68]. Their molecular structure, which includes polar groups, can interact with the water
phase in the mix, causing adsorption onto cement particles and potentially disrupting hydration
[69], [70]. The increased void content also promotes quicker water evaporation, raising the risk of
shrinkage [71]. Achieving effective freeze-thaw protection requires numerous small, evenly
distributed air voids [72]-[74], which demand careful control over factors such as mixing time,
vibration, and concrete placement [54], [75], [76]. Furthermore, the performance of air-entraining
agents can be affected by interactions with other admixtures, such as superplasticizers and
supplementary cementitious materials like fly ash [77]-[80]. Proper balance and compatibility are
critical to ensure the desired properties of the concrete.

1.4.1 SAP as an Air Entrainment Agent

The incorporation of SAP in mortar or concrete creates a concentration gradient between
the water stored within the SAP and the surrounding cement pore solution, leading to osmotic
pressure development. This osmotic effect drives water out of the SAP, resulting in its deswelling
and creating additional voids within the cementitious matrix over time [81], [82]. These voids,
both initially present and those formed through the SAP's deswelling process, are critical to
enhancing the matrix's freeze-thaw (F-T) performance.

Researchers has explored the potential of SAP in extending its application to frost
resistance [10], [83], [84]. However, the void structure formed via SAP-based internal curing is
often less optimal compared to the well-distributed, finely sized voids created by commercial air-
entraining agents [85], [86]. Despite this, the performance of SAP in enhancing F-T resistance is
influenced by several key factors, including particle size, dosage, synthesis method, and mixing
conditions [84], [87]-[90]. For example, smaller SAP particles and lower dosages contribute to
finer voids, which are more effective in improving F-T resistance [89], [90]. Additionally, the
synthesis method significantly impacts the void structure; suspension polymerization often
produces more spherical and evenly distributed voids, while bulk polymerization leads to
irregularly shaped voids [88]. SAPs in dry form are particularly effective in creating smaller void
spacings, which further enhances F-T resistance [84].

While internal curing agents improve durability and mitigate scaling to some extent, their
performance still surpasses that of cement mixtures without any air entrainment. To overcome the
trade-off between durability and the mechanical strength reduction caused by air entrainment,
combining SAPs with air-entraining agents has shown better results. This hybrid approach
achieves improved freezing resistance and durability, striking a balance between mechanical and
durability requirements [86], [91].

1.5 Motivation for Using Bio-Based Hydrogel

Recent challenges such as COVID-19, geopolitical instability, and climate change have
disrupted supply chains for raw materials used in chemical admixtures. The gap between demand
and production has led to higher costs for these additives, making construction more expensive
[92], [93]. To promote sustainability and reduce environmental impact in internal curing and air



entrainment, there is a growing need for bio-based admixtures derived from locally available,
renewable resources instead of synthetic chemicals.

Starch, particularly cornstarch, is a promising alternative due to its ability to absorb water
when heated or chemically modified through a process called gelatinization. This occurs as
hydrogen bonds form between starch molecules and water, causing the granules to swell and
thicken the surrounding liquid [94]. Cornstarch, which accounts for 80% of global starch
production, is widely available and abundant, with United State alone producing approximately
produces 390 million metric tons annually [95]. Its granular structure, mainly composed of
amylose and amylopectin, undergoes swelling when exposed to heat, releasing these components
and forming a gel structure that contains suspended glucose particles and bonded water [96], [97].
1.6 Research Gap

A significant research gap exists in developing internal curing systems sustainably sourced
materials with simple synthesis methods, particularly for low W/C mortars. Despite the growing
interest in bio-based hydrogels, there is limited exploration of their application in cementitious
matrices. Specifically, the potential of cornstarch-based hydrogels as dual-functioning internal
curing and air-entrainment agents remains largely unexplored, leaving a gap in understanding their
impact on freeze-thaw resistance and overall performance in cement-based systems. Additionally,
there is a lack of research investigating the interactions of hydrogels in in-situ conditions during
the fresh, initial setting, and final setting phases of concrete, leaving a critical gap in understanding
hydrogel behavior over time.

1.7 Research Objectives

This project addresses the identified research gap by fulfilling the following objectives:

1. To synthesize cornstarch-based hydrogels using the heat gelatinization process in both
swelled and ground forms.

2. To quantify the internal curing potential of synthetic and bio-based hydrogels within mortar
under gravitational and capillary forces during the initial curing stages over a 56-day
period.

3. To improve the air void system and properties of low W/C ratio mortar using cornstarch-
based hydrogels with varying cornstarch contents, comparing their performance to
commercially available air-entraining agents and SAPs.

4. To investigate the influence of commercially available SAPs, varying in size and
composition, and cornstarch-based hydrogels in both swelled and ground forms on the
freeze-thaw resistance of low W/C ratio mortar under severe freeze-thaw cycling in a brine
solution.

1.8 Organization of the Report

The rest of the report is organized as follows: Chapter 2 outlines the methodology for
synthesizing cornstarch-based hydrogels in both swollen and ground forms through the heat
gelatinization process. It also introduces a novel approach to quantify the internal curing potential
of hydrogels. Additionally, the chapter presents the findings from studying the interactions
between the cementitious matrix and the incorporated hydrogels (both commercial and cornstarch-



based) and includes insights gained from microstructural investigations. Chapter 3 presents the
Micro-CT scanning methodology and results employed to analyze various parameters of the void
structure in air-entrained and internally cured specimens. Chapter 4 examines the performance of
SAPs and cornstarch-based hydrogels under severe freeze-thaw cycles in a brine solution, with a
discussion of results in terms of variation of mechanical properties and microstructural behavior.
Finally, Chapter 5 summarizes the key findings of the study and provides recommendations for
future research.
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Chapter 2. Quantifying the Water Donation Potential of
Commercial and Corn Starch Hydrogels in a
Cementitious Matrix

External curing alone may not be sufficient in the case of concrete with a W/C ratio of less
than 0.36. Dry Super Absorbent Polymers (SAPs) weighing 0.05% to 1% wt. of cement are
popularly used for internal curing purposes. The swollen SAP crystals act as water reservoirs at
later curing stages, donating water to the surrounding cementitious matrix for hydration. Currently,
there is no method available in literature to quantify the water donation potential of SAPs in a
cementitious matrix. Moreover, the water transfer mechanism between the swollen SAP and the
surrounding cementitious matrix is not understood in the first eight weeks of the curing period. In
this chapter, a capsule filled with swollen SAP is embedded in a cement mortar cube. The internal
wetting area around the swollen SAP capsule is monitored for 56 days by periodically slicing the
mortar cube. The internal wetting area around the swollen SAP capsule is taken as a proxy metric
for the internal curing potential of the SAP. Five commercially available SAPs, along with a newly
synthesized corn starch hydrogel, are investigated in this study.

2.1 Materials and Methods
2.1.1 Materials
2.1.1.1 Commercial Superabsorbent Polymers (SAPs)

The internal curing potential of five different types of commercially available SAPs are
investigated in this study designated as A (LiquiBlock™ HS Fines), B (LiquiBlock™ 40F), C
(LiquiBlock™ 2G-110), D (LiquiBlock™ WHS 2) and E (LiquiBlock™ WHS 1). These SAPs can
be differentiated based on their chemical composition, particle size, and water absorption ability.
The properties of the SAPs used in the current study and their commercial names as provided by
the supplier (Emerging Technologies) are presented in Table 2.1. All the five commercial SAPs
are sodium salts of crosslinked polyacrylic acid, except SAP type B is potassium salt of crosslinked
polyacrylic acid/polyacrylamide copolymer. SAP types C, D, and E have relatively high-water
absorption when compared to A and B owing to their larger particle sizes. As discussed in section
1.2.2, smaller SAP particles have a larger surface area, which allows them to retain water through
relatively weaker Van der Waals forces. In contrast, larger SAP particles predominantly retain
water through stronger hydrogen bonding interactions [25], [26], [98].
2.1.1.2 Cement, superplasticizer, and hydrogel capsule

Type-1 Portland cement as per ASTM C150 [99] was procured from TCC Materials®.
Superplasticizer (MasterGlenium® 7500 made by BASF corporation) was employed to achieve the
desired workability set at 90% in the flow table test. Superplasticizer fulfils the requirements of
type A and type F admixture provided in ASTM C 494/C 494M [100]. Clear gelatin capsules were
used in this study to introduce hydrogel into mortar cubes to investigate the internal curing
potential of hydrogels. The body part (height 22.2 mm and external diameter 9.55 mm) of a size
"000" gelatin capsule (1.142 ml volume) was used to store swollen hydrogel. The gelatin capsule
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takes approximately 10 minutes to dissolve in water [101]. The hydrogel was injected into the
capsule body using a 60 ml syringe without a needle, while a dropper was used to add water to the
capsule whenever applicable.

Table 2.1: Properties of commercially available SAPs as provided by the supplier

SAPID A B C D E
Commercial LiquiBlock™ . ™ LiquiBlock™ | LiquiBlock™ | LiquiBlock™
name HS Fines LiquiBlock™ 40F 2G-110 WHS 2 WHS 1
Particle size
20
distribution (in 1-140 1-200 <600 % @830, 0-850
. 3% @ 150
microns)
Absorption
(g/g) of >180 >200 >490 ~450 >400
deionized water
P i It of
Sodium salt of Ozf;;‘l‘:; EZ; ' | Sodium salt of | Sodium salt of | Sodium salt of
Chemical crosslinked . crosslinked crosslinked crosslinked
composition polyacrylic polyacrylic polyacrylic polyacrylic polyacrylic
. acid/polyacrylamide . . .
acid acid acid acid
copolymer

2.1.1.3 Synthesis of cornstarch hydrogel

ARGO® brand corn starch was used to synthesize cornstarch hydrogel through heat
gelatinization. Approximately 1% wt. corn starch is mixed in water and heated at a temperature of
180° F for 15 minutes. Cornstarch has a granular microstructure with the dominant region of
glucose, mainly composed of amylose and amylopectin. With the input of heat energy, the starch
particles in water solution swell until they release amylose and amylopectin and this process is
referred to as the heat gelatinization [96]. The continuous heat forms a gel structure containing
suspended glucose particles with bonded water molecules [97].

2.1.2 Preparation of specimen with hydrogel capsules

The sample preparation and curing were conducted according to ASTM C192/C192M-16a
[102]. All samples were prepared with the same mix proportion to maintain consistency. Low
water to cement ratio of 0.3 was used, which will require an internal curing source to complete the
hydration process [7]. The weight of the fine aggregate was 1.75 times the weight of cement.
Superplasticizer (0.6% wt. of cement) is added to the cement to maintain workability (90% flow
table value), and the weight fraction of the superplasticizer is evaluated by a trial and error method.
A cube of 50.8 mm side was used to cast specimens embedded with hydrogel or water capsules to
investigate the internal curing offered by the hydrogels. 1% wt. hydrogels were prepared by mixing
dry all the dry SAPs with 100 times their weight of water.

A novel test protocol was developed to investigate the water donation ability of SAPs. This
understanding is vital as water availability to the cementitious matrix with low W/C ratios is
necessary to complete the hydration process. Figure 2.1 illustrates the procedure employed to
introduce hydrogel capsules while casting the cement mortar cubes. First, the freshly prepared
mortar was poured into a cubic mold until 1/4™ of the total depth Figure 2.1 (a)) and compacted
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using a rubber tamper to ensure proper compaction. Next, the body of the transparent gelatin
capsule was inserted into its cap for strengthening the capsule and placed near each corner of the
cube using gentle thumb force. Finally, a syringe without a needle was used to insert 1% wt.
hydrogels and cornstarch-based hydrogel into capsules. A cube embedded with capsules filled with
water is considered a benchmark sample in this study. Finally, the remaining 3/4™ portion of cubic
molds was filled with mortar (Figure 2.1 (c)) and compacted. Two sets of samples were prepared,
one to observe water donation under gravitational force and the other under capillary force (see
Figure 2.2). The set of samples for the investigation of water donation by the hydrogel under
gravity force were placed upside down so that the open end of the inside capsules faced down
(Figure 2.2 (a)), while the second set was placed in the face-up direction (Figure 2.2 (b)). All
samples were covered with a wet, thick cloth for 24 hours to avoid any water loss before demolding
and water immersed in the water tank until they were tested.
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Figure 2.1: Procedure for casting mortar cubes with hydrogel capsules: (a) pour mortar up to
1/4™ depth, (b) insert hydrogel capsules near each corner, (c) complete the casting,(d) slice
through the center of hydrogel capsules after required curing time, and (e) cross-sectional view
of a sliced portion
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Figure 2.2: Position of specimens during curing time period (a) open ends face downwards under
gravitational force and (b) open ends face upwards for under capillary force case

2.2 Testing program
2.2.1 Tea-bag method

The intended function of an SAP is to absorb enough water so that it can supply to the
surrounding cementitious matrix. The water-absorbing ability of the hydrogels when exposed to
fresh water and the cement pore solution was investigated using tea-bag method. The cement pore
solution was prepared by mixing water with five times the weight of cement. The solution was
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magnetically stirred for 24 hours and filtered for the tea-bag test [20]. In the tea-bag method, dry
SAP weighing around 0.1 g was inserted into a premoistened cotton tea bag before completely
immersing it in an airtight water container to avoid evaporation and carbonation, as shown in
Figure 2.3. Carbonation occurs when carbon dioxide from the environment interacts with the target
solution. Especially in the case of cement pore solution, carbonation of calcium hydroxide
produces calcium carbonate that increases calcium ion concentration around SAP, which reduces
water absorption of the hydrogel [22], [47]. The tea-bag with the SAPs immersed in the solution
was taken out, wiped with a dry cloth, and weighed at 5, 10, 30, 60, 180, and 1440 minutes. The
average solution absorption in grams per gram weight of the dry SAP is evaluated from three

samples using Eq. 2.1.
W; - W, -W,;
AC = W, Eq. 2.1
where, AC is the solution absorption capacity of SAP, Wi is the mass of dry SAP, W2 is
the mass of wiped wet tea bag, and W3 is the mass of wiped wet tea bag containing swollen

hydrogel.
Dry SAP
(W2 J;:';"'

et wiped tea-
bag ()

> >

Takeout the tea-hag _
Covered heaker Submerge tea-hagwith  with swaollen — YWRIOhtthe tea-hag
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far required time with cloth hytirogel (W)

Figure 2.3: Procedure for tea-bag test used to quantify the absorption capacity of dry SAPs in the
pore solution.
2.2.2 Wetting Area as a proxy measure for water donation ability of SAPs

The functionality of hydrogels is to supplement water to the surrounding cement matrix in
the initial stages of hydration to aid the hydration process [23]. In practice, SAPs are added during
the concrete mixing process and the SAPs encounter cementitious materials in fresh and hardened
states of concrete. Few studies [42], [43] introduced swollen SAP with colored water between
hardened polished concrete pieces or through a hole into a concrete cylinder. The extent of internal
curing was linked to the spread of colored water. However, the current study introduced swollen
hydrogel in a fresh mortar and measured the variation in the wetted area around the embedded
hydrogel over time to understand the performance of SAPs inside the cementitious matrix. In this
study, we employ the water wetting area as a proxy measure for the water donation ability of SAPs
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in the cementitious matrix. In other words, the higher the wetted area, the higher the ability of the
SAP to donate the water and vice versa.

The water donation is quantified by determining the wet area around the swollen hydrogel
capsule inside mortar cubes after 1, 3, 7, 14, 28, and 56 days. After each specified period of curing,
mortar cubes were cut vertically at 5 mm from any two opposite side ends using a dry diamond
saw cutter blade (see Figure 2.1 (d)). Dry cutting was adopted to avoid the intrusion of moisture
from surrounding sources. The cutting was initiated from the opposite side to the position of the
hydrogel capsule to reduce the dispersion of desorbed water due to the sliding movement of the
blade (Figure 2.1: (d)). This entire process of cutting cubic samples results in four cross-sections
exposing wet areas due to the water desorption by hydrogels, as shown in Figure 2.1 (d) and Figure
2.1 (e). Immediately after cutting, the wetted cross-sectional images were captured with a 24.2 MP
resolution Canon® EOS 800D camera. The images were processed using Imagel software to
determine the wet area around the hydrogel capsule. A thresholding approach is used to quantify
the wet area in ImageJ. A sample input image used for the ImagelJ analysis is provided in Figure
2.4 (a) the output of the ImageJ thresholding method is provided in Figure 2.4 (b). The red region
is identified as wet area by ImageJ. Some edges and dry regions are also identified as wet regions
in this method. However, this region is less than 3% of the wet region which is within the
acceptable error limits. It should be noted that the capsule region is always wet for all the samples
and hence not subtracted from the total wet region. Images of at least 2 sections per mortar cube
were used for quantifying the wet region.

(@) (b)

Figure 2.4: (a) Picture of a sectioned mortar cube after 1-day of curing with 1%-HB capsule
under gravity force, and (b) wet area color coded as red by the ImageJ software.
2.2.3 XRD, SEM, and EDX analysis

Chemical and microstructure analyses were conducted to determine the changes in the
cement mortar due to the interaction with the hydrogels. The X-ray diffraction (XRD) was
conducted in the vicinity of the hydrogel capsules after 28 days of external curing and these results
are compared with the XRD results of the control specimen (cement mortar cubes with water
capsule). The capsule region was extracted using a dry diamond blade and the obtained material is
finely powdered and sieved through a mesh size of 200 microns. This powder is then used to
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perform XRD at a scanning angle (20) ranging from 5° to 80° with a speed of 4° per minute. In
addition, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
analysis were carried out at four different distances from the capsule region to assess variation in
microstructure and chemical composition, respectively, when moving away from the internal
curing source (hydrogel capsule) after 28 days of external curing. Four points were selected at
distances of 15, 25, 35, and 45 mm from the side containing the hydrogel capsules, presented as
red rectangles in Figure 2.5. After casting, the pressure from the surrounding mortar pushes the
hydrogel inside, reducing the capsule cavity area. As a result, it was observed the capsule cavity
height reduced up to the 10 mm mark from the bottom. The SEM and EDX analyses were
performed in the area between the capsule and the cube's surface with an increment of 10 mm,
excluding 5 mm from each end to avoid the direct influence of the external curing and hydrogel.
The mortar cube with water capsules (CW) is considered a control specimen for both the SEM and
EDX analysis.
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Figure 2.5: The target locations for SEM and EDX analysis to quantify the microstructure and
hydration product density, respectively.
2.3 Results and Discussion
2.3.1 Water absorption of hydrogels

The distill water absorption capacity of hydrogels is provided by the supplier (see Table
2.1). However, tap water is used for concreting purposes which contains calcium and sodium
minerals that alter the water absorbability of hydrogels. The tea-bag method described in section
2.2.1 was adopted to determine water absorption of SAPs after 5, 10, 30, 60, 180, and 1440 minutes
of immersion in tap water. Figure 2.6 shows the tap water absorption of commercial SAPs as a
function of time. It was observed that water absorption in the first 5 minutes was rapid, and
maximum water absorption by the hydrogels occurred around 30 minutes after exposure to the tap
water (see Table 2.2). After approximately 30 minutes, some desorption occurred, and the quantity
of absorbed water decreased gradually. Among the SAPs investigated, type A and B showed
relatively low water absorption (~150 g/g at 30 minutes), while SAPs type C, D, and E exhibited
more than 200 g/g absorption. These differences can be attributed to the larger particle sizes of
high-water absorbing SAPs as the chemical composition is more or less the same among all
hydrogels except for the type B. Smaller particle-sized SAPs (A and B) have more surface area
and hold water molecules with weaker Van der Walls forces. In contrast, SAPs with bigger
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particles (SAP type C, D, and E) have more space inside the individual particles to hold water
through stronger hydrogen bonds with water molecules [26]. These trends are similar to what was
provided by the supplier for the distilled water absorption ability of the SAPs (presented in Table
2.1). However, the lower water absorption of tap water is due to the presence of calcium and
sodium minerals in the tap water [97], [103].
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Figure 2.6: Tap water absorption of commercial SAPs as a function of time

Table 2.2: Absorption capacity of SAPs immersed in tap water and cement pore solution after 30

minutes of interaction

A B C D E
Tap water absorption |, | 150.4 228 256.8 240.4
after 30 minutes (g/g)
Cement pore solution
absorption after 30 38.5 68.0 42.7 69.2 76.4
minutes (g/g)

The SAPs will be exposed to the water mixed with cementitious materials and other
deleterious materials during the concreting process. With this, it is important to quantify the water
absorption ability of these SAPs in an environment that closely mimics the fresh concrete.
Therefore, the tea-bag water absorption test was also performed in the cement pore solution which
was described in section 2.2.1. Figure 2.7 illustrates the water absorption of SAPs in cement pore
solution as a function of time. Similar to the SAPs exposed to the tap water (see Figure 2.6Figure
2.6:), there is a rapid initial water absorption by the SAPs in the cement pore solution, and the
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maximum absorption was observed approximately after 5 minutes of immersion. Furthermore, the
water absorption ability of all SAPs except the B type decreased steeply after this exposure time.
In the case of type B, the water absorption increased even after the initial peak, and this increase
has been steady.

The development of osmotic pressure due to ion concentration difference between the
surrounding solution and inside SAP causes water transfer into the SAP. In addition, SAP
possesses negatively charged carboxylate groups that interact with water through a hydrogen bond
and thus hold it. However, the combination of water with cement initiates the hydration reaction
that output products which have cations like Ca®", AI*"> and Na* [104], [105], which attract the
negatively charged carboxylate groups in SAPs that lead to the screening effect. The screening
effect dampens the development of osmotic pressure and, consequently, the swelling of SAP [106].
In addition, stable ions like Ca** combine with the negatively charged carboxylate group of SAPs
to produce complexes that reduce the anionic charge of the hydrogel and, accordingly, the osmotic
pressure because of the smaller ion concentration difference [107]. Both screening effect and
formation of complexes considerably decrease the water absorption capacity of SAPs in cement
pore solution [30]. SAPs quickly store water at the beginning before the development of the
screening effect and formation of complexes. However, the low carboxylate group concentration
may be the reason for maintaining the water absorption behavior in hydrogel type B that reduces
the attraction between pore solution cations, and hydrogel's negatively charged carboxylate group
decreases the screening effect and complex formation [107]. The tea-bag method does not apply
to the cornstarch-based hydrogel because of its high mobility and inability to contain porous cotton

tea-bags. For this reason, the internal curing potential is directly tested.
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Figure 2.7: Water absorption of commercial SAPs in the cement pore solution as a function of
time
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2.3.2 Internal curing

The water donation ability of saturated hydrogel has to be investigated in the fresh and
hardened state of the cementitious matrix, which is not similar to quantifying the water desorption
in solution or hardened cementitious matrix [108]-[110]. Many factors govern the deswelling or
desorption of hydrogels. The ion concentration difference between stored water in hydrogel and
pore cement solution (ions such as Ca™, Na*!, S2, K*! and OH™') leads to osmotic pressure at the
curved surface of the cavity that sucks water from the hydrogel to the surrounding region and
accumulates hydrogel on the surface of the cavity in the form of a membrane [13], [111].
Furthermore, the mortar matrix forms a network of pores that results in a capillary pull of water
from the hydrogel [112]. In addition, the mechanical, hydrostatic pressure from the nearby mortar
squeezes the water from the hydrogel into the matrix. Finally, self-weight facilitates water
movement from the hydrogel in the direction of gravity. Several studies in the past [113] suggested
that hydrogel desorption depends on the kinetics of hydration of cement. However, no studies have
investigated hydrogels' desorption (introduced during the mortar's casting) throughout the
hydration process. This study investigated the hydrogel desorption in cement mortar cubes over
56 days using the water spread method discussed in Section 2.2.2.

As mentioned previously, the internal curing potential of a hydrogel is indirectly
characterized by evaluating the water wetting area in a 50.8-inch cement mortar cube with an
embedded hydrogel gelatin capsule (1.142 ml volume). It is important to note that for
standardization purposes, all hydrogels were instantaneously swelled to 100 gram/gram and are
not fully saturated except for the corn starch hydrogel. In the case of cornstarch hydrogel, 1%
cornstarch solution was used to prepare the hydrogel using the heat gelatinization method
described in section 2.2.1. The wetting area was tracked for all the hydrogels until 56 days (1 day,
3 days, 7 days, 14 days, 28 days, and 56 days). The water donation ability under gravitational pull
and capillary force are summarized in Figure 2.8 and Figure 2.9, respectively.

The difference in the ion concentration propels the initial desorption. However, later the
ion concentration becomes relatively uniform in the system, including cement matrix and
hydrogel. Subsequently, the humidity gradient plays a role in moisture transmission to or from the
hydrogel instead of osmotic pressure. Figure 2.8 illustrates the variation in the wet area due to
encapsulated hydrogels when samples were placed upset down — gravity force case (see Figure 2.2
(a)). In most cases, it was observed after the day-1, wet areas were high because of water desorption
due to ion concentration differences. However, after three days, osmotic pressure was gradually
eliminated, and the wet area dropped. The SAP type A follows this trend perfectly, as it initially
supplied the water to 40% of the cross-sectional area, then suddenly dropped approximately 40%
and then doubled at 7 days of curing because of the positive humidity gradient developed between
hydrogel and cement mortar matrix. The variation in desorption continues because hydration of
cement and evaporation causes the reduction in the wet area after 14 days, elevates again at 28
days, and remains relatively constant until 56 days due to the almost completion of the hydration
process at 28 days.
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The change in a wet area with time differs among the types of hydrogels because of
differences in their absorption capacity, desorption rate, chemical compositions, and crystal sizes.
However, the cyclic pattern of variation remains the same rather than a continuous increase or
decrease in a wet area in almost all the SAPs. After the final setting of mortar, the void network
remains intact, eliminating the influence of external mechanical and hydrostatic pressure on the
hydrogel. At the same time, hydration of cement and evaporation results in a positive humidity
gradient until the hydration process nears completion. SAP type C has maximum absorption
capacity and shows a high variation in the wet area. Initially hydrated more than half of the area,
then suddenly dropped at 3 days and abrupt enhancement at 7 days and in a similar way fell after
14 days. However, that variation becomes stable after 28 days until 56 days. Despite the low water
absorption capacity, cornstarch-based hydrogel showed better performance. After one day, the CS
hydrogel supplied water to almost the same area as that of type HC hydrogel, but after 3 days, it
lost almost 35% of the area that remained stable until 14 days. However, CS hydrogel resulted in
a significant wet area after 28 days. Cornstarch-based hydrogel's stable performance is due to the
high fluidity that improves the penetration into pores in all directions due to gravity force and
capillary pull, which was not possible in other hydrogels as they are more viscous when compared
to the CS hydrogel. The hydrogel capsule mimics a single particle of swollen SAP and its way of
internal curing around its vicinity. Overall, it was observed that hydrogels provide water for
internal curing throughout the hydration process. In addition, cornstarch-based hydrogel operated
better in terms of initial high-water supply and acted as a stable curing source throughout the

hydration process.
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Figure 2.8: Wet area variation with time around the encapsulated hydrogel under the gravity
force.

Past studies [34], [113] proposed the capillary force to be the driving force behind the
spread of water throughout the matrix from the hydrogel for internal curing. Figure 2.9 presents
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the wet area around the capsule full of hydrogel when placed upright (open ends of capsules face
up as shown in Figure 2.2 (b)) to observe internal curing under capillary action. Overall, the wet
area dropped when compared to the gravity case, but still, hydrogels provided water to a significant
area. Initially, commercially available hydrogels irrigate lesser areas due to their high viscosity.
As the water content is the same in all types of hydrogels, an SAP with a higher absorption capacity
forms a denser gel. Hydrogels produced from types of C and D initially irrigated lower area, while
the water from the hydrogels produced from types A and B exhibited more wet areas by capillary
action owing to their less viscosity due to low water absorbing capacity.

In most cases, the cyclic variation in the wetting area observed in the gravity case remained

the same, verifying the dependence of desorption rate on humidity and ion concentration gradients.
Hydrogel type A again showed the falling and rising trend more clearly because of comparatively
low water absorption capacity but still firm enough to hold position and water, unlike cornstarch-
based hydrogel. The high-water absorbent hydrogels produced from types C, D, and E had low
wet area initially and this area gradually increased until 7 days and then almost remained constant
with a small increment at the end of 56 days of external curing. The 1% cornstarch-based hydrogel
performed better even against the gravity pull. Initially, corn starch hydrogel almost irrigated 1100
mm? of the surrounding area and decreased by a small margin after 14 and 28 days, maybe due to
a shift in humidity gradient direction but the wetting area is regained at 56 days. There is no
significant difference between cornstarch-based hydrogel under gravity and capillary forces due
to its high fluidity which makes it easy to penetrate into pores to provide curing water.
Overall, it was observed that the swollen hydrogels desorb water under both capillary force and
gravitational pull irrigating the neighboring regions. However, the water desorption is found to be
dominant when the direction of flow of water aligns with the gravitational force. Furthermore, the
stored water from the low water absorbent hydrogels can be easily accessible to the surrounding
area, especially in the initial stage, but the cyclic variation in water desorption is more prominent
when compared to the high-water absorbent hydrogels which have a more stable trend of
desorption. The superior performance of the corn-starch hydrogel can be attributed to it low
viscosity due to low water absorption capacity.
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Figure 2.9: Wet area variation with time from the encapsulated hydrogel under capillary force.
2.3.3 SEM and EDX Analysis

Higher wet areas in the case of samples with hydrogel capsules are an indirect measure of
internal curing. However, a higher density of hydration products can be directly associated with
hydrogel water contribution to the hydration process of cement. To this end, SEM and EDX
analyses were performed to characterize the morphology of the interface between the hydrogel
capsule and cement mortar and the presence of hydration products, respectively. The SEM and
EDX analyses were performed employing the procedures described in section 2.2.3, after 28 days
of curing to observe the contribution of hydrogels towards the completion of the hydration process.
The hydration of cement primarily results in CSH gel at the initial stage that densifies as hydration
provides strength to the mortar. SEM and EDX analyses were performed 24 hours after sectioning
to allow all released water from the hydrogel to evaporate. A cavity was formed where the hydrogel
capsule was placed during the casting process. The outer surface of the cavity which acted as a
hydrogel-mortar interface is where the hydrogel and mortar directly interact when the gelatin
capsule is dissolved (Figure 2.10 (a)). The region around the hydrogel-mortar interface has a
distinctive rough, grainy texture area, whose thickness varies depending on the type of SAPs
embedded in the hydrogel capsules (see Figure 2.10 (a)). The EDX analysis of the granular texture
region around the hydrogel capsule region (Figure 2.10 (b)) shows high peaks of Si and Ca,
demonstrating the presence of dense clusters of CSH gel. However, that dense cluster of CSH gel
fades when moving away from the hydrogel capsule region, confirming the positive impact of
hydrogel on cement hydration in the vicinity of the mortar-hydrogel interface region.
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Figure 2.10: (a) Typical hydrogel cap-sule region surrounded by dense granular morphology
region; and (b) EDX analysis of surrounded granular cluster showing high peaks of Si and Ca.

In current research work, the performance of hydrogel was gauged by the extent of the wet
area around the hydrogel capsule; therefore, SEM and EDX analyses were carried out at different
distances from the source hydrogel capsule to determine the efficiency of hydrogel in improving
the density of hydration products. Figure 2.11 presents the change in the morphology of the mortar
surface when moving away from the hydrogel capsule obtained through SEM images at a
resolution of 10 um. The variation in surface morphology is due to changes in the extent of the
hydration process. The spots in the SEM images are labeled as CH, and CSH, representing calcium
hydroxide and CSH gel, respectively, determined by using peaks from EDX analysis. CSH gel was
observed in granular type morphology while CH has a slightly smooth structure. The sample with
embedded water capsules labeled as "CW" is considered a control specimen that exhibited lesser
clusters of CSH gel primarily found in the vicinity of the water capsule. However, the region near
the surface with only access to external water for curing showed lower density of CSH gel,
indicating that external curing alone may not be sufficient to completely hydrate all the available
cementitious materials. In contrast, the cubes with hydrogel capsules had comparatively more area
of concentrated CSH gel region that gradually decreased when moved away from the hydrogel
capsule.

Furthermore, individual hydrogel performance varies due to differences in their properties
like water absorption capacity, viscosity, and particle size. Hydrogel type HA had high density of
CSH gel near the hydrogel capsule which gradually decreased after 35 mm distance (from the
bottom of the sample) until the edge of the sample. In the case of hydrogel type HB, the hydration
products get denser at 25 mm from the bottom of the sample. The water content in all types of
hydrogel was the same which causes the flowability of higher water absorbent capacity polymers
(1%-HC, 1%-HD, and 1%-HE) relatively low. Low flowability hurdles the movement of these
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hydrogels inside mortar cube, therefore, most of the dense regions of CSH gel were observed near
the capsule region. The HE-type hydrogel having the highest absorption capacity managed to
spread a very dense accumulation of CSH gel up to a distance of 35 mm in a non-uniform pattern.
The bio-based cornstarch hydrogel performed well with uniform distribution of dense clusters of
CSH gel in all the regions, even at the highest point of 45 mm. The water content in 1% cornstarch
solution exceeds the water absorption capacity of cornstarch-based hydrogel, therefore, decreasing
it viscosity. Despite the lower water holding capacity, cornstarch-based hydrogel provides
sufficient moisture throughout the process of hydration due to low viscosity. The cornstarch is
composed of amylopectin and amylase, which are glucose molecules. Heating the cornstarch
solution swells the particles, and continue heating bursts and disperses glucose molecules in the
solution. When the solution settles and reaches normal temperature in the mortar, the amylase
particles recombine to retain water and provide curing moisture throughout the hydration period
[97]. In addition, some micro-voids were also observed in the vicinity of the corn-starch hydrogel
capsule with the accumulation of hydrate products such as calcium hydroxide (Figure 2.11). These
micro-voids may be have resulted from the mobility of the hydrogel releasing the stored water
leaving behind voids containing calcium hydroxide that is reported in previous studies [114],
[115].

A significant amount of cement clinker remains un-hydrated when W/C ratio is 0.3.
Therefore, an internal curing source is needed to complete hydration and gain full strength [115].
Figure 2.12 illustrates the effect of hydrogel on elemental peaks observed in EDX analysis. The
addition of hydrogel capsules decreased the sodium, magnesium, and aluminum contents while
increasing the amount of calcium, silicon, carbon, and oxygen, displaying a considerable
improvement in hydration products and thereby the degree of hydration. Overall, it was observed
that adding swollen SAPs significantly improves the hydration products.
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Figure 2.11: Variation in mortar surface morphology with increasing distances from the hydrogel
capsule and the water capsule using SEM images at 10 um resolution
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Figure 2.12: Comparison of EDX peaks for (a) control specimen (CW), (b) 1%-HA, and (¢) 1%-
CS at a 15 mm distance from the capsule
2.3.4 XRD Analysis

The variation in water supply for hydration may alter the crystalline phases and their
quantity over time due to changes in the degree of hydration. XRD pattern was obtained to compare
peak intensity to study cement hydration products and the formation of any new chemical phases
when different types of swollen SAPs were embedded. The capsule region (referred to as the
hydrogel-mortar interface) was extracted and powdered for evaluating XRD spectra 28 days after
casting. Figure 2.13 was obtained when XRD analysis was performed on the powder extracted
from the vicinity of the hydrogel capsule region 28 days after casting and compared with the water
capsule region of the control sample. The peak of quartz is cut short to highlight other significant
peaks. Quartz represents sand in the mortar that has no contribution to the hydration process. There
is no new peak observed in the XRD pattern (Figure 2.13) due to the addition of SAP indicating
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no formation of any new hydration product [116]. The hydration process initiates when the main
component of cement clinkers, such as tricalcium silicate and dicalcium silicate, interact with
water [117]. Figure 2.13 shows the drop in tricalcium silicate and dicalcium silicate peaks of
samples with hydrogel capsules, indicating that a higher fraction of cementitious material has
undergone the hydration process. The drop-in hydration reactant is more prominent in the case of
hydrogel type D, E, and CS, while hydrogel type C presented minimum fall. The Hydrogel type C
also showed a minimum wet area in the water spread test 28 days after casting (Figure 2.8), proving
that the water spread test is an effective measure of internal curing. Furthermore, samples with
hydrogel capsules showed a slight drop in the final hydration product calcium hydroxide peaks
indicating its lower presence. While calcium hydroxide constitutes 20-25% of hydrated cement
paste, its main responsibility is to maintain the high pH of the concrete [118]. On the other hand,
calcium hydroxide can easily leach out into the water and react with sulfates [119] and carbon
dioxide [120] deteriorating the cementitious matrix. With this, the slight decrease in the calcium
hydroxide in the internally cured samples can be seen as an advantage and the reason for this
should be investigated further, which falls outside the scope of the current study.
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Figure 2.13: XRD analysis after 28 days of curing near capsule region.
2.4 Conclusions

This chapter investigated the internal curing potential of SAPs and corn-starch hydrogels,
and the following are the important conclusions of this study:
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. All five SAPs absorbed more than 150 g/g of tap water. D and E showed the highest
absorption (~250 g/g), followed by C (228 g/g), A, and B (~150 g/g). This high absorption
in D and E is due to their larger particle sizes, which allow them to retain more water
through stronger hydrogen bonds.

. Water absorption of HA, HB, HC, HD, and HE dropped significantly in cement pore
solution by 74%, 55%, 81%, 73%, and 68%, respectively. This reduction is caused by the
screening effect, which shields the SAPs' functional groups, and the formation of ion
complexes that hinder water absorption.

. All encapsulated hydrogels, including cornstarch, created larger wet areas in the matrix.
HA achieved the highest wetted area with 43% under gravity and 41% under capillary
forces, while cornstarch reached 42% and 31%, respectively. Water capsules, however,
showed no wetting. Gravitational forces, combined with capillary action, were key in
transferring water from hydrogels to the matrix.

. Hydrogels released water cyclically, more prominently in low-absorption hydrogels like
A. Initially, high osmotic pressure from ion concentration differences drove water release.
Later, as ion concentrations equalized, humidity gradients controlled the fluctuating water
mobility.

. Hydrogels (A and CS types) enhanced CSH gel distribution, as SEM/EDX revealed dense,
uniform hydration near capsules. C and D hydrogels improved hydration up to 25 mm
away. In contrast, control specimens with water capsules exhibited sparse, uneven CSH
clusters near the capsule. Continuous water supply from hydrogels contributed to denser
hydration.

. Internal curing boosted the hydration degree without forming new products. XRD at 28
days showed lower peaks for unhydrated reactants (C3S, C2S) compared to the control,
confirming improved hydration facilitated by hydrogels.
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Chapter 3. Sustainable Bio-based Hydrogel as an Alternative Air
Entrainment Agent in Cement-Based Materials

This chapter focuses on synthesizing a bio-based hydrogel from local, renewable raw
materials to enhance the freeze-thaw resistance of hardened cementitious matrices. The study aims
to improve the air void system and parameters of low W/C ratio mortar using cornstarch-based
hydrogel with varying cornstarch content, compared to a commercially available air-entraining
agent and SAPs. A bio-based hydrogel was produced through a thermal gelatinization process
using cornstarch contents ranging from 1% to 3% of the mortar mixing water. The effectiveness
of the cornstarch hydrogel was assessed by comparing its void structure with two commercial
SAPs, used at 0.2% of cement weight, and an air-entraining agent, used at 0.49 percent of total
mortar weight. The void structures were analyzed by evaluating porosity, void size distribution,
spacing factor, and void shape using micro-CT scanning with a sensitivity of 10 um.

3.1 Materials and Methods
3.1.1 Materials

In this study, Type-1 Portland Cement (TCC Materials®) is used as the binding material,
meeting the requirements of ASTM C150 [99]. Fine aggregate was obtained from Quikrete® sand.
To maintain workability between 85% to 90% flow table value, the proportion of the
superplasticizer was adjusted. The superplasticizer used was MasterGlenium® 7500, a high-range
water reducer manufactured by BASF Corporation, which satisfies the type A and type F
admixture requirements (ASTM C 494/C 494M [100]). Additionally, for air entrainment, the liquid
air entrainment admixture Akona®, meeting the ASTM C260 [121] requirements, was used as the
reference commercial air entraining agent. This air entraining agent improved the air void system
to enhance resistance against freezing-thawing cycles.

SAPs are commonly used for internal curing and to mitigate autogenous shrinkage [122]—
[124]. These SAPs have the ability to absorb water many times their weight and release it into the
cementitious matrix, providing an alternative curing mechanism [124], [125]. In this study, a bio-
based hydrogel was synthesized using naturally abundant cornstarch, which was employed for air
entrainment purposes. Additionally, two different types of commercially available SAPs with
distinct particle sizes and chemical compositions were selected for comparison. These SAPs,
referred to as type B and D, were procured from Emerging Technologies, and their properties are
summarized in Table 2.1, along with their water absorption capacities. Both SAPs have different
chemical composition and sizes. SAP-type B is a potassium salt of crosslinked polyacrylic acid
with a comparatively smaller particle size and water absorption capacity. In contrast, SAP type D
is a sodium salt of crosslinked polyacrylic acid with a larger water absorption capacity due to its
larger particle size. SAP type D have larger water absorption due to higher size while SAP type B
have higher water absorption in cement pore solution due to lower anionic ion concentration as
explained in discussion in Section 2.3.1.
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3.1.2 Synthesis of Cornstarch Hydrogel

Cornstarch is a semi-crystalline material with both crystalline and amorphous regions
[126]. The crystalline portions contain amylopectin polymers, while the amorphous regions of the
starch granules contain both amylose and amylopectin [126]. Specifically, corn starch is composed
of 20-30% amylose and 70-80% amylopectin [127]. When combined with water and heated, the
starch granules undergo swelling due to the absorption of water by the amorphous regions
containing amylose and amylopectin. The degree of swelling increases with a higher volume
fraction of amylopectin. As heating continues, the crystalline structures within the corn starch
become unstable, leading to a rapid reduction in the size and number of crystalline regions.
Ultimately, the amylose leaches out, causing the disintegration of the starch granules. This process
results in the irreversible dissolution of corn starch in water [97]. The leached amylose acts as a
hydrocolloid, capable of forming hydrogels when water is present. Hydrogels are networks of
crosslinked hydrophilic polymers that can absorb significant amounts of water. When the
cornstarch gel is cooled, it thickens and solidifies into a firm gel. The firmness of the resulting gel
depends on the length of the amylose molecules and the volume fraction of amylopectin in the
original corn starch.

In this research, cornstarch was mixed with water at different weight percentages (1%, 2%,
and 3%) and heated at 180° F for 8 minutes to synthesize the cornstarch hydrogel. During the
heating process, some water evaporates, but it is replenished to maintain the required water content
in the mixture. The viscosity of the hydrogel was measured in centipoise (cP) using a rotational
Brookfield viscometer® model DV-II+Pro with an LV-1 spindle operating at a speed of 100 rpm.
The viscosity values for the cornstarch hydrogel are presented in Table 3.1, and it was observed
that higher cornstarch content leads to increased viscosity of the hydrogel.

Table 3.1: Impact of cornstarch weight percentage on the viscosity of hydrogel

Cornstarch
0 0 0
(% of water wt.) 1% 2% 3%
Viscosity (cP) 4.09 5.96 10.40

3.2 Mix Proportions

To investigate the mechanical behavior, pore structure, and chemical characterization,
mortar cubes were prepared in accordance with ASTM C192/C192M-16a [102] standard. The
proportions and types of admixtures added to the mixtures, while maintaining a ratio of 1:1.75:0.3
for cement, sand, and water respectively, are provided in Table 3.2. In order to evaluate the impact
of the cornstarch-based hydrogel on mortar properties, particularly the entrained air content,
different percentages of cornstarch (1%, 2%, and 3% of total water) were added. The cornstarch-
based hydrogel, in the form of a viscous fluid (preparation outlined in section 3.1.2), was
incorporated into the dry cement-sand mix during casting, replacing the water. In previous
literature [90], [128], the optimal amount of commercially available SAP was reported as 0.2% of
the cement weight. Therefore, the same quantity was used in this research. However, since
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absorbent polymers reduce the fluidity of the mixture, a superplasticizer was added to achieve the

desired workability, targeting a flow table value of 85% to 90%. To compare the performance of

specimens containing the cornstarch-based hydrogel and commercially available SAPs, a control

mix (CM) was prepared and mixed with a commercially available air-entraining agent. The

supplier recommended adding 0.49% of the total mortar weight of the air-entrained agent to

achieve 8% (£2%) air entrainment and this recommendation was implemented in this study.
Table 3.2: Mix Proportions for cement mortar

Sample Superplasticizer Cornstarch Commercial SAP Air entraining agent
(% of cement wt.) | (% of water wt.) (% of cement wt.) (% of mortar wt.)
CM 0.60 0 0 0
1%CS 0.95 1 0 0
2%CS 1.30 2 0 0
3%CS 2.20 3 0 0
0.4%AE 0.60 0 0 0.49
0.2%SB 1.85 0 SAP B (0.2) 0
0.2%SD 1.37 0 SAP D (0.2) 0

3.3 Testing Program
3.3.1 Workability

When working with concrete with a low water-to-cement ratio (W/C) of 0.3, ensuring
proper workability is crucial for proper compaction [129]. The hydrogel in the cementitious matrix
absorbs additional water and reduces the effective W/C ratio and hence may negatively impact
workability. To overcome this challenge, an appropriate amount of superplasticizer is added to
address the workability issues. To measure workability, the flow table test, following ASTM
C1437 [130], was employed. The amount of superplasticizer was adjusted in each mixture to
achieve a similar flow table value, aiming for approximately 85% to 90% consistency. Multiple
trials, typically around three, were conducted for each mixture type with varying amounts of
superplasticizer to attain the desired workability. Immediately after mixing, the freshly prepared
mortar underwent the flow table test. The test involved dropping the table 20 times, and the average
of the four mortar diameters was calculated. The Eq. 3.1 was then used to determine the percentage
flow table value of the mixture.

average mortar diameter — mold base diameter

Workability (%) = mold base diameter x 100 Eq. 3.1

3.3.2 Compressive strength

To evaluate the compressive strength, 50 mm mortar cubes were prepared in accordance
with ASTM C109 [131] specifications. The compressive strength tests were conducted at various
time intervals: 3, 7, 14, 28, and 56 days, while externally cured until tested. The compressive
strength measurements were performed for the control mix (CM) as well as the mixes containing
a commercial air-entraining agent (0.4%AE) and SAPs at concentrations of 0.2% SB and 0.2%
SD. The results were obtained by averaging three test samples for each mix.

29



3.3.3 Void analysis

The primary objective of using an air-entraining agent is to enhance the pore structure of
the concrete matrix [132]. One of the peculiar characteristics of water is its anomalous expansion,
where it expands rather than contracts as the temperature drops from 4°C to 0°C, resulting in
decreased density. This density reduction continues as water freezes, as the molecules arrange
themselves into open crystal structures in solid form. The existence of a fine void network within
the microstructure of concrete allows for the accommodation of hydrostatic stresses that can arise
from this expansion phenomenon. Conversely, the presence of larger voids that are widely spaced
apart can compromise the overall quality and strength of the cementitious base material [133].
Micro-CT scanning is employed to conduct void analysis in the hardened cementitious matrix.
Micro-CT scanning provides a three-dimensional view, allowing for the examination of the final
void structure after approximately 28 days of external curing. This time frame corresponds to the
near completion of cement hydration and the attainment of intended strength. By utilizing micro-
CT scanning at this stage, it is possible to accurately evaluate the void structure in the cementitious
matrix, especially when SAPs are used for air entrainment. This technique provides valuable
insights into the overall void distribution and characteristics in the concrete, aiding in the
assessment of the impact of SAPs on the hardened material.

The variation in voxel size, sensitivity, and resolution of the 3D micro-CT scanner depends
on the size of the sample being analyzed [134]. Generally, as the sample size decreases, the
resolution and ability to identify smaller void features (sensitivity) improve. In this study, two
different sample sizes were used to examine both general porosity and detailed characteristics of
air-entrained voids (presented in Figure 3.1). For void structure analysis, the GE Phoenix v|tome|x
s X-ray computed tomography system (micro-CT) with a 180 kV nano focus X-ray tube was
employed. Initially, a 3D micro-CT scan was performed on the entire 50 mm length cube, using a
voltage of 160 kV and a current of 315 pA. This scan resulted in a magnification of only 2.65x, a
voxel size of 75.4 um, and a sensitivity capable of detecting voids around 180 pm in diameter.
Since including the surface of the mortar sample in the volumetric results might not provide an
accurate void structure owing to surface defects, the scanned data was further digitally cropped
using myVGL software. The cube was digitally reduced to a length of 40 mm cube for precise
analysis and examination using the viewer application for projects created in VGStudio Max.
According to ASTM C125 [135], air-entrained voids are defined within a size range of 10 um to
1000 um. To ensure that all air-entrained voids are included in the analysis, it is necessary to
reduce the sample size. In order to achieve a sensitivity of 10 um, a sample with a maximum
dimension of 10 mm is required. To obtain the desired sample size, a smaller cube was extracted
from the core of a 50 mm length cube. The extracted cube had a maximum dimension (diagonal
length) roughly equivalent to 10 mm, resulting in a side length of 7.07 mm as shown in Figure 3.1.
A diamond cutter was employed to carefully perform the extraction. For the subsequent 3D micro-
CT scanning on the reduced sized cube, a voltage of 100 kV and a current of 550 pA were utilized.
This scanning configuration provided a magnification of 22x, a voxel size of 9.1 um, and a
sensitivity of 10 um. It's important to note that the cutting action of the diamond blade may split
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some voids, which the micro-CT scanner may interpret as surface defects. Consequently, a
digitally cropped cube with a length of 4.5 mm was considered for the analysis of major voids to
eliminate the surface roughness and striations left behind by the diamond saw. For void analysis,
the specimens were cured in a water tank for 28 days, and two specimens were selected from each
mixture for testing and examination. This ensured a representative assessment of the void
characteristics in the cementitious matrix for each mix.

Digitally cropped
Original 50 mm 40 mm length
length cube cube
Physically Sensitivity of 180 ym
Extracted

Digitally cropped
7
%,

7.07 mm 4.5 mm
Sensitivity of 10 ym

Figure 3.1: Digital cropping strategy to eliminate surface abnormalities and physical extraction
method to achieve a sensitivity of 10 pm to quantify small air-entrained voids as per ASTM
Cl125.
3.3.4 X-ray Diffraction (XRD) analysis

XRD analysis is a technique used to investigate the crystal structure of cementitious
materials. In the context of this study, XRD analysis was conducted to examine the effects of
SAPs, cornstarch hydrogel, and a commercial air-entrainment agent on the formation of
deleterious crystalline phases in the cementitious matrix, if any. To perform the analysis, a sample
was extracted from the core of the mortar cube, which had been externally cured for 28 days. Prior
to XRD analysis, the extracted sample was finely ground until it passed through a 200-micron size
mesh, ensuring a homogenous and representative sample. The XRD measurements were then
performed using two theta (20) scanning angles ranging from 5° to 80°, with a scanning speed of
4° per minute.
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3.4 Results and Discussion
3.4.1 Achieving consistent workability across mixes

When employing a low W/C ratio, concerns may arise regarding workability, especially
when incorporating air entrainment agents and hydrogels. These additives have a significant
impact on the rheological properties of the mixture [136]. Surfactant-based air entrainment agents
play a crucial role in reducing surface tension, leading to the formation of small air bubbles. These
bubbles assist in the movement of coarser particles within the mixture, ultimately improving
workability [137]. On the other hand, the presence of hydrogels results in additional water
absorption, which reduces the flowability of the mixture [40]. This decrease in flowability can
pose challenges when trying to achieve the desired flow table value of 85% to 90%. To overcome
these challenges and ensure suitable workability, superplasticizers are added instead of altering the
W/C ratio. These additives modify the viscosity of the mortar, effectively enhancing its flow
characteristics [138].

Table 3.3 presents the variations in superplasticizer demand for different mixtures,
including those containing cornstarch hydrogel, commercial SAPs, and air entrainment. The
inclusion of a minimal amount of air entrainment agent (0.49% of total weight) slightly improved
workability while maintaining the same quantity of superplasticizer (0.6% of cement content).
Workability remained within the targeted flow table value range of 85% to 90%. However, the
addition of cornstarch-based hydrogel had a significant impact on superplasticizer demand,
showing a nearly linear relationship. As the cornstarch content increased (1%, 2%, and 3%), the
required amount of superplasticizer increased by approximately 1.58, 2.3, and 3.7 times,
respectively, to achieve adequate workability for proper compaction. Similarly, the incorporation
of commercial SAPs (0.2%HB and 0.2%HD) substantially reduced flowability, necessitating
approximately 3 and 2.3 times more superplasticizers, respectively, compared to the control
mixture, to attain the required workability. The hydrogel's water absorption capacity resulted in a
reduction of the effective W/C ratio, leading to a higher demand for superplasticizers to achieve
the desired mixture mobility.

Table 3.3: Superplasticizer content to achieve 85% to 90% flow table value.

Mixture Superplasticizer (% of
cement content)

M 0.6
1%CS 0.95
2%CS 1.4
3%CS 20
0.4%AE 0.6
0.2%SB 1.85
0.2%SD 137
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3.4.2 Void Analysis
3.4.2.1 Porosity

Figure 3.2 compares the porosity of digitally cropped samples of different sizes: 40 mm
and 4.5 mm cube lengths. The analysis also includes the porosity of the sample with a 7.06 mm
cube side from which the 4.5 mm cube is digitally extracted to demonstrate the influence of
boundary conditions. The results reveal that the 4.5 mm length cropped specimens exhibited
significantly higher porosity compared to the 40 mm length cube. This emphasizes the importance
of micro-CT scanner resolution. For the larger cube size (40 mm length), the scanner had a
sensitivity of approximately 180 um, which resulted in the exclusion of void volumes smaller than
that, leading to an overall decrease in measured porosity. Conversely, the micro-CT scanner
demonstrated high sensitivity (10 um) when the smaller cube size (4.5 mm length) was used. This
increased sensitivity allowed for the detection of smaller void volumes, resulting in an overall
increase in porosity. The results obtained from the 4.5 mm length digitally cropped cube met the
air-entrained void diameter criteria outlined in ASTM C457 [139], which specifies a minimum
void diameter of 10 um. However, an exception was observed in the case of commercial SAPs
(0.2%SB and 0.2%SD). This discrepancy may be attributed to large particle sizes in the case of
both the SAPs and their non-uniform spatial distribution. This alone will be a hurdle for the use of
commercial SAPs as air-entraining agents. The superior results in the case of cornstarch hydrogels
are due to their smaller particle size and uniform spatial distribution, unlike the commercial SAPs.
Another noteworthy observation is that, despite having the same resolution, the digitally cropped
specimen with a length of 4.5 mm displayed higher porosity compared to the original extracted
cube size of 7.07 mm. This discrepancy arose due to the action of the cutter blade during the
extraction process, causing voids to split and be detected as surfaces by the micro-CT scanner.
Consequently, the extracted cube exhibited a relatively lower void volume, resulting in lower
porosity and accuracy when compared to the digitally cropped 4.5 mm length cube. To ensure
more accurate and reliable results while still satisfying the air entrainment void size criteria
outlined in ASTM C457 [139], the 4.5 mm length cropped cube was selected for further analysis
and discussion. This choice avoids potential inaccuracies introduced by the cutter blade and
ensures consistency in meeting the specified void size criteria. Two cubes were selected from each
mix and the average porosity is reported.

The analysis of a digitally cropped cube with a length of 4.5 mm reveals interesting findings
regarding the impact of cornstarch-based hydrogel and commercial air-entrained agents on
porosity. Comparing samples with varying percentages of cornstarch-based hydrogel, it is
observed that the addition of 1% and 2% hydrogel increases porosity by 15% and 38%,
respectively, compared to the sample without an air-entraining agent. However, further increasing
the cornstarch content to 3% only results in a 24% increase, indicating that there is no significant
advantage in terms of air entrainment beyond 2%. This increase in porosity can be attributed to
the desorption of the initially swollen hydrogel, which leaves behind voids that contribute to the
higher porosity [140]. Interestingly, while increasing cornstarch content enhances internal curing
by increasing water release as noted in previous studies [141], a higher fraction of cornstarch can
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lead to the formation of additional hydration products that fill some of the voids left by the
desorbed hydrogel. Consequently, the porosity is reduced, as seen in the case of the 3% cornstarch
sample. In contrast, the addition of commercial air-entrained agents (0.4% AE) results in 22% less
porosity compared to the control mix, despite using a consistent compaction time. Notably, the use
of a finer particle-sized SAP type B (0.2% SB) leads to a moderate 22% increase in porosity,
whereas the larger particle-sized SAP type D (0.2% SD) results in a lower 15% porosity compared
to the sample without an air entraining agent. It is worth mentioning that the porosity of the SAP
type D sample with a 40 mm length cube exhibits the maximum porosity, confirming that larger
SAP particles can create larger voids [142]. These varying porosity values for different-sized cubes
when commercial SAPs are used highlight the non-uniform spatial distribution of these particles
throughout the sample.

12% 1 B Cube of 40 mm length
® Cube of Approx. 7.07 mm length

10% + __ BCube of 4.5 mm length
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Figure 3.2: Porosity measured using different sized cubes to study the effect of micro-CT
resolution and surface abrasion defects.

3.4.2.2 Void size distribution

The size and distribution of voids are crucial factors that influence the properties of
cementitious matrices. Generally, voids ranging from 10 um to 1000 um are categorized as air-
entrained voids [135]. However, to optimize both freeze-thaw performance and mechanical
properties, it is desirable to have a higher number of smaller air-entrained voids. European standard
EN 206-1 [143] and some previous studies [144]-[146] have highlighted the significance of voids
with diameters equal to or smaller than 300 pm in enhancing the durability and resistance of
concrete to freeze-thaw cycles. Consequently, these voids, are referred to as Asoo in this study and
the corresponding void fraction will be considered as micro air content.

Figure 3.3 illustrates the distribution of air-entrained void sizes, specifically categorizing
them into micro-air content (Aso0) and larger voids with diameters between 300 um and 1000 pm.
For the control sample, the micro-air content is approximately twice as high as the larger voids
volume. However, the ratio of micro-air content to larger voids varies with the addition of
cornstarch hydrogels and the air entrainment agent. The use of a 3% cornstarch-based hydrogel
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and the commercial air-entrained agent significantly improved the micro-air-entrained voids,
increasing them threefold compared to the larger voids. Notably, the 3% cornstarch-based
hydrogel exhibited a 10% higher micro-air-entrained void content than the sample with the
commercial air-entrained agent. On the other hand, the 1% and 2% cornstarch-based hydrogel
samples displayed an increase of only 17% and 10% in micro-air entrained voids compared to the
larger air-entrained voids. Furthermore, the commercial SAPs (0.2%SB and 0.2%SD) had almost
equal proportions of micro-air content and large voids volume, likely due to their larger particle
size compared to cornstarch. The analysis of air-entrained voids reveals that the 3% cornstarch-

based hydrogel shows promise as a viable alternative to commercial air entrainment agents.
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Figure 3.3: Effect of addition of CS hydrogels and commercial air entrainment agent on the
volume of micro air entrained voids and larger entrained voids at a resolution of 10 um.

Figure 3.4 presents the micro-CT scan images of the digitally cropped cube samples with
a length of 4.5 mm, providing a visual representation of the voids and their distribution. These
images offer valuable insights into the impact of different air entrainment agents on void
characteristics. Notably, Figure 3.4 (c) and (d) demonstrate the distinctiveness of the 3%
cornstarch-based hydrogel (3%CS) and the commercial air-entrained agent (0.4%AE) for
obtaining desirable air content. 3%CS and 0.4%AE present a smaller number of larger
distinguished entrapped voids. In contrast, the control specimen, the sample with 2% cornstarch-
based hydrogel, and the samples with commercial hydrogels (0.2%SB and 0.2%SD), as depicted
in Figure 3.4 (a), (b), (e), and (f), show a higher number of visible larger entrapped voids.
Furthermore, the larger voids in these samples are relatively non-uniformly distributed indicating
a less favorable void structure compared to the 3%CS and 0.4%AE samples.

35



Figure 3.4: Sample micro-CT scanned images showing the entrapped voids distribution at a 10
micron resolution obtained from 4.5 mm digitally cropped cubes (a) CM (b) 2%CS (c) 3%CS (d)
0.4%AE (e) 0.2%SB (f) 0.2% SD.

Figure 3.5 provides an insightful representation of the distribution of void sizes, shedding
light on whether the voids tend to be more prevalent in smaller or larger sizes. For the samples
containing cornstarch-based hydrogel, the curve rises and levels off at smaller sizes for the 1% and
3% cornstarch content, indicating a relatively higher proportion of smaller voids compared to the
control mix. Notably, the best results in terms of void size distribution were achieved with the
commercial air-entrained agent (0.4% AE), which had a majority of voids in smaller sizes
compared to other specimens. This can be attributed to the stable film created by commercial air-
entraining agents around air bubbles, reducing surface tension and preventing their transformation
into larger bubbles especially when there is no excessive compaction as done in this case [56].
However, it is worth noting that the 3% cornstarch-based hydrogel yielded comparable results to
the commercial air-entrained agent, supporting the previous findings from Figure 3.3 and Figure
3.4. The higher content of cornstarch in 3% cornstarch hydrogel not only promotes hydration and
partial filling of voids but also results in an increased number of smaller voids. In contrast, the
curves for the commercial SAPs start at relatively larger void diameters, indicating a higher
proportion of larger voids due to their larger particle size and greater water absorption capacity
when compared to the cornstarch hydrogels. It is important to note that the commercial air
entraining agent is sensitive to compaction, unlike the hydrogel infused specimens and is not
guaranteed to yield good results when there is vibration and excessive compaction [60].
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Figure 3.5: Effect of CS hydrogels and air-entrained agent on void size distribution (scans
obtained at a resolution of 10 pm).

3.4.2.3 Sphericity of air-entraining voids

Sphericity plays a crucial role in discerning different types of voids, such as random
irregular entrapped air voids, cracks, and air-entrained voids. Air-entrained bubbles tend to have a
shape close to a sphere [107, 108]. Sphericity is calculated by comparing the surface area of the
actual void to the surface area of a perfect sphere with the same volume. A sphericity value close
to 1 suggests that the void has a shape resembling a sphere, indicating a higher likelihood of being
an air-entrained void [109, 110]. Figure 3.6 showcases the average sphericity evaluated at a
resolution of 10 um, for two samples of each mixture type. The average sphericity values for all
the mixtures range from 0.56 to 0.58. It is observed that the addition of cornstarch hydrogel,
commercial SAP, and air-entrained agent has a minimal effect on sphericity, although influencing
void sizes and distribution. The voids in the 2%CS mix are slightly more spherical, while a slight
decrease in sphericity was observed in the 0.2%AE specimen.

Figure 3.7 provides the percentage distribution of voids for sphericity values ranging from
0.4 to 0.8 that were observed in this study. The distributions for both samples per mix are plotted
in Figure 3.7 and these results overlapped as there is no discernable difference. Furthermore, there
is no significant difference between the various air entraining agents. However, all samples had an
approximate 24% of voids with a sphericity value close to 0.6. At the same time, it is worth noting
that the 2% cornstarch-based hydrogel mixture displays a slightly increased void proportion at
higher sphericity values, indicating a positive influence of cornstarch on void shape. However, the
difference is marginal and may not have any practical implications.
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Figure 3.6: Effect of hydrogel and air entrained agent on average sphericity of voids (obtained at
a resolution of 10 pm)
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Figure 3.7: The impact of hydrogels and commercial air-entraining agent on the distribution of
sphericity, ranging from 0.4 to 0.8.
3.4.2.4 Spacing factor
The spacing factor characterizes the spatial distribution of voids within a cementitious
matrix. It provides a quantitative measure of the average distance between air bubbles in the
material. A lower spacing factor is desirable for optimal freeze-thaw resistance, as it indicates a
shorter distance for water to travel to reach voids during freezing temperatures, thereby
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accommodating anomalous water expansion more effectively [73]. ASTM C457 [139] sets a
requirement of a spacing factor of less than 0.2 mm for sufficient freeze-thaw resistance.

ASTM C457 [139] provides two equations for calculating the spacing factor based on the ratio of
hardened cement paste volume (p) to air void volume (A). If the volume of cement paste remains
constant, a reduced p/A ratio results in a greater volume of air voids within the fixed volume of
cement paste. This outcome is achievable when smaller voids are densely packed, leading to a
larger overall surface area. According to followed standard [139] and literature [151] this situation
occurs when p/A < 4.342 and calculation of spacing factor is based on surface area. On the other
hand, if p/A is greater than 4.342, a few larger voids can significantly influence the surface area,
leading to inaccurate spacing factor results. To address this issue, all air voids are treated equally
as nodes of the same size within a 3D lattice [152]. In the current study, the ratio of paste volume
to air void volume for all samples exceeded 4.342, indicating that the equation 3 can be used for

the calculation of the spacing factor.
1

3 p.3
[1.4(1+ K) —1] Eq. 1

SF = —
a

Where, SF, a, p/A are space factor in mm, specific surface in mm™'> and paste-air ratio,
respectively. Micro-CT scanner outputs, total pore volume (V) and total surface area (S) of voids.
Subsequently, the specific surface (a) can be calculated as

S
a= V_p Eq.2

Figure 3.8 presents the average variations in the spacing factor for all the considered mixes.
The calculations follow the guidelines of ASTM C457 [139] with a 10 um sensitivity. The graph
includes the mean values of two samples covering around 200,000 number of voids for each
mixture, accompanied by error bars. It is important to note that concrete with a larger but smaller
number of voids within a given volume, results in a reduced total void surface area and,
consequently, larger spacing between the remaining voids. This observation is consistent with the
results obtained in the current study, where the spacing factor correlates with the volume of larger
voids. As voids increase in size, the spacing factor also increases due to a lower number of voids
per unit volume, resulting in greater distances between them. However, despite these variations,
all mixtures had a spacing factor within the acceptable limit of 0.2 mm, as recommended by the
ASTM C457 [139] standard.

Notably, the commercial air entrainment agent exhibits the lowest spacing factor, which is
17% lower than the control sample with no air entraining agent. Among the mixtures incorporating
cornstarch hydrogel, the 3%CS sample has the smallest spacing factor, attributed to a higher
proportion of smaller-sized voids (as discussed in section 3.4.2.2). It is worth mentioning that there
is a noticeable variation between the two samples of commercial SAP type B, possibly due to the
non-uniform distribution of larger voids, as shown in Figure 3.4 (e), resulting in a larger error bar.
Previous studies [153], [154] have also highlighted the issue of uneven distribution of SAP within
the concrete matrix. However, it is important to note that the differences in the spacing factor
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among the different mixture types are not significant enough to adversely impact the performance

of the cementitious matrix.
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Figure 3.8: Effect of hydrogels and air-entrained agent on average spacing factor calculated as
per ASTM C457 evaluated with a resolution of 10 pm.
3.4.3 Compression Strength
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The use of air-entrained agents and hydrogels will increase the air content within the
microstructure of the matrix, potentially impacting its compressive strength over time. Figure 3.9
presents the compressive strength for all mixtures after 3, 7, 14, 28, and 56 days of external water
curing. The reported values represent the average strengths of three samples, accompanied by
error bars to indicate variations among sample strengths within the same batch, particularly for
mortar specimens containing the hydrogel. The variations in compressive strength observed in the
cornstarch and commercial hydrogel samples are comparable to those of the reference mortar
specimens. This consistency in variation can be attributed to the uniform workability achieved,
which facilitated proper compaction [155]. Additionally, the commercial SAPs were dry mixed,
and the entire mixing water was dedicated to preparing the cornstarch-based hydrogels, ensuring
a homogeneous distribution within the matrix. For this reason, the variations in compressive
strength for hydrogel-based samples remained within acceptable limits and were comparable with
control and air-entrained specimens.

The inclusion of any admixture, whether it be cornstarch hydrogel, commercial SAPs, or a
commercial air-entrainment agent, leads to a decrease in compressive strength. This decline is
particularly noticeable in the initial stages of curing (3 and 7 days) for mixtures incorporating
water-absorbent polymers. In the case of cornstarch-based hydrogel samples, an increase in the
cornstarch content corresponds to a more pronounced initial drop in strength due to the creation of
additional pores by the increased number of starch particles. Furthermore, the higher cornstarch
content enhances the hydrophilic group chains within the absorbent polymer, resulting in an
increased initial water retention capacity and increasing pore sizes [156].
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Both cornstarch and commercial hydrogels release stored water at later stages of hydration.
This release of water creates empty spaces, increasing porosity and reducing compressive strength
[157]. Nevertheless, in the later stages of curing (28 and 56 days), the hydrogel samples begin to
regain some of their strength, and the strength difference compared to the control specimen
becomes less significant. This can be attributed to the internal curing process that promotes cement
hydration [ 158] which leads to the increase in hydration products, which partially fill the voids left
behind by the desorption of the hydrogel [159]. As a result, specimens containing a higher
cornstarch content-based hydrogel exhibit improved performance in the later stages of curing.
The void structure analysis of cornstarch-based hydrogels confirms that the sample containing 3%
cornstarch exhibits finely distributed voids, as discussed in section 3.4.2. After a curing period of
28 days, all cornstarch-based hydrogel specimens exhibit approximately similar strength (Figure
3.9). However, after 56 days, specimens with higher cornstarch content (2%CS and 3%CS) showed
a slight increase in strength compared to the control mix (CM). On average, at the end of the 56-
day curing period, the addition of 1%, 2%, and 3% cornstarch-based hydrogel to the control mix
results in a reduction of compression strength by 25%, 15%, and 18%, respectively. For the
commercial superabsorbent polymer (SAP) samples, the strengths at 28 days and 56 days are
nearly identical, with an average decrease of approximately 11% and 15%, respectively. In
contrast, the addition of a commercial air-entrained agent to the simple mortar mixture (CM)
significantly reduces the 56-day strength by 22%. Despite the lower air content in the air-entrained
agent sample (Figure 3.2), it was unable to regain strength, as it does not positively influence
cement hydration [7]. On the other hand, the hydrogel's internal curing process leads to the
generation of additional hydration products that partially fill the initially formed pores through
hydrogel desorption. This mechanism plays a crucial role in restoring the compression strength of
the material.
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Figure 3.9: Influence of hydrogel and air-entrained agent on compression strength
3.4.4 XRD Analysis

The primary objective of this study is to improve the void structure in a cementitious matrix
with a low water-to-cement ratio by introducing bio-based hydrogels. It is important to investigate
the chemical changes induced by these air-entraining agents and hence X-ray diffraction (XRD)
analysis was conducted. Figure 3.10 presents the XRD results obtained from a sample taken from
the center of a mortar cube that underwent external curing in a water tank for 28 days.

The analysis revealed no significant chemical variations, except for an increase in the dicalcium
silicate (C2S) component caused by the commercial air-entrained agent. Previous studies [69] had
already identified this phenomenon, where an excessive amount of air entrainment agent could
slow down the hydration process of cement due to steric hindrance. This hindrance is a non-
bonding interaction between the polar part of the air-entrained agent and the aqueous phase of the
matrix, leading to the adsorption of cement particles and reduced hydration. However, in current
research work the air entrainment agent is added in adequate amounts but its combined action with
superplasticizer promotes considerable adsorption of cement particles that was amplified by a low
W/C of 0.3 [70]. On the other hand, the introduction of a cornstarch-based hydrogel reduced the
unhydrated components, aka, tricalcium silicate (C3S) and dicalcium silicate (C2S) in the
cementitious matrix. This promoted the hydration process, converting more cement clinker into
hydration products (CSH gel). These hydration products partially filled the voids left behind by
the hydrogel droplets, resulting in an improved void structure and the recovery of some
compressive strength, as discussed in sections 3.4.2 and 3.4.3. Regarding the commercial
superabsorbent polymers (SAPs), they had an insignificant impact on the C2S peak, although there
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was a slight shift in the peak positions. This observation could be attributed to lattice contraction

and a decrease in the size of the hydration crystals, which warrants further investigation [126—
128].

E: Ettringite C: Calcite (CaCO3)
P: Portlandite (Ca(OH),) T: Belite (CsS)
D: Alite (C,S)
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Figure 3.10: XRD analysis to quantify the effects of CS commercial hydrogels and the air
entraining agent on the chemical composition
3.5 Conclusions

The chapter investigated cornstarch-based hydrogel as an alternative to commercial air-
entraining agents, focusing on its effects on the void structure of cementitious matrices. Key
findings include:

1. Adding 1%, 2%, and 3% cornstarch hydrogel increased porosity by 15%, 38%, and 24%,
respectively, due to water desorption from hydrogel droplets during hydration. The reduced
porosity at 3% is attributed to additional hydration products partially filling voids.

2. The 3% hydrogel and commercial air-entraining agent improved micro-air voids,
increasing their volume threefold compared to larger voids. The 1% and 2% hydrogels, as
well as commercial SAPs, resulted in similar void structures.

3. All agents achieved spacing factors within ASTM C457 limits. The 3% hydrogel and
commercial agent had the lowest spacing factors, indicating better freeze-thaw resistance
due to more voids and reduced spacing.

4. No significant reduction in compressive strength was observed with cornstarch hydrogels,
SAPs, or the commercial agent. Strength reductions at early stages with higher cornstarch
were partially recovered through internal curing, with 3% hydrogel outperforming the
commercial agent.
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5. XRD analysis showed no harmful chemical phases in cornstarch hydrogel samples. Higher
cement hydration products were observed, attributed to the hydrogel's internal curing
ability during later hydration stages.

Overall, 3% cornstarch hydrogel is a sustainable and economical alternative to commercial
agents, providing higher porosity, comparable micro-air content, favorable spacing factors, and
equivalent compressive strength. Compaction effects were excluded as cornstarch hydrogels are
unaffected by them, unlike surface tension-modifying agents.
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Chapter 4. Effect of Commercial Superabsorbent Polymers and
Cornstarch Hydrogels on Freeze-Thaw Resistance of
Cementitious Materials

The Salt Belt region of the United States experiences frequent freeze-thaw cycles during
winter, resulting in an annual road maintenance cost of approximately $2.3 billion [163]. When
temperatures drop, the pore solution within the cementitious matrix begins to freeze. Since ice
occupies a greater volume than liquid water, its expansion generates internal stresses within the
concrete, which can cause cracking and reduce durability over time. To address these internal
stresses, air entrainment agents are commonly incorporated into concrete mixtures. These agents
introduce small, uniformly distributed air voids that provide space for ice to expand, thereby
reducing internal stresses and preventing any cracking. The inclusion of these voids significantly
enhances the freeze-thaw resistance of concrete, making it more durable in cold climates [164]—
[167].

Air entrainment agents can be classified into two broad categories although other minor
categories exist: bio-based and chemically synthesized materials [57]. Bio-based air entrainment
agents are derived from natural sources such as wood resins, petroleum acids, and vegetable or
animal fats [58]. These agents react with calcium hydroxide, a byproduct of cement hydration, to
form hydrophobic calcium salts. These salts help stabilize air bubbles generated during mixing
process by reducing surface tension in the concrete mixture [57]. However, large-scale production
of bio-based air entrainment agents to meet industrial demand remains a challenge. In contrast,
chemically synthesized air entrainment agents are typically composed of aliphatic, aromatic, and
sulfonated hydrocarbons [59]. These synthetic agents are specifically developed to efficiently
create and stabilize air voids by lowering the surface tension of water films on air bubbles.
However, the addition of extra voids reduces the compression strength [64]-[67]. In addition, air
entrainment agent adsorption onto cement particles reduces cement hydration [69], [70].

Superabsorbent polymers (SAPs) are commonly used to provide internal curing in
cementitious materials by absorbing water during mixing and gradually releasing it over time
[124]. When cement hydration begins due to the interaction between cement and water, an ion
concentration gradient develops between the water within the swollen SAP and the surrounding
matrix pore solution. This gradient drives the release of water from the SAP into the cementitious
system [81], [82]. As the polymer releases water, its volume decreases, creating empty spaces
known as voids. In Chapter 3, it was found that hydrogels generate an air void structure in mortar
that is comparable to that produced by commercial air entrainment agents. However, their
effectiveness in enhancing F-T resistance still requires further investigation. Existing literature
indicates that the void structure formed by hydrogel water release is generally less ideal than that
created by commercial air-entrainment agents [85], [86]. Research suggests that several factors,
including particle size, dosage, synthesis process, and mixing conditions, significantly impact the
freeze-thaw resistance of absorbent polymers [84], [87]-[90]. For example, smaller particle sizes
and lower SAP dosages lead to finer voids, which improve freeze-thaw durability [89], [90].
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Additionally, suspension polymerization tends to produce more spherical voids, whereas bulk
polymerization results in irregularly shaped voids [88]. Furthermore, SAPs in dry form create void
structures with smaller spacing, contributing to improved freeze-thaw resistance [84].
Understanding and optimizing these factors is crucial for enhancing the performance of SAPs in
cementitious materials, particularly in environments subject to freeze-thaw cycles.

Despite their potential, SAPs have shown mixed results in freeze-thaw resistance in the
literature, highlighting the need for further investigation into how factors like composition, particle
size, and water absorption capacity influence their performance. Similarly, bio-based hydrogels
present a promising but underexplored solution for enhancing concrete properties. This study
evaluates the freeze-thaw behavior of mortar specimen incorporating commercial SAPs and a
cornstarch-based hydrogel in the presence of a deicing solution. Two commercial SAPs with
varying compositions and particle sizes, along with the bio-hydrogel in swelled form, were
introduced into cementitious matrix. Their performance was compared against specimens
containing a commercial air-entrainment agent and a control mix with no admixtures.

4.1 Materials and Methods
4.1.1 Materials

Mortar samples were prepared using Type I Portland cement (TCC Materials®),
conforming to ASTM C150 standards [99], combined with fine aggregates from Quikrete® and tap
water. Current study employed a low W/C ratio of 0.3 mixture which lack workability due to
limited amount of mixing water. Therefore, a high-range water reducer (superplasticizer),
MasterGlenium® 7500 (BASF), was added. This superplasticizer meets ASTM C494/C494M
standards for Type A and Type F admixtures [100]. For enhanced freeze-thaw resistance, the
reference mix included Akona® liquid air-entraining admixture (TCC Materials®), compliant with
ASTM C260 [121].

4.1.2 Superabsorbent Polymers (SAPs)

The current chapter evaluates the impact of two commercial SAPs, designated B, and D
(details in Table 2.1) on the freeze-thaw resistance of the mortar. These SAPs, which vary in size
and composition, were sourced from Emerging Technologies. SAP D is composed of a sodium
salt of crosslinked polyacrylic acid, while SAP B consists of a potassium salt of crosslinked
polyacrylic acid/polyacrylamide copolymer. Additionally, SAP D has a larger particle size than
SAP B but exhibits lower absorption of cement pore solution.

4.2 Cornstarch hydrogel forms and synthesis

This report investigates the application of a cornstarch-based hydrogel to improve the
properties of cementitious mixtures. Chapter 2 explores its potential for internal curing in mortar,
while Chapter 3 examines its impact on the void structure of mortar. The current chapter focuses
on evaluating its effect on the freeze-thaw resistance of mortar. Similar to the approach in Chapters
2 and Chapter 3, the cornstarch-based hydrogel was synthesized using the heat gelatinization
process, where a cornstarch-water solution was heated to 82.2°C for 15 minutes [97] as show in
Figure 4.1. Cornstarch was used at 0.2% by weight of cement, matching the proportion used for
commercial SAPs contain mortar mixture.
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Figure 4.1 Preparation of cornstarch hydrogel in form of gel
4.3 Mix Proportions

Five mortar mixtures were cast to investigate the effect of cornstarch-based hydrogels and
commercial SAPs on freeze-thaw resistance of mortar. The inclusion of absorbent polymers in the
mixtures led to the absorption of some mixing water during mortar preparation, which
consequently lowered the effective W/C ratio. To compensate for this reduction and maintain
effective W/C during mixing and consistent workability, additional water was introduced. This
adjustment ensured that mixtures containing absorbent polymers achieved the target workability
of 90+2% on the flow table, matching the workability of the control mixture without absorbent
polymers [40], [168], [169]. The workability of the mortar was evaluated using the flow table test,
conducted in accordance with ASTM C1437 [130].

Table 4.1 summarized all the mixes detail used in a current study. The control mixture was
prepared with a W/C ratio of 0.3 and a sand-to-cement ratio of 1.75. A superplasticizer,
constituting 0.6% of the cement weight, was included in mixtures to achieve the target workability
of 90+2% on the flow table. Air-entraining agents were used at 0.49% of the total mortar weight
to achieve an air content of 8% (+2%), as per the manufacturer's recommendations [57].

Both commercial and bio-based hydrogels were added at 0.2% of the cement weight, based
on prior studies [170]-[173]. The commercial SAPs were first dry-mixed with cement and sand.
In contrast, cornstarch gel (CSG) was incorporated into the water-superplasticizer mixture first.

Table 4.1 Mix Proportions for mixes used in research work

Sample ID Type of admixture Condition Ad\ii:ico,? al Total W/C
CM --- --- - 0.3
0.2%-CSG-0.045 CS-based hydrogel Swollen 0.045 0.345
0.2%-SB-0.05 SAP B Dry 0.05 0.35
0.2%-SD-0.011 SAP D Dry 0.011 0.311
0.4%-AE Air entrainment agent Liquid -—-- 0.3
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4.4 Testing Program
4.4.1 Typical Freezing-thawing Cycle

A 24-hour FT cycle was selected for this study, with each specimen subjected to a
maximum of 200 FT cycles. Each cycle consisted of a freezing phase and a thawing phase. The
cement mortar cubes were water-cured for 28 days before being immersed in a salt brine solution
for F-T testing. In the Northern United States, concrete pavements are frequently exposed to snow,
and salt brine is commonly used as a deicing agent during winter months. However, salt brine has
been shown to contribute to surface scaling issues [174] and hence chosen as the immersion liquid
in the FT cycles in this study. During the freezing phase, specimens were cooled from room
temperature to a target temperature of -22°C over 5 hours, then held at this temperature for 10
hours. The -22°C freezing temperature was selected because a 23% salt brine solution, used as the
immersion liquid, freezes below -21.1°C [175]. Following this, the thawing phase involved
gradually warming the specimens back to 20°C (room temperature) over 5 hours, after which
specimen were maintained at this temperature for an additional 4 hours. The full 24-hour FT cycle

is illustrated in Figure 4.2.
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Figure 4.2 Schematic diagram of the freeze-thaw cycle
4.4.2 Compression Strength

Compression tests, following ASTM C109 [102], were conducted to evaluate the impact
of F-T cycles on specimen strength. For each mix, 15 cube specimens (50 mm sides) were cast to
analyze strength variations over different F-T cycles. The specimens were water-cured for 28 days
before being placed in a freeze-thaw cabinet. Initial compression strength was recorded as a
baseline prior to F-T exposure. Further tests were performed after 30, 60, 110, and 200 F-T cycles
to track strength changes.
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4.4.3 Mass Change, Scaling and Chloride Penetration

Low temperatures cause the pore solution in concrete to freeze, leading to an increase in
volume that generates significant internal stresses within the matrix. This stress buildup can cause
surface material to peel off (scaling), eventually resulting in mass loss [176]. Additionally, chloride
ions from the surrounding brine solution can penetrate the matrix and react with cement hydration
products, resulting in the formation of Friedel’s salt. Due to its expansive nature, Friedel’s salt
promotes concrete scaling [174].

Cube specimens (50 mm sides) were water-cured for 14 days before being subjected to F-
T cycles [177], [178]. The average mass and scaling of three specimens from each mix were
recorded after 30, 60, 110, and 200 F-T cycles. Mass measurements were taken immediately after
removing the samples from the solution, ensuring that the surfaces were wiped using dry cloth
before weighing. Scaling was visually assessed and classified according to Table 4.2 [179].

Deep penetration of chloride ions can also contribute to the corrosion of embedded steel
reinforcement. To evaluate chloride penetration, the affected area was determined after 200 F-T
cycles. Specimens were halved, and their cross-sections were sprayed with a 0.1 M silver nitrate
solution. Chloride ions reacted to form a white precipitate, which turned gray upon light exposure,
indicating chloride presence [180]. The penetration area was then measured using ImagelJ software
by analyzing photographs of the cross-sections.

Table 4.2 Description of the visual scale of scaling deterioration in mortar specimens

Scale Description
0 No scaling
1 Slight scaling
2 Slight to moderate Scaling
3 Moderate Scaling
4 Moderate to severe scaling
5 Severe scaling

4.5 Results and Discussion
4.5.1 Scaling
Scaling was assessed through visual inspection of the specimens after 30, 60, 110, and 200
F-T cycles. Three specimens were visually examined for each mixture. No signs of scaling were
observed until 110 F-T cycles in any of the mortar mixtures, and hence the visual appearance at
110 and 200 F-T cycles are reported. Figure 4.3 illustrates the visual appearance of cubes after 110
and 200 F-T cycles when compared to their original state which is before exposure to F-T cycles.
The lack of scaling prior to the 110 F-T cycles can be attributed to low W/C ratio which
leads to denser and impermeable microstructure [181]. In this study, the increased roundness of
the edges and corners and relative increase in the surface roughness of the cubes is considered as
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basis for assessing the extent of scaling damage. After exposure to 110 F-T cycles, most mortar
cubes showed signs of scaling noticed as wear of edges and corners resulting in their rounding. At
later stages (at 200 F-T cycles), in certain cases, scaling was observed as increased surface
roughness caused by particle shedding in addition to corner and edge rounding.

The control mix cubes exhibited visually discernable scaling around their edges after
exposure to 110 F-T cycles (see Figure 4.3 first row, second column). This scaling has resulted in
more rounded corners when compared to the unexposed control mortar cubes. Among the
specimens containing hydrogel, slight scaling was observed with the addition of SAP D, which
has a lower additional water demand (see Figure 4.3 fourth row, second column). The relatively
low scaling in this case manifested as slight rounding and blunting of edges. Conversely, the cubes
containing hydrogels with higher water demand (CSG and SAP type B, as seen in the second
column of row 2 and row 3, respectively, of Figure 4.3) and those with a commercial air-entraining
agent (column 2 of row 5 in Figure 4.3) maintained their edge sharpness and corner integrity,
showing minor signs of scaling through slight increase in the surface roughness and corner
rounding.

By the end of 200 F-T cycles, surface deterioration became more apparent in some
specimens. The control mix cubes (row 1, column 3 of Figure 4.3) showed significantly rounded
edges with rougher surfaces indicating higher scaling at the end of 200 F-T cycles. The mix with
the low water demand hydrogel, SAP type D (row 4, column 3 in Figure 4.3), exhibited small
flakes near the edges but maintained their relative edge sharpness, when compared to what they
experienced at the end of 110 F-T cycles. In contrast, specimens with higher water demand
hydrogels, like SAP type B (column 3 of row 3 in Figure 4.3) and CSG (column 3 of row 2 in
Figure 4.3), were more prone to scaling through increased surface roughness. The air-entrained
mortar specimens exhibited the least scaling, with only minor surface roughness in the vicinity of
the corners and edges even after the exposure to 200 F-T cycles.

Scaling ratings are assessed based on descriptions provided in Table 4.2, following the
guidelines of ASTM C672/C672M-12 [182]. It is classified on a scale from 0 (no scaling) to 5
(severe scaling), with minor scaling up to level 1, slight to moderate scaling up to level 2, and
moderate scaling designated as level 3. However, none of the specimens displayed scaling at
moderate-to-severe (level 4) or severe (level 5) levels. A total of three specimens were selected
from each mixture, and the average scaling after 110 and 200 F-T cycles is presented in Figure
4.4, along with error bars. The addition of hydrogel moderately improved scaling resistance,
whereas the incorporation of an air-entraining agent had a more pronounced effect. After 110 F-T
cycles, hydrogels with higher water demand exhibited a moderate reduction in scaling. In contrast,
hydrogels with lower water demand showed only a slight reduction in scaling. On the other hand,
the incorporation of an air-entraining agent significantly improved scaling resistance, as one out
of three specimens exhibited only slight scaling at the end of 110 F-T cycles.

After 200 F-T cycles, all control specimens exhibited moderate scaling, marked as level 3. The
addition of various hydrogels moderately enhanced scaling resistance, with most specimens
showing a reduction to severe-to-moderate scaling (level 2), while a few still exhibited moderate
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scaling (level 3). Although this improvement was evident, the overall scaling remained lower than
the control mix. At the end of 200 F-T cycles, the incorporation of any type of hydrogel resulted
in the same average scaling, regardless of differences in particle size and absorption properties.
The most significant improvement was observed in specimens containing the air-entraining agent,
which consistently reduced scaling across all three specimens to only slight scaling (level 1) at the
end of 200 F-T cycles.

0 Cycles 110 Cycles 200 Cycles

0.2%-SB-0.05  0.2%-CSG-0.045 CcM

0.2%-SD-0.011

0.4%-AE

Figure 4.3 The visual appearance comparison of specimens before and after exposure to 110 and
200 F-T cycles

Three forms of damage lead to scaling of mortar cubes: 1) the freezing pore solution
expands in volume and exerts hydrostatic tension stresses in the pore network leading to
microcracks that promote scaling, 2) chloride ions in the salt brine accelerate calcium leaching,
particularly from calcium hydroxide (Ca(OH):) and calcium silicate hydrate (C-S-H) gel, which
weakens the cementitious matrix due to increased porosity leading to scaling [51], [52], [183], and
3) at temperatures below freezing point that are prevalent in the colder cycle of the F-T cycles,
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oxychloride compounds can form in the presence of calcium hydroxide and chloride salts which
are highly expansive and cause internal stresses, leading to surface scaling and cracking. Among
these three mechanisms, the increase in the volume of pore solution is the most damaging and
occurs immediately up on freezing. This is mitigated by introducing a void network that provides
additional space for the frozen pore solution to expand without causing internal stresses.

From the previous chapter, it was demonstrated that the commercial air entraining agent
produces a superior network of voids, and this has been proven to be effective in reducing the
scaling damage in this chapter. Furthermore, the enhanced scaling resistance observed in mixes
containing higher water demand hydrogels, compared to those with lower water demand, may be
attributed to their efficient internal curing [184], [185]. Additionally, higher swelling hydrogels
create relatively larger voids, which may require more F-T cycles to accumulate enough salt
precipitation to cause slight to moderate scaling. As a result, higher water demand hydrogels
initially exhibited slight scaling. However, by the end of 200 F-T cycles, all hydrogel types resulted
in the same level of scaling. [90], [186].

35 1 @110 Cycles ®200 Cycles

e

CM 0.2%-CSG-0.045 0.2%-SB-0.05 0.2%-SD-0.011 0.4%-AE
Figure 4.4 Average scaling level when exposed to 110 and 200 F-T cycles in brine solution.
4.5.2 Mass Change

In this study, the mass change of mortar cubes was measured after 30, 60, 90, 110, and 200
F-T cycles, and is plotted in Figure 4.5. Positive bars indicate mass gain relative to the mass before
exposure to F-T cycles, while negative bars indicate mass loss.

In most cases, specimens demonstrated mass gain rather than loss, with only a few
exceptions. The control mix exhibited relatively lower mass gain, with a slight spike at 110 F-T
cycles, which later returned close to the original mass after 200 F-T cycles. However, a net positive
mass was still observed, as mass gain was partially offset by mass loss due to scaling. Among
hydrogel-incorporated specimens, those with higher water demand hydrogels (CSG and SAP type
B) exhibited relatively higher mass gain at the end of 200 F-T cycles. However, the incorporation
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of relatively lower water absorbent and larger particle size hydrogel (SAP type D), maintained the
mass with minor fluctuations. On the other hand, the inclusion of a commercial air entrainment
agent moderately increased the mass.

The variation in mass measurements can be attributed to multiple factors. Mass loss
primarily results from scaling, which causes the peeling of matrix particles or, in some cases,
flaking [187], [188]. However, as discussed in Section 4.5.1, only a moderate level of scaling was
observed overall, making its contribution to mass loss insignificant. In contrast, mass gain can be
linked to the ongoing cement hydration process. The specimens were exposed to F-T cycles after
14 days of external curing [189]. Since cement hydration usually continues for about 28 days, it
may have slightly contributed to the mass gain [190]. However, previous studies [191] indicate
that this effect is minimal and can generally be ignored. The more likely cause of mass gain is the
accumulation of salt precipitates within voids or microcracks [177], [192]. In addition to the mass
of the salt itself, its hygroscopic nature allows it to absorb water, leading to further mass increase
[193], [194]. Given that all specimens in this study were submerged in a highly concentrated
(23.3%) sodium chloride solution, salt accumulation was a significant factor contributing to mass
gain in most specimens.

For the control mix, the mass reduction at 200 F-T cycles compared to 110 F-T cycles
could be attributed to the significant scaling observed (discussed in Section 4.5.1). Specimens
incorporating higher water-demand hydrogels (CSG and SAP type B) exhibited a notable mass
increase, likely due to an increase in void volume which will be discussed in a later section.
Literature [90], [186] suggests that high-swelling hydrogels create larger voids upon water release,
which can accommodate more salt precipitates, thereby increasing mass. This could explain why
specimens with lower water-demand hydrogel (SAP type D) showed comparatively less mass gain.
SAP type D has a larger particle size, meaning it contains fewer particles than SAP type B when
the same mass is used. This results in a smaller number of voids introduced by the hydrogel,
limiting the space available for salt accumulation. This could explain why the addition of SAP
type D led to relatively lower mass gain but remained consistent throughout the F-T cycles. In
contrast the addition of air-entraining agents increased the porosity of the mortar [70] when
compared to the control specimens, providing additional void space for salt accumulation from the
surrounding solution. However, since air entrainment agents are designed to create smaller, well-
distributed voids, the resulting mass increase was moderate [177], [195], [196]. Overall, the results
indicate that the addition of hydrogel to cementitious materials does not lead to substantial mass
changes when exposed to F-T cycles and deicing solutions. Instead, it contributes to mass gain,
similar to air-entraining agents, governed by the void formation and salt accumulation.
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Figure 4.5 Percentage change in mass relative to the initial mass before exposure to F-T cycles.
4.5.3 Compression Strength

To assess the impact of hydrogels and air entrainment agent on cementitious materials
exposed to F-T cycles and deicing solutions, compressive strength tests were conducted after 30,
60, 90, 110, and 200 F-T cycles. Figure 4.6 illustrates the impact of hydrogel and air-entraining
agent addition on the compressive strength of mortar subjected to F-T cycles in a brine solution.
Additionally, Figure 4.7 presents the changes in compressive strength compared to the initial
strength before F-T cycles exposure. In the chart, positive bars indicate strength gain, while
negative bars represent strength reduction. Error bars denote the range of values obtained.

Overall, the addition of hydrogel and air entrainment agent resulted in a reduction in mortar
compressive strength, as shown in Figure 4.6. The initial strength drop before exposure to F-T
cycles was more pronounced with hydrogel incorporation, particularly for the hydrogel with the
highest water demand, SAP type B, which caused a 25% decrease in strength. However, as the F-
T cycles progressed, this difference became smaller. By the end of 200 F-T cycles, the higher water
demand hydrogels, CSG and SAP type B, reduced the strength by only 1% and 3%, respectively,
compared to the control mix strength after 200 F-T cycles. In contrast, the lower water demand
hydrogel, SAP type D, demonstrated superior performance, significantly increasing strength by
9.5%. The inclusion of an air-entraining agent resulted in a slight reduction in strength compared
to the control mix, but both showed nearly identical strength after 200 F-T cycles.

Figure 4.7 provides a more comprehensive view of the impact of F-T cycles and the deicing
solution on the initial compressive strength of each mix. The results showed that, in most cases,
strength increased up to 110 F-T cycles. However, as the F-T cycles continued, particularly beyond
200 cycles, the negative effects of freeze-thaw action and the deicing solution became more
evident. The control mix and the mix containing a commercial air-entraining agent experienced a
strength reduction of approximately 12% after 200 F-T cycles. In contrast, specimens
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incorporating dry commercial SAPs, SAP types B and D, exhibited a significant strength increase
of approximately 15% after 200 F-T cycles compared to their initial strength. Meanwhile, the
addition of cornstarch-based hydrogel in its swelled form effectively maintained compressive
strength, showing an initial strength gain up to 110 F-T cycles before returning to its original
strength level.

Several factors influence the strength of mortar. Environmental conditions, such as
exposure to freeze-thaw (F-T) cycles and deicing solutions, play a significant role in determining
the durability of cementitious materials. Additionally, the incorporation of hydrogels and air-
entraining agents alters the mortar’s microstructure, further impacting its overall strength. The
cementitious matrix typically experiences a reduction in compressive strength when exposed to F-
T cycles and deicing solutions [197]. The expansion of freezing pore solution and the
crystallization of salt precipitates in pores generate internal stresses within the matrix, leading to
surface degradation (scaling) and ultimately causing strength reduction [198], [199]. Additionally,
chloride ions from the surrounding deicing solution contribute to the leaching of calcium ions from
cement hydrates (C-S-H gel), which are essential for strength development, further weakening the
matrix [51], [52], [183].

The addition of hydrogels and air-entraining agents also impacts the compressive strength
of mortar. By increasing air content, these additives alter porosity, which in turn affects overall
strength [200]. The addition of hydrogels, particularly those with high water demand, results in a
noticeable reduction in compressive strength due to an increased W/C ratio. As the hydrogel
releases water, it increases porosity and thus reducing strength [201], [202]. This explains why
SAP type B, which absorbs a larger volume of water, caused a significant drop in compressive
strength. The use of air-entraining agents also led to strength reduction, though to a lesser extent,
as the introduced voids were smaller and well-distributed, mitigating their negative impact on
overall mechanical performance [56].

As exposure to F-T cycles and deicing solutions continued, their deteriorative effects
became increasingly evident. However, an initial increase in strength was observed in all mixtures,
consistent with previous studies [196], [203], [204]. This increase in strength can be attribute to
the brine solutions can initially accelerate cement hydration by increasing ion concentration in
addition to ongoing cement hydration. Sodium chloride promotes the early hydration of C3S
(tricalcium silicate) and Cz2S (dicalcium silicate), leading to the formation of C-S-H gel, which is
crucial for strength development. Over time, as F-T cycles progressed beyond 200 cycles, the
negative effects of freeze-thaw damage and deicing solutions intensified, leading to strength loss.
In the control mix, this strength drop was due to lack of mechanism to mitigate internal stresses
generated from pore solution expansion and salt crystallization. The use of an air-entraining agent
increased the air content in the mortar, enhancing scaling resistance but slightly compromising
structural integrity due to the presence of additional voids.

The negative effect of F-T cycles and deicing solution was more pronounced after 200 F-
T cycles. However, all mixtures experience initial increase in strength when exposed to F-T cycles
and deicing solution observed aligns with previous studies [196], [203], [204]. This increase in
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strength can be attribute to the brine solutions can initially accelerate cement hydration by
increasing ion concentration in addition to ongoing cement hydration. Sodium chloride promotes
the early hydration of C3S (tricalcium silicate) and CzS (dicalcium silicate), leading to the
formation of C-S-H gel, which is crucial for strength development. However, as the F-T cycles
progressed, particularly beyond 200 cycles, the negative effects of freeze-thaw action and deicing
solution became more pronounced. In the control mix, the strength reduction occurred due to the
absence of a mechanism to counteract internal stresses caused by pore solution expansion and salt
crystallization. The use of an air-entraining agent increased the air content in the mortar, enhancing
scaling resistance (as discussed in Section 4.5.1) but slightly compromising structural integrity due
to the presence of additional voids [60].

The incorporation of hydrogels, however, demonstrated either maintained or improved
compressive strength while providing moderate scaling resistance as F-T cycles advanced. This
aligns with existing literature [91], [205], [206] suggesting that scaling occurs due to the presence
of larger voids in the matrix compared to air-entraining agents. However, the gradual release of
water from hydrogels over time acts as an internal curing mechanism, enhancing cement hydration
and ultimately improving strength [124]. The use of powdered dry commercial SAPs proved to be
more effective than pre-saturated bio-based hydrogels. This observation supports the finding that
pre-wet hydrogels lead to higher porosity [207] and a less homogeneous distribution of hydrogel
within the matrix [82]. Nevertheless, the addition of corn-starch hydrogel maintained the original
strength, indicating its viability as an alternative. The use of SAP type D exhibited superior
performance, surpassing both the control and air-entrained mortar strength after 200 F-T cycles,
even with additional water content. This exceptional performance can be attributed to its lower
water demand. Studies [208] suggest that SAPs with lower water absorption create less porosity
compared to those with higher water absorption. Additionally, SAP type D, having a larger particle
size, resulted in a smaller number of particles dispersed within the matrix. Fewer SAP particles
produced fewer pores, enhancing overall matrix integrity while still providing sufficient space to
accommodate freezing-induced expansion.

Overall, the addition of hydrogels reduces the compressive strength of mortar but mitigates
strength loss due to F-T cycles and deicing solutions. Particularly, the incorporation of larger
particle-sized SAPs with lower water demand significantly enhances the freeze-thaw resistance of
cementitious materials.
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Figure 4.6 Effect of F-T cycles on compression strength when exposed to brine solution
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Figure 4.7 Change in compression strength (%) compared to strength after 28 days of external
curing (0 cycle) for each mix

4.5.4 Chloride Penetration

In this study, mortar cubes submerged in a brine solution and subjected to 200 F-T cycles
were selected to evaluate chloride penetration. The cubes were cut in half, and the interior surface,
which had not been directly exposed to the environment, was sprayed with a 0.1M silver nitrate
solution. The reaction between silver nitrate and chloride ions caused the affected areas to turn
grey, indicating chloride penetration. Figure 4.8 displays a cross-section of the mortar cubes after
spraying with silver nitrate, with the grey zones near the surface indicating chloride ingress.
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All specimens showed significant chloride penetration due to prolonged exposure to a high-
concentration NaCl solution (23%) combined with 200 F-T cycles. The addition of hydrogel led
to a slight increase in chloride penetration, whereas the use of a commercial air-entraining agent
moderately reduced it. However, the differences in the chloride-affected area (grey region) among
the specimens were not substantial enough to establish a clear trend.

To quantify the extent of chloride penetration, ImagelJ software was used to determine the
grey-colored area, and the results are plotted in Figure 4.9. The data is presented as a change in
chloride penetration relative to the control mix (CM), where positive bars indicate increased
penetration and negative bars indicate a reduction. The incorporation of all hydrogel types slightly
increased chloride ingress. A quantity of additional water demand correlated with increased
chloride penetration, with SAP type D exhibiting the least increase, showing only a 1.8% rise in
the chloride-affected area compared to the control mix. In contrast, the inclusion of air-entraining
agents effectively reduced chloride penetration.

CM 0.2%-CSG-0.045 0.2%-SB-0.05

Figure 4.8 Photos of sliced cube sections sprayed with 0.1M silver nitrate solution after 200 F-T
cycles (grey areas indicate chloride ion penetration).

High porosity leads to higher permeability, facilitating chloride ion penetration [209].
Furthermore, scaling reduces surface protection, promoting chloride ingress into the inner matrix
[176]. The specimens incorporating hydrogel exhibited increased chloride ion penetration
compared to the control mix, likely due to increased porosity. Past studies [90], [ 186] indicate that
hydrogels with greater swelling capacity increases porosity upon water release, increasing
permeability and ultimately leading to higher chloride penetration. A similar trend was observed
in the current study, where SAP type B exhibited the highest chloride penetration, followed by
CSG, while SAP type D showed the least increase in the chloride-affected area. This pattern aligns
with the sequence of their pore solution absorption capacity or extra water demand. In contrast,
the reduced chloride ingress observed with the addition of an air-entraining agent is likely
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attributed to its improved scaling resistance, which effectively limited chloride infiltration from
the surface [210].

Change in chloride penetrated area (%)
o

0.2%-CSG-0.045 0.2%-SB-0.05 0.2%-SD-0.011 0.4%-AE

Figure 4.9 Change in chloride ion penetration at the center of the cube relative to the control mix
after exposure to 200 F-T cycles in brine solution.
4.6 Conclusions

This study examined the freeze-thaw resistance of specimens with commercial air-
entrainment agents, SAPs, and bio-based hydrogel. Key findings are:

1. Scaling began after 110 cycles. Specimens with commercial air-entrainment agents
exhibited the least scaling. The inclusion of hydrogel to mortar moderately enhanced the
scaling resistance.

2. Most specimens gained mass due to salt precipitate accumulation in pores, despite no major
mass loss. Likewise, the addition of hydrogels also maintained the mass indicating
relatively good freeze-thaw resistance due to mortar structural integrity.

3. The addition of hydrogel reduced the overall strength of the mortar; however, when
exposed to freeze-thaw (F-T) cycles in a brine solution, it either maintained or increased
strength due to enhanced internal curing. In contrast, the control mix and air-entrained
mortar experienced a strength reduction, particularly after 200 cycles, due to pore stress
caused by freezing of the pore solution, salt accumulation, and calcium ion leaching.

4. The addition of hydrogel increased the chloride penetration area in proportion to its extra
water demand, likely due to increased porosity. In contrast, the incorporation of an air-
entraining agent reduced chloride ingress, possibly due to its enhanced scaling resistance.

Overall, mixtures containing commercial air-entrainment agents effectively reduced scaling

and chloride penetration but experienced a loss in strength. Mortars incorporating hydrogel
moderately improved scaling resistance without mass loss. However, hydrogel effectively
mitigated the reduction in mechanical strength caused by F-T cycles and exposure to the deicing
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solution. Notably, SAP with larger particle size and lower water absorption demonstrated superior
performance, showing an increase in strength, moderate scaling, and minimal chloride penetration.
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Chapter 5. Conclusions and Recommendations

This study comprehensively investigated the potential of SAPs and cornstarch-based
hydrogels for internal curing and as sustainable alternatives to commercial air-entraining agents
for cement-based mixtures. It analyzed their impact on hydration, porosity, void structure, freeze-
thaw resistance, and chloride penetration in cementitious matrices. The findings highlight the
effectiveness of these materials in enhancing cement matrix durability while maintaining or
improving mechanical properties.

5.1 Conclusions

The following are the main conclusions drawn from this study.

1. SAPs and cornstarch hydrogels exhibited high water absorption in tap water but
significantly reduced absorption in cement pore solutions due to reduction in the osmatic
pressure and shielding effects.

2. The newly proposed method effectively quantifies the internal curing capacity of hydrogel
in cementitious specimens. It measures internal curing by assessing water distribution around
the introduced hydrogel-containing capsules. Hydrogels facilitated uniform hydration near the
capsules, improving CSH gel distribution and overall hydration levels without forming
deleterious chemical phases.

3. The incorporation of cornstarch hydrogel increased mortar porosity, with the hydrogel
derived from a 3% cornstarch solution yielding optimal results. It created smaller air voids
while maintaining ASTM C457 spacing limits necessary for freeze-thaw resistance.

4. Void distribution was more consistent in specimen with cornstarch hydrogel and
commercial air-entraining agents, while SAPs showed larger, irregular voids.

5. Commercial air-entraining agents enhanced scaling resistance of mortar, while cornstarch
hydrogels and SAPs (especially SAP B) effectively resisted freeze-thaw damage with minimal
strength loss.

6. SAP type B and SAP type D contributed to increased strength via continuous hydration,
while chloride penetration resistance was best with cornstarch hydrogel and air-entraining
agents.

7. Cornstarch hydrogel proved to be a sustainable and economical alternative to commercial
agents, providing comparable durability and mechanical strength.

5.2 Recommendations for future study

Based on the findings of this study, the following recommendations are proposed to guide
future research and practical applications:

1. Optimization of Cornstarch Hydrogel Properties: Investigate modifications to cornstarch
hydrogel synthesis process to enhance its water absorption, water kinetics, and long-term
stability in cement matrices.

2. Compatibility with Blended Cements: Study the performance of cornstarch hydrogel in
matrices containing supplementary cementitious materials (e.g., fly ash, slag, or silica
fume) to assess compatibility and hydration improvement in blended cements.
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3. Explore Additional Applications of Cornstarch Hydrogel: Investigate the potential of
cornstarch hydrogel for external curing, shrinkage mitigation, and improvement of other
durability properties, such as resistance to sulfate attack, carbonation, and alkali-silica
reaction, to broaden its usability in diverse construction scenarios.

4. Field Trials and Scale-Up: Implement large-scale field trials to assess the performance of
cornstarch hydrogel in real-world construction projects and optimize its application
methods for practical use.

5. Cost-Effectiveness Analysis: Evaluate the cost-benefit ratio of using cornstarch hydrogel
compared to conventional admixtures, considering material production, transportation, and
implementation in large-scale construction.

6. Development of New Bio-Based Hydrogels: Encourage research into other bio-based
hydrogels that could complement or enhance the performance of cornstarch hydrogel,
offering greater flexibility and tailored properties for diverse construction needs.

These recommendations aim to refine the understanding and application of cornstarch
hydrogel while advancing sustainable and high-performance construction materials.
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